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Reactive molecules have diverse effects on cells and contrib-
ute to several pathological conditions. Cells have evolved com-
plex protective systems to neutralize these molecules and
restore redox homeostasis. Previously, we showed that associa-
tion of nuclear factor (NF)-erythroid-derived 2 (E2)-related fac-
tor 2 (NRF2) with the nuclear matrix protein NRP/B was essen-
tial for the transcriptional activity of NRF2 target genes in tumor
cells. The present study demonstrates the molecular mechanism
by which NRP/B, via NRF2, modulates the transcriptional activ-
ity of antioxidant response element (ARE)-driven genes. NRP/B
is localized in the nucleus of primary brain tissue and human
neuroblastoma (SH-SY5Y) cells. Treatment with hydrogen per-
oxide (H,0O,) enhances the nuclear colocalization of NRF2 and
NRP/B and induces heme oxygenase 1 (HO1). Treatment of
NRP/B or NRF2 knockdowns with H,0, induced apoptosis. Co-
expression of NRF2 with members of the Kelch protein family,
NRP/B, MAYVEN, or MAYVEN-related protein 2 (MRP2),
revealed that the NRF2-NRP/B complex is important for the
transcriptional activity of ARE-driven genes HOI and
NAD(P)H:quinine oxidoreductase 1 (NQOI). NRP/B interac-
tion with Nrf2 was mapped to NRF2 ECH homology 4 (Neh4)/
Neh5 regions of NRF2. NRP/B mutations that resulted in low
binding affinity to NRF2 were unable to activate NRF2-modu-
lated transcriptional activity of the ARE-driven genes, HOI and
NQOI. Thus, the interaction of NRP/B with the Neh4/Neh5
domains of NRF2 is indispensable for activation of NRF2-medi-
ated ARE-driven antioxidant and detoxifying genes that confer
cellular defense against oxidative stress-induced damage.

Mammalian cells are exposed to reactive molecules originat-
ing from several exogenous and endogenous sources (1, 2).
These molecules include reactive oxygen species, electrophilic
chemicals, and heavy metals, which induce oxidative stress that
impairs cellular functions and results in diverse pathological
conditions, such as cancer, cardiovascular disease, diabetes,
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and neurodegenerative disorders (2—5). In response to these
reactive molecules, cells have evolved multiple protective
mechanisms to neutralize and clear toxic molecules and restore
cellular redox homeostasis. One of these mechanisms is mod-
ulated by the nuclear factor (NF)>-E2-related factor 2 (NRF2)
protein (6), which binds to ARE promoter sequences, leading
to the coordinated up-regulation of ARE-driven detoxifying
and antioxidant genes (7—11). The NRF2 system confers a pro-
tective effect on mammalian cells from a variety of toxic insults
including carcinogens, reactive oxygen species, diesel exhaust,
inflammation, calcium disturbance, UV light, and cigarette
smoke (6).

Kelch-related proteins contain an N-terminal BTB (Broad-
complex, Tramtrack, Bric-a-brac) domain that is primarily
found in zinc finger proteins and functions as a homo- or het-
erodimerization domain (12, 13) and a C-terminal Kelch repeat
or B-propeller domain that binds actin tails and has important
roles in protein folding and as a protein-protein interaction
module (12, 13). Multiprotein complexes formed through con-
tact sites in B-propeller domains (14) are believed to be impor-
tant for gene expression, cytoskeletal maintenance (15, 16), and
controlling cellular organization and morphology (15, 16).
Importantly, alterations or mutations in Kelch-related proteins
have been found in numerous tumors (14, 17) and neurodegen-
erative disorders (18). The cytoplasmic protein Kelch-like
ECH-associated protein 1 (KEAP1) and the nuclear NRP/B are
both members of the Kelch-related family (8, 19). The localiza-
tion of these proteins is important for regulation of the NRF2
pathway in which KEAP1 and NRP/B/ENCI suppress and
enhance, respectively, NRF2-mediated phase II detoxifying and
antioxidant enzymes in response to oxidative stress (8, 17, 20).

Six functional domains of NRF2, termed NRF2 ECH homol-
ogy (Neh) 1-6, have been identified and found to be highly
conserved in various species (8). Nehl1 is a bZip motif that medi-
ates DNA binding and participates in heterodimerization with

2 The abbreviations used are: NF, nuclear factor; NRF2, nuclear factor eryth-
roid-derived 2-related factor 2; ARE, antioxidant response element; BTB,
Broad-complex, Tramtrack, Bric-a-brac; CSK, c-src tyrosine kinase; HO1,
heme oxygenase 1; KEAP1, Kelch-like ECH-associated protein; MRP2,
MAYVEN-related protein 2; NRP/B, nuclear-restricted protein in brain;
NQO1, NAD(P)H:quinine oxidoreductase 1 (nicotinamide quinine oxi-
doreductase); CREB, cAMP responsive element-binding protein; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; Neh, NRF2 ECH homology;
GST, glutathione S-transferase; IVS, intervening sequence; PBS, phos-
phate-buffered saline; Pipes, 1,4-piperazinediethanesulfonic acid; RT,
reverse transcription; siRNA, small interfering RNA; WT, wild-type.
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small MAF proteins (21). The Kelch domain of KEAP1 interacts
with Neh2 suppressing NRF2 activity. Neh4 and Neh5 interact
with the CREB-binding protein (CAMP responsive element-
binding protein) to synergistically induce strong NRF2 tran-
scriptional activation (22). Under conditions of oxidative stress,
NRF2 is phosphorylated and released by KEAP1 into the
nucleus where it associates with NRP/B and activates phase II
detoxifying and antioxidant genes (17, 20). The molecular
mechanism by which NRF2 activates ARE-driven genes has
remained elusive.

In the present study, we describe the mechanism of NRP/B-
modulated activation of NRF2 target genes. We also identify an
interaction between the NRP/B BTB domain and the NRF2
Neh4/Neh5 region that may play a crucial role in modulating
NRF2-dependent ARE-driven phase II detoxifying and antiox-
idant genes.

EXPERIMENTAL PROCEDURES

Reagents—Anti-NRF2 (catalog number sc-13032) and anti-
Myc (catalog number sc-40) antibodies, and NRF2 siRNA (cat-
alog number sc-37030) were purchased from Santa Cruz Bio-
technology. Anti-FLAG (M2) antibody was obtained from
Sigma (catalog number F1804). NRP/B siRNA (UUAACUG-
GAUCAGCUAUGA) was purchased from Dharmacon. The
Luciferase assay kit was purchased from Promega (catalog
number E4030).

Cell Cultures—SH-SY5Y cells were purchased from the
American Type Cell Collection (ATCC) and prepared as rec-
ommended. Cells were cultured in a 1:1 mixture of ATCC-
formulated Eagle’s minimum essential medium (catalog num-
ber 30-2003) and F-12 medium supplemented with 10% fetal
bovine serum at 37 °C in a 5% CO, incubator. 293T cells were
grown in RPMI 1640 medium with 2 mm L-glutamine adjusted
to contain 1.5 g/liter of sodium bicarbonate, 4.5 g/liter of glu-
cose, 10 mm HEPES, 1.0 mm sodium pyruvate, and supple-
mented with 0.2 units/ml of bovine insulin and 10% fetal bovine
serum.

DNA Constructs—For analysis of the NRF2 interaction with
NRP/B, we generated several truncations of the NRF2 and
NRP/B proteins. NRF2 truncations were generated by PCR
using a pEGFP-NRF2 template, a gift from Dr. Laurie Zipper
(23), and primer pairs as shown in Table 1. The PCR products
were cloned into vector pGEX-KT at the BamHI and EcoRI
restriction sites. All plasmids were verified by sequencing
and designated pGEX-NRF2(1-339), pGEX-NRF2(338 —606),
pGEX-NRF2(1-110), pGEX-NRF2(109 -210), pGEX-NRF2(209-
33), pGEX-NRF2(75-125), pGEX-NRF2(100-150), and pGEX-
NRF2(125-175). GST-NRF2 truncation proteins were
expressed in Escherichia coli BL21(DE3) cells by induction with
isopropyl 1-thio-B-p-galactopyranoside at 37 °C for 3 h, puri-
fied on gluthatione-Sepharose beads (GE Healthcare) accord-
ing to the manufacturer’s instructions, and stored at —80 °C.
FLAG-tagged constructs corresponding to the BTB domain,
intervening sequence (IVS), BTB-IVS, and IVS regions of each
of these domains were generated by PCR using a NRP/B cDNA
template (17, 20) and specific primers (Table 1). The PCR prod-
ucts were purified, digested with HindIIT and EcoRV restriction
enzymes, ligated into pFLAG-CMV4 (catalog number E1775,
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TABLE 1
Primers

Primers Sequences

NRF2(1-606aa)

hNrf2-F3 5'-GACGGATCCGACTTGGAGCTGCCGCCG-3'

hNrf2-R4 5-GACGAATTCTTATTAGTTTTTCTTAACATC-3'
NRF2 (1-338aa)

hNr2-F3 5-GACGGATCCGACTTGGAGCTGCCGCCG-3'

hNrf2-R3 5-GACGAATTCTTATTATTCTGCTGTGCTTTC-3'
NRF2(1-110aa)

hNrf2-F3 5.GACGGATCCGACTTGGAGCTGCCGCCG-3'

hNrf2-R6 5°- CTGGAATTCCTATTATTTGGGAATGTGGGCAAC-3’
NRF2(109-210aa)

hNrf2-F6 5’- CAGGGATCCCCCAAATCAGATGCTTTG-3

hNrf2-R7 5°- CTGGAATTCCTATTATTTGGCTTCTGGACTTG-3"
NRF2(209-338aa)

hNrf2-F6 5’- CAGGGATCCCCCAAATCAGATGCTTTG-3

hNrf2-R3 5-GACGAATTCTTATTATTCTGCTGTGCTTTC-3'
NRF2(75-125aa)

hNRF2F-Q75 5’- CAGGGATCCCAACTAGATGAAGAG-3’

hNRF2R-Q125 5’- CTGGAATTCCTATTACTGCGCCAAAGCTG-3’
NRF2(100-150aa)

hNRF2F-A100 5’- CAGGGATCCGCCAACTACTCCCAG-3’

hNRF2R-H150 5’- CTGGAATTCCTATTAGTGACCGGGAATATC-3
NRF2(125-175aa)

hNRF2F-Q125 5’- CAGGGATCCCAGACATTCCCGTTTG-3’

hNRF2R-V175 5’- CTGGAATTCCTATTAAACAGGGGCTACCTG-3’
NRF2(338-606aa)

hNrf2-F4 5-GACGGATCCTTCAATGATTCTGAC-3'

hNrf2-R4 5-GACGAATTCTTATTAGTTTTTCTTAACATC-3'

NRP/B(1-141aa)

hNRP/BF4: 5'-CC AAGCTTTCAGTCAGTGTGCATGAG-3'

hNRP/BR4 5CCGATATCTTATTCCAGGAACTCTGCACA -3'
NRP/B(141-2952a)

hNRP/BF6 5'-CCAAGCTTAAGAACCTGCATCCCAC-3'

hNRP/BRS 5-CCGATATCTTAATGGCCAGTTTTCCGAGG-3'
NRP/B(1-2952a)

hNRP/BF4: 5. CCAAGCTTTCAGTCAGTGTGCATGAG-3'

hNRP/BR6: 5-CCGATATCTTAATGGCCAGTTTTCCGAGG-3'
HO1

HOI-F 5-GAAGGTGAAGGTCGGAGTC-3'

HOI-R 5-GAAGATGGTGATGGGATTTC-3'
GAPDH

GAPDH-F 5-GAAGGTGAAGGTCGGAGTC-3'

GAPDH-R 5-GAAGATGGTGATGGGATTTC-3'

Sigma), and designated pCMV4-NRP/B BTB, pCMV4-NRP/B
BTB-IVS, and pCMV4-NRP/B IVS (Table 1).

DNA Transfection—HEK293T cells were transfected with
pCMV4-NRP/B or pMyc-NRP/B constructs (17). Protein
expression was confirmed by Western blotting using anti-
FLAG or anti-Myc antibody. In addition, we also transfected
pCMV4-MRP2 (24), pEGEP-MAYVEN (25), DsRed-KEAP1
(26), ARE-Ti-luc promoter (11), and pGL2-HO1 (27).
HEK293T and SH-SY5Y cells were grown in 6-well plates and
transfected using Lipofectamine 2000 reagent (Invitrogen).

GST Pull-down Assay—HEK293T cells transfected with
pCMV4-NRP/B or pMyc-NRP/B constructs were lysed in
RIPA buffer and solubilized for 1 h at 4 °C. Protein extracts
were pre-cleaned by incubation with gluthatione-Sepharose
beads for 30 min at 4 °C. After centrifugation, the superna-
tants were incubated with GST or GST-NRF2 truncation
proteins at room temperature for 3 min. After washing the
precipitates were subjected to immunoblot analysis using
anti-FLAG or anti-Myc antibody.

Immunoprecipitation—HEK293T cells were seeded in 6-well
plates overnight and co-transfected with DNA constructs. 24 h
after transfection, the cultures were washed twice with PBS and
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lysed with ice-cold lysis buffer (RIPA). Cell extracts were solu-
bilized for 30 min at 4 °C. After pre-clearing, the extracts were
immunoprecipitated with anti-NRF2 antibody. Precipitates
were blotted and probed with anti-Myc antibody.

Immunoblot Analysis—Cell cultures were lysed with cold
lysis buffer (100 mm KCl, 300 mm sucrose, 10 mm Pipes, pH 6.8,
3 mm MgCl,, 1.2 mm phenylmethylsulfonyl fluoride, 0.5% Tri-
ton X-100, and 1 mm EGTA). The lysates were transferred to a
fresh tube and solubilized for 1 h at 4 °C and clarified by centri-
fugation at 12,000 X g for 20 s at 4 °C. Total cell extract protein
concentration was determined using the Bradford assay. Equal
amounts of proteins were electrophoresed on SDS-PAGE gels,
blotted onto polyvinylidene difluoride membrane, and incu-
bated with anti-NRP/B (VD2), anti-NRF2, anti-FLAG, anti-
Myc, or anti-CSK antibodies. After washing, the blots were
incubated with horseradish peroxidase-conjugated anti-IgG
antibody.

Immunocytochemistry—Cell cultures were washed with PBS,
fixed with 4% paraformaldehyde, and treated with 0.5% Triton
X-100 in PBS for 30 min. After 3 washes with PBS, cells were
treated with 10% goat serum in PBS for 2 h and incubated with
anti-NRP/B (VD2) and/or anti-NRF2 antibodies for 1 h at room
temperature. After washing with PBS, the cells were incubated
with fluorescein isothiocyanate-conjugated IgG and/or Texas
Red-conjugated IgG antibodies for 1 h. The cells were then
washed, mounted on slides, and imaged by confocal micros-
copy (Zeiss LSM 510 Meta).

RNA Isolation—Total RNA isolation was performed using
TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Briefly, cells were seeded on 10-cm dishes and
treated accordingly. One ml of TRIzol reagent was added, fol-
lowed by addition of 0.2 ml of chloroform after 15 min. Samples
were vigorously inverted by hand for 15 s, incubated at room
temperature for 3 min, and centrifuged at 12,000 X g for 15 min
at 4 °C. 0.5 ml of isopropyl alcohol was added to the superna-
tant. After a 10-min incubation at room temperature, samples
were centrifuged at 12,000 X g for 10 min at 4 °C. The pellets
were washed with 75% ethanol, dissolved in RNase-free water,
and incubated at 60 °C for 10 min. Total RNA concentration
was measured and the samples were stored at —80 °C for use in
Northern blotting and RT-PCR analysis.

RT-PCR Analysis—Transcript levels were semi-quantified by
one-step RT-PCR according to the manufacturer’s instructions
(Clontech) using primers specific for HOI and GAPDH (Table
1). The temperature conditions were 50 °C for 1 h, 94 °C for 5
min, followed by 25 cycles of 94 °C for 30 min, 68 °C for 30 min,
and 68 °C for 60 min with an extension of 68 °C for 2 min.

Northern Blot Analysis—20 ug of total RNA was electro-
phoresed on a 1% agarose gel, and transferred onto Hybond-
N+ (Amersham Biosciences) in 20X SSC buffer overnight.
Membranes were cross-linked and pre-hybridized in pre-hy-
bridization solution (5X SSPE, 2% SDS, and 5X Denhardt’s
reagent containing 100 ug/ml of denatured salmon testes
DNA) at 65 °C for 6 h. Purified PCR-generated NRP/B (BTB
domain) serving as a probe, was labeled with a-**P using the
NEblot kit (catalog number N1500L, New England Biolabs)
according to the manufacturer’s instructions. The membranes
were incubated with hybridization solution containing the
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NRP/B BTB domain-labeled probe at 65 °C overnight, and then
washed in washing solution (0.5X SSPE, 1% SDS) for 20 min,
and twice in washing solution (0.1 X SSPE, 1% SDS) for 20 min
each. Membranes were exposed to x-ray film at —80 °C.

Apoptotic DNA Ladder—DNA fragmentation in apoptotic
cells was detected using the Apoptotic DNA Ladder Detection
Kit (Chemicon International). The procedure was performed
per the manufacturer’s instructions. Briefly, cells were treated
with an apoptosis inducing agent appropriate to the purposes of
our experiment. Treated cells were washed with PBS, collected,
and centrifuged. The pellets were resuspended in TE lysis
buffer and treated with RNase A and proteinase K. DNA was
precipitated with isopropyl alcohol and redissolved in DNA
Suspension Buffer. DNA fragmentation was visualized on a 1%
agarose gel stained with ethidium bromide.

Luciferase Assay—SH-SY5Y or HEK293T cells were co-trans-
fected with a combination of plasmids as indicated in figure
legends using Lipofectamine 2000 or Lipofectatime. In addi-
tion, pCMV B-galactosidase was co-transfected for the purpose
of controlling the transcriptional activity of the promoter(s).
Cell lysates were prepared and luciferase and B-galactosidase
activities were quantified using a Luciferase assay kit (Promega,
Madison, WI) according to the manufacturer’s instructions.
The effects of the proteins on the promoter(s) transcriptional
activity were normalized to the ratio of the luciferase versus
B-galactosidase activity.

Statistical Analysis—Data are presented as the mean * S.D.
The Student’s ¢ test and one-way analysis of variance were used
to assess the significance of independent experiments. p < 0.05
represents the statistical significance.

RESULTS

Expression of NRP/B in Neuronal Cells—NRP/B has been
shown to be expressed in various tissues and cells, particularly
neuronal cells (17, 19, 20). We determined the molecular mech-
anism by which NRP/B mediates cellular protection against
agents of oxidative stress in the brain. We examined expression
of NRP/B in SH-SY5Y and PC12 cells by Northern and Western
blot analyses. HCT-116 cells reported to express NRP/B (28)
served as a positive control. Using a human NRP/B probe,
Northern blotting showed that NRP/B mRNA was detected in
HCT-116 and SH-SY5Y cells (Fig. 1A). Protein extracts from
HCT-116, SH-SY5Y, and PC12 cells were subjected to Western
blot analysis using a monoclonal antibody against NRP/B
(DV2) (17). This analysis showed that NRP/B was expressed in
all cell lines tested (Fig. 1B). NRP/B expression was detected in
PC12 by Western blot, but not by Northern blot (Fig. 1, A and B)
due to the high specificity of the human NRP/B probe and the
high contingency of the Northern blot condition. The human
NRP/B probe used did not hybridize rat NRP/B mRNA in PC12
cells (Fig. 14), indicating that the Northern blot condition was
highly specific.

Immunohistochemical staining with anti-NRP/B (VD2) anti-
body was carried out to detect expression and localization of
NRP/B in human brain specimens. NRP/B was expressed in the
nucleus of the brain specimen (Fig. 1C). In addition to our pre-
vious report (17), expression of NRP/B mRNA and protein was
detected in human SH-SY5Y. Thus, we selected SH-SY5Y cells

VOLUME 285+NUMBER 34+AUGUST 20, 2010



NRP/B BTB Domain Induces NRF2 Target Genes

A o B s C pared with siCon-treated controls
E P a E 33‘ o o in response to H,O, treatment
(i) %' Q (i) % o Human Brain Tissue (Fig. 2D). These data provide strong
— s 7 Y evidence that expression of both

: ' ) A B S P o J NRP/B and NRF2 is crucial for cel-
NRP/B—> ‘ ek L% 58 TE o] lular protection against H,O,-in-
o ‘98 oe duced apoptosis.
i 9 e ogo 9‘,’ : .9 Specific Activation of NRF2 Tar-
WB: anti-NRP/B bt %0, 9 Q""e 2 get Genes by NRP/B—We previ-
i PN 7 'tQ o o ously cloned and characterized sev-
: S T 4 D eral Kelch-related family members
CSK—> | | &0 8. *| including NRP/B (19), MRP2 (24),
Y P : and MAYVEN (29). These proteins

WB: anti-CSK

blot.

for further analysis of NRP/B function and mechanism in the
oxidative stress response.

H,0, Increased the Colocalization of NRF2 and NRP/B in
SH-SYSY Cells—H,0, treatment has been shown to increase
the co-localization of NRP/B and Nrf2 in breast cancer cells
(20). We examined the effect of H,O, on NRF2 and NRP/B
localization in SH-SY5Y cells. SH-SY5Y cells were treated with
5 um H, 0, for 12 h, fixed, and immunostained with anti-NRF2
and anti-NRP/B (VD2) antibodies (Fig. 24). Fixed cells stained
with either mouse or rabbit IgG antibody served as control
(supplemental Fig. S1). Colocalization of NRF2 and NRP/B
intensified in the nucleus following H,O, treatment (Fig. 24).

NRF2 and NRP/B Conferred Cellular Protection against
H,O0,via HO1 Activation—To define the mechanism by which
the association of NRF2 and NRP/B induces HO1 activation, we
examined the effect of H,O, treatment on HO1 promoter activ-
ity by luciferase assay. SH-SY5Y cells were transfected with the
HO1 promoter and treated with dimethyl sulfoxide or 5 um
H,0, in a time-dependent manner as indicated (Fig. 2B). Cell
lysates were prepared and luciferase activity was measured. Six
hours after treatment, relative luciferase activity was up to
7-fold higher in cells treated with H,O, compared with those
treated with dimethyl sulfoxide (Fig. 2B). Next, we measured
the transcription levels of HO1 mRNA induced by H,O, treat-
ment. SH-SY5Y cells were harvested 0, 6, and 12 h after
treatment with H,O,. Total RNA was purified and semi-quan-
titative RT-PCR analysis showed that HO1 mRNA was up-reg-
ulated over the course of H,O, treatment (Fig. 2C). We then
examined whether NRF2 and NRP/B expression protected cells
from apoptosis induced by H,O, treatment. SH-SY5Y cells
were treated with siNRP/B, siNRF2, or siCon (control). After
24 h, cells were treated with 10 um H,O, for 12 h. DNA frag-
mentation resulting from H,0,-induced apoptosis was
detected using the DNA ladder kit. Intense DNA fragmentation
was observed in siNRP/B- and siNRF2-treated cells when com-
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Staining with anti-NRP/B

FIGURE 1. Expression and localization of NRP/B in neuronal origin-derived cells and human brain speci-
men. A, for Northern blot analysis, total RNA was purified from HCT-116, SH-SY5Y, and PC12 cells using TRIzol
reagent. Ten ug of RNA was blotted on a Hybond-N" membrane and hybridized with an a->?P-labeled human
NRP/B probe. B, total cell lysates were prepared from several cell lines, and 100-u.g samples were blotted on a
polyvinylidene difluoride membrane. The blot was incubated with anti-NRP/B (VD2) or anti-c-src tyrosine
kinase (CSK) antibodies. CSK was used to confirm equal protein loading. C, localization of NRP/B in sample
specimens of normal brains. Normal brain specimens were obtained from the Cooperative Human Tissue
Network. The paraffin-embedded samples were immunostained with anti-NRP/B (VD2) antibody. WB, Western

have similar domain organization
(Fig. 3A) consisting of a N-terminal
BTB domain and a C-terminal
Kelch repeat domain separated by
an IVS. BTB domain mediates
homo- and heterodimerization (12)
whereas, the C-terminal Kelch
repeat region functions to bind
actin tails, and is involved in pro-
tein-protein  interactions  (30).
KEAP1I, another Kelch family member, functions as transcrip-
tional repressor for NRF2 (8), whereas NRP/B is an enhancer
for NRF2 activity (17, 20). MRP2 is involved in glycogen syn-
thase kinase 3B-mediated neuronal differentiation (24) and
process elongation in oligodendrocytes (25, 31). MAYVEN is
also essential for FYN-modulated process elongation in oli-
godendrocytes (25). Whereas KEAP1, MRP2, and MAYVEN
are endogenously localized in the cytoplasm (8, 24, 25),
NRP/B is endogenously localized in the nucleus (19, 32). We
examined the differential effects of these proteins on NRF2-
mediated HO1 transcriptional activity using a luciferase
reporter assay. The HO1 promoter plasmid was co-transfected
with NRP/B, MRP2, KEAP1, MAYVEN, or mock (control). Cell
lysates were prepared and luciferase activity was measured after
24 h. Relative luciferase activity was up to 2-fold higher in cells
transfected with NRP/B compared with cells transfected with
mock or MRP2, and up to 4-fold higher when compared with
cells transfected with KEAP1 or MAYVEN (Fig. 3B).

A similar set of experiments performed using cells co-
transfected with the HO1 promoter and NRF2 in conjunc-
tion with NRP/B, MAYVEN, MRP2, KEAP1, or mock
(control) in a dose-dependent manner (Fig. 3C) showed a
more than 10-fold increase in HO1 transcriptional activity in
cells transfected with NRP/B as compared with those trans-
fected with MAYVEN, MRP2, KEAP1, or mock (Fig. 3C).
NRP/B was important in up-regulating HO1 transcriptional
activity, whereas KEAP1 showed an inhibitory effect on the
activity of HO1. MAYVEN and MRP2 did not significantly
effect the transcriptional activity as compared with control
counterparts. These data together with previous reports (17,
20) indicate that NRP/B specifically activates NRF2 target
genes.

Mapping Interacting Domains of NRF2 and NRP/B—We pre-
viously showed that the NRF2-NRP/B complex was crucial for
induction of the NRF2 target gene, NQO1 (17, 20). In this study,
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FIGURE 2. NRP/B-NRF2 mediates cellular defense against H,0, in SH-SY5Y cells. A, subcellular localization
of NRP/B and NRF2 upon treatment of 5 um H,0,. SH-SY5Y cells were plated on coated glass slides and treated
with H,0, for 12 h, fixed, and immunostained with anti-NRF2, anti-NRP/B (VD2) antibodies, and 4’,6-diamidino-
2-phenylindole (DAPI). The images were taken using a confocal microscope (Zeiss LSM 510 Meta). M, mouse. R,
rabbit. Bar, 20 um. B, H,0, treatment induced HO1 transcriptional activity. SH-SY5Y cells were transfected with
HO1 promoter. Cells were treated with 5 um H,0, for 6 h. HO1 promoter (luciferase) activity was measured, and
then the relative luciferase activity versus B-galactosidase activity (derived from three individual experiments)
was expressed in arbitrary units. The bars in the graphs represent the mean = S.D. **, p < 0.01. C, H,0,
treatment up-regulated the HO1 transcription level. SH-SY5Y cells were treated with 5 um H,O, in time-depen-
dent manner. Following the treatment cells were harvested at 0, 6, and 12 h, and RNA was purified and
analyzed by semi-quantitative RT-PCR. HOT mRNA was up-regulated over the course of H,O, treatment. Rel-
ative HOT mRNA levels versus GAPDH levels upon H,0, treatment, as derived from 3 individual experiments,
were converted into arbitrary units. The bars in the graphs represent the mean = S.D. *, p < 0.05; **, p < 0.01.
D, reduction of NRP/B or NRF2 expression rendered SH-SY5Y cells sensible to H,0,-induced apoptosis. Cells
were plated on 6-well plates and treated with siNRP/B, siNRF2, or siCTL (control). After 12 h of 10 um H,0,
treatment cells were harvested, and DNA fragmentation was detected using the Apoptotic DNA Ladder Detec-
tion Kit or RNA was purified and RT-PCR was performed to detect transcription levels of NRP/B and NRF2 in

siRNA-treated cells. DMSO, dimethyl sulfoxide.

co-expression of NRF2 with KEAP1 inhibited HO1 transcrip-
tional activity, whereas co-expression of NRF2 with NRP/B
increased the transcriptional activity (Fig. 3). Thus, the interac-
tion of NRF2 with NRP/B is an important regulator of NRF2
target genes. Here we identified the interacting domains of
NRF2 and NRP/B. For this purpose, we generated several trun-
cation mutants of NRF2 and NRP/B and studied their interac-
tion by GST pull-down assay and immunoprecipitation. First,
GST fusion proteins encompassing the N-terminal region of
NRF2 from amino acid 1 to 339 and the C-terminal region con-
taining amino acids 338 to 605 were generated and designated
GST-NRF2(1-339) and GST-NRF2(338-605), respectively
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(Fig. 4A). HEK293T cells were
transfected with FLAG-NRP/B (17,
20). After 24 h, cell extracts were
incubated with purified GST-
NRF2(1-339), GST-NRF2(338 -
605), or GST alone. The complexes
were subjected to Western blot
analysis using anti-FLAG antibody.
Pull-down assays showed that
NRP/B interacted with the NRF2
N-terminal region (1-339) but not
with the NRF2 C-terminal region
(338-605) (Fig. 4B). Next, we gen-
erated several truncation mutants
within the N-terminal region of
NREF?2 to further delineate the inter-
acting region with NRP/B. Pull-
down assays revealed that NRP/B

NRP/B, NRF2 & DAPI
0o, w

H0, + + +

siCon  + - - interacted with a GST fusion pro-
siNRPB -+ - tein containing NRF2 spannin
siNRF2 & P 5

amino acids 1 to 110 (GST-
NRF2(1-110)) and 109 to 210
(GST-NRF2(109-210)), but not
amino acids from 209 to 338 (GST-
NRF2(209 -338)) (data not shown).
We further mapped the interaction
within the N-terminal 175 amino
acids of NRF2. The GST fusion pro-
teins NRF2(75-125), NRF2(100-
150), and NRF2(125-175) were
expressed, purified, and used to per-
form pull-down assays with NRP/B
and Western blotted with anti-Myc
antibody. Although a weak interac-
tion with NRF2(75-125) and
NRF2(125-175) was seen, NRP/B
interacted strongly with NRF2-
(100-150) (Fig. 4C). The N-termi-
nal 339 amino acids of NRF2
encompasses the Neh2, Neh4, and
Neh5 domains (Fig. 44). This dele-
tion mapping approach demon-
strated that the Neh4 domain of
NRF2 interacted specifically with
NRP/B.

Next we examined the interac-
tion of the NRP/B BTB domain with NRF2. For this purpose,
HEK293T cells were transfected with NRP/B constructs con-
taining the BTB domain (NRP/B BTB), the BTB domain and
central linker region (NRP/B BTB-IVS), and the central linker
region alone (NRP/B IVS). Cell extracts were prepared, immu-
noprecipitated with anti-NRF2 antibody, and subjected to
Western blot analysis using anti-FLAG antibody. Immunopre-
cipitation assays showed that the NRP/B BTB and NRP/B BTB-
IVS regions strongly interacted with NRF2, whereas an NRP/B
IVS was less obvious (Fig. 4D). Thus, NRF2 may interact with
the BTB domain of NRP/B. Taken together our data indicate
that interaction of NRP/B with the region encompassing the
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FIGURE 3. Transcriptional induction of HO-1 mediated by NRF2-NRP/B.
A, schematic diagrams of the Kelch-related protein family, as indicated. The
Kelch-related protein family consists of two main domains, BTB (responsible
for homo- or hetero-dimerization) and Kelch repeats (responsible for actin
binding). B, differential effect of Kelch-related proteins on HO1 promoter
activity. NRP/B, MRP2, KEAP1, MAYVEN, or mock were co-transfected with
HO1 promoter in SH-SY5Y cells. Following 24 h, cell extracts were prepared.
HO1 promoter (luciferase) activity was measured, and then the relative lucif-
erase activity versus B-galactosidase activity (derived from three individual
experiments) was expressed in arbitrary units. The bars in the graphs repre-
sentthe mean = S.D.*, p < 0.05. C, differential effect of Kelch-related proteins
on NRF2-mediated HO1 promoter activity, SH-SY5Y cells. NRP/B, MRP2,
KEAP1, MAYVEN, or mock were co-transfected with HO1 promoter and NRF2
in SH-SY5Y cells. Following 24 h, cell extracts were prepared. HO1 promoter
activity was measured, and then the relative luciferase activity versus p-galac-
tosidase activity (derived from three individual experiments) was expressed
in arbitrary units. The bars in the graphs represent the mean = S.D. **, p <
0.01.
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Neh4 domain of NRF2 may interact to induce NRF2-mediated
HOL1 activity.

Homology Modeling of the NRP/B BTB Domain—A homology
model of the NRP/B BTB domain containing residues 1 to 147 was
generated using the program MODELLER (33). The crystal struc-
ture of BCL6 BTB domain (Protein Data Bank code 1R29), which
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FIGURE 4. Interaction of NRP/B with NRF2. A, generation of NRF2 trunca-
tions. The truncations were generated with PCR using primers as indicated in
Table 1. PCR products were constructed into pGEX-KT and designated GST-
NRF2(1-339), GST-NRF2(1-110), GST-NRF2(109-210), GST-NRF2(209-338),
GST-NRF2(75-125), GST-NRF2(100-150), GST-NRF2(125-175), and GST-
NRF2(338-605). Sequences were confirmed by sequencing from both orien-
tations and expressions were verified by isopropyl 1-thio-B-p-galactopyrano-
side treatment. These purified GST-NRF2 truncations were used for pull-down
assay. B, interaction of NRP/B with N-terminal NRF2 (1-399 amino acids). Pro-
tein extracts from 293T cells transfected with FLAG-NRP/B were incubated
with GST-NRF2(1-339), GST-NRF2(338-605), or GST. The complexes were
subjected to Western blotting (WB) and probed with anti-FLAG antibody.
Upper panelindicates NRP/B expression in the cell extract. Middle panel is GST,
GST-NRF2(1-339), and GST-NRF2(338-605) expressions induced by isopro-
pyl 1-thio-B-p-galactopyranoside. Lower panel is the interaction of NRP/B
with NRF2. C, interaction of NRP/B within N-terminal NRF2. Protein extracts
from 293T cells transfected with Myc-NRP/B were incubated with GST-
NRF2(75-125), GST-NRF2(100-150), GST-NRF2(125-175), or GST. The com-
plexes were subjected to Western blotting and probed with anti-Myc anti-
body. Upper panel indicates the interaction of NRP/B with NRF2 truncations.
Lower panel indicates NRP/B expression in the cell extract. D, association of
NRF2 with the BTB domain of NRP/B. NRF2 was cotransfected with NRP/B BTB,
NRP/B BTB/IVS, or NRP/B IVS in HEK293T cells, and protein extracts were pre-
pared and immunoprecipitated with anti-NRF2 antibody. The complexes
were subjected to Western blotting with anti-FLAG antibody (upper panel).
Cell extracts were Western blotted with anti-FLAG antibody (middle panel)
and anti-NRF2 antibody (lower panel).

shares 33% sequence identity with the NRP/B BTB domain, was
used as a template structure (Fig. 54). The homology model was
selected from three computed models based upon the lowest val-
ues of the MODELLER objective function. The secondary struc-
ture of the model contains the BTB core elements of three
B-strands (B2—p4) forming a mixed B-sheet, and five a-helices
(a2—a6) (Fig. 5A). A short a3, helix interrupts the a3-B4 loop.
The region from Asp-30 to Arg-43 of NRP/B forms an N-terminal
a-helical extension of the core BTB domain. The B1 strand
observed in the crystal structure of the BCL6 BTB domain is not
present in the NRP/B BTB homology model.

As shown in Fig. 5B, Asp-47 is a conserved amino acid and
sits in the loop region connecting the al and (32 secondary
structure elements. Its side chain makes a hydrogen bond to the
backbone of Arg-61. Amino acid position 61 is invariably an

JOURNAL OF BIOLOGICAL CHEMISTRY 26195



NRP/B BTB Domain Induces NRF2 Target Genes

A

NRP/B 1 MSVSVHENRKSRASSGRINIYLFHKSSYEDSVLTHL L RLFTDVL HAGNRTFi ----- CHEAVL s 68
BCLE 1 PADSCIGFTR wmea oxwv BsRearR--- - HTw S 53
MAYVEN 1 METPPLPPACTKOGHQKPLDSTEKHCPVTVNP MK AEDMEIS- - - - - S 78
MRP2 161 EGCGHRLSSTGHSMTPQSDLDSESSEEFYQAVH EQ a ESYL DVI I NHK ----- H LVLSSVS 234
KEAP1 28 GDAVMYASTECKAEVTPSQHGNRTFS- YTLED TKOARGIEML SO DVT KYQD OFM HIvVLlsSs 104

a3 03 f4

NRP/B 69 REFEMMFEGG KlSQDSEINFDNSH EVEELL ExNIRET 147
BCL6 54 GLFYSIFYDQHKCN- LSVINLDPEIN EGFCIL] KAS EAE 131

156
MKL S 312

ML YVYRAENQVTEERVQVL PREGLEEL QDYKKTCCE

MRP2 235 SDVGEAKQEEIKMEG - MDEN ELKEDTIENMLARZCLEEL P

EVCCH

SSR IINEE ESLEREOVPEFQDIRDACAE
MYSR NLREG MATEWYBEMEHTIDTCRK

MAYVEN 79 EIF EMSFRAKR'RIKE DG
F

KEAP1 105 PVFi NGERBOGHEVEISIEG H KVMERL E SMGEKCVLHIMNGRVMYEIDSIMRACSD! S 182
B :eu‘M C AZO
: 28 2s
His60 = Sers2 2 ks 16
o L i fg 12
B3 28
’ EZ 8
_. £f
- o 2z 4
; e
o ‘ D ‘Eg ok
s —~ % 4
‘gg 3
6 ag 2
3E
g% !
NRF2 + + + 0°
F NRPBWT + + - E .o
NRP/B Mutl - -+ T 08 *k
8~
oo
2
—— £Z
IP: 1gG__ NRF2 2F 4
WB: Myc 2% 2
NRF2—>| %8 s o T e & "% &
WB: NRF2 Mock — + + - - -
NRPBWT - - + - -
NRP/B —5> | et astin s NRPBMutl - - - + -
KEAPI - - - - +

WB: Myc

FIGURE 5. Mutation in the BTB domain of NRP/B impairs ARE-driven transcriptional activity. A, sequence

alignment of the NRP/B, BCL6, MAYVEN, MRP2, and KEAP1 BTB domains. The protein sequences were aligned using

the program CLUSTAL W and manual intervention. Hyphens represent gaps inserted for optimum alignment. The
secondary structure elements of the NRP/B BTB domain were assigned using the program STRIDE. Helices are

depicted as magenta rectangles and B-strands as green arrows. Conserved amino acids are shaded yellow, identical

amino acids in three of more sequences are shaded red, and similar amino acids are white letters on a blue back-
ground. The secondary structure elements are labeled according to the BCL6 assignments. The B-strand seen in the
structure of the BCL6 BTB domain, but not the NRP/B BTB model is shown as a white arrow. The positions of the three
mutants, D47A, H60A, and R61D are highlighted with gray dots. B, ribbon representation of the NRP/B BTB domain.

The loop regions are gray coils. Amino acids Asp-47, Ser-57, His-60, Arg-61, Ser-82, and Asp-84, involved in hydrogen

bonding interactions are shown as khaki sticks. Nitrogen and oxygen atoms are colored blue and red, respectively.
Hydrogen bonds are shown as dashed cyan lines. The figure was made using POVSCRIPT and POV-Ray. C-E, BTB
mutation of NRP/B reduces the ARE-driven transcriptional activity. HO1 (C), NQO1 (D), or ARE (E) promoter and NRF2
were cotransfected with NRP/B, NRP/B Mut1, KEAP1, or mock (control) in HEK293T cells. After 24 h, total cell lysates

were prepared, and luciferase activity was measured. Relative luciferase versus B-galactosidase activity (derived
from three individual experiments) was expressed in arbitrary units. The bars in the graphs represent the mean =+
S.D. **, p < 0.01. F, effect of D47A, H60A, and R61D of NRP/B BTB domain on its association with NRF2. NRF2 was
cotransfected with either NRP/B WT or NRP/B Mut1 in HEK293T cells, and protein extracts were prepared and

immunoprecipitated with anti-NRF2 antibody. The complexes were subjected to Western blotting with anti-Myc
antibody (upper panel). For expression control, cell extracts were Western blotted with anti-NRF2 antibody (middle

panel) and anti-Myc antibody (lower panel).

arginine or a lysine. Arg-61 in the NRP/B BTB domain is part of
the a2 helix and makes up to three hydrogen bonds, one to the

one to Asp-84 in the a3-B4 loop.
The side chain of His-60 at the
N-terminal end of a2 hydrogen
bonds to the backbone oxygen of
Leu-44 in the «l-B2 loop. These
interactions serve to link some of
the core secondary structure ele-
ments and stabilize the overall BTB
domain fold. The mutations D47A,
H60A, and R61D would break this
hydrogen bonding network, disturb
the fold, and disrupt the BTB
domains ability to associate with
interacting proteins such as NRF2.

Involvement of NRP/B BTB Do-
main in NRF2-mediated ARE-driven
Transcriptional Activity—Homology
modeling showed that Asp-47, His-
60, and Arg-61 of the NRP/B BTB
domain have important roles in
maintaining the overall fold (Fig.
5B). Here, we examined whether
mutations D47A, H69A, and R61D
altered ARE-driven transcriptional
activity. The triple mutant D47A,
H69A,R61D, designated NRP/B
Mutl, was generated, and its
expression was verified by Western
blotting using anti-Myc antibody.
The HO1 promoter in conjunction
with NRF2 was co-transfected with
wild-type NRP/B (NRP/B WT),
NRP/B Mutl, KEAP1, or Mock
(control) in HEK293T cells. Cell
lysates were prepared and luciferase
activity was measured 24 h after
transfection. Relative luciferase
activity was ~5-fold higher in cells
transfected with NRP/B (wild-type)
(17) as compared with cells receiv-
ing NRP/B Mutl or mock (Fig. 5C).
KEAP1 inhibited HO1 promoter
activity as expected (Fig. 5C).

We also examined the effect of
these mutations on transcriptional
activity of the NQO1 promoter
and ARE-driven luciferase activ-
ity. NQO1 promoter (34) or ARE-
driven luciferase (27) in conjunc-
tion with NRF2 was co-transfected
with NRP/B WT, NRP/B Mutl,
KEAP1, or mock (control) in
HEK293T cells. NRP/B Mutl was
unable to induce NRF2-mediated
transcriptional activity of NQO1

(Fig. 5D) and ARE-driven gene expression (Fig. 5E).
To further examine the effect of the mutations in the BTB

carbonyl oxygen of Asp-47 in the a1-2 loop, one to Ser-82and domain of NRP/B on its association with NRF2, NRF2 was
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cotransfected with either NRP/B WT or NRP/B Mutl. Protein
extracts were prepared, immunoprecipitated with anti-NRF2
antibody, and subjected to Western blot analysis using anti-
Myc antibody. For expression verification, cell extracts were
blotted and probed with anti-NRF2 or anti-Myc antibody. As
shown in Fig. 5F, NRP/B Mut1 had lower binding affinity with
NRF2 as compared with the NRP/B WT counterpart (Fig. 5F).
Taken together, these results indicate that the NRP/B BTB
domain played an important role in modulating ARE-driven
antioxidant gene expression in an NRF2-dependent fashion.

DISCUSSION

In the present study we elucidated the molecular mechanism
by which NRP/B activates transcriptional activity of ARE-
driven gene(s) through the NRF2 pathway. We observed that
the NRP/B BTB domain interacts with the activation domains,
Neh4/Neh5, of NRF2. Mutations that are predicted to disturb
the secondary structure of the NRP/B BTB domain fail to
induce NRF?2 target genes (NQOI and HO1) and ARE-driven
transcriptional activity. This study illustrates that the associa-
tion of the NRP/B with the Nhe4/Neh5 domains of NRF2 is
indispensable for activation of NRF2-mediated ARE-driven
phase I enzymes that confer cellular protection against oxida-
tive stress-induced damage.

More than 60 Kelch-related proteins have been identified in
organisms from viruses to mammals. Forming multiprotein
complexes through contact sites within their BTB and Kelch
domains, this family of proteins regulates cell morphology and
organization and gene expression (14, 35). Previously, we
cloned and characterized several members of the Kelch-related
protein family, namely, NRP/B, MRP2, and MAYVEN. These
proteins and another Kelch-related protein, KEAP1 have simi-
lar domain organization (Fig. 34). We investigated the func-
tions of these proteins in the context of oxidative stress
responses. Despite similar domain organization their cellular
localizations were found to be different. While MAYVEN,
MRP2, and KEAP1 are localized in the cytoplasm, NRP/B is
confined to the nucleus (17, 20, 24). In the presence of NRF2,
NRP/B actively induced the transcriptional activity of HOL,
whereas KEAP1 inhibited this activity (Fig. 3, B and C). Our
previous report showed that GFP-NRF2 shuttled from the
nucleus to the cytoplasm when it was cotransfected with
KEAPI and inhibited transcriptional activity of the NRF2 target
gene, NQOI (17). However, the phenomenon did not occur
when NRF2 was contransfected with MAYVEN or MRP2 (data
not shown). These findings illustrated a role for NRP/B and
KEAP1 in modulating the NRF2 pathway in response to reac-
tive oxygen species.

The interaction of NRP/B and NRF2 was essential for the
activation of NRF2 target genes (Fig. 3C). We examined which
structural domain of NRF2 was responsible for induction of
NRF2 target genes. Several truncation mutants of NRP/B were
analyzed for their ability to interact with NRF2. The NRP/B
BTB and BTB-IVS regions strongly interacted with NRF2,
whereas the IVS region displayed a much weaker association
(Fig. 4D). The mutations D47A, H60A, and R61D in the BTB
domain (NRP/B Mutl), which we predicted from homology
modeling to destabilize the BTB fold, reduced the level of
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NRP/B interaction with NRF2 (Fig. 5F). Furthermore, wild-type
NRP/B, but not NRP/B Mutl, induced ARE-driven transcrip-
tional activity of the phase II detoxifying and antioxidant
enzymes, HO1 and NQOL1 (Fig. 5, C and D). The NRB/B BTB
domain may, therefore, significantly contribute to the activa-
tion of NRF?2 target genes.

NRF2 contains 6 domains, Neh2, Neh4, and Neh5 at the
N-terminal, and Neh6, Neh1, and Neh3 at the C-terminal (22).
KEAPI interacts with Neh2 of NRF2 to inhibit transcriptional
activity (8). Neh4 and Neh5 are conserved in several species and
interact with the co-activator CREB-binding protein to syner-
gistically activate the transcription of NRF2 target genes (22).
To determine which domain(s) of NRF2 is associated with
NRP/B, we adopted a deletion mapping approach, which
revealed that the N-terminal region of NRF2 spanning amino
acids 1-339 containing Neh2, Neh4, and Neh5 interacted spe-
cifically with NRP/B (Fig. 4). Furthermore, the NRF2 region
spanning amino acids 100 to 150 containing Neh4 strongly
associated with NRP/B (Fig. 4C) (22). It was observed that
NRP/B also interacted with the Neh5 activation domain of
NREF2, although the affinity of the association was not as strong
as the Neh4 domain. These data reveal the core domains of
NRP/B and NRF2 that are critical for activation of NRF2 target
genes HOI and NQOI.

In conclusion, we elucidated the molecular mechanism by
which NRP/B activates NRF2-mediated ARE-driven transcrip-
tion of phase II detoxifying and antioxidant enzymes NQO1
and HO1. The association of the NRP/B BTB domain with the
NRF2 Neh4/Neh5 domains is central to NRF2-mediated cellu-
lar protection against damage caused by oxidative stress.
NQOL1 is an activating enzyme for some anti-cancer drugs and
has been implicated in cancer prevention (36 —38). HO1 exerts
antioxidant effects, including inhibition of the proliferation of
vascular and airway smooth muscle cells (39, 40), and has been
implicated in the endogenous defense against oxidative stress
(41). Understanding the molecular mechanism by which the
NRF2-NRP/B interaction mediates enzyme activation may
have potential therapeutic consequences for the treatment of
cancer and neurodegenerative disorders.
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this manuscript.
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