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Neurotrophins such as NGF promote neuronal
survival and differentiation via the cell surface TrkA
neurotrophin receptor. Compounds with neurotrophic
actions that are low in molecular weight and can
permeate the blood—brain barrier are promising thera-
peutic agents against neurodegenerative diseases such
as Alzheimer’s disease. Carnosic acid (CA), an electro-
philic compound in rosemary, activates antioxidant
responsive element (ARE)-mediated transcription via
activation of Nrf2. In the present study, we discovered
that CA strongly promotes neurite outgrowth of PC12h
cells. NGF as well as CA activated Nrf2, whereas CA
and NGF-mediated neuronal differentiation was sup-
pressed by Nrf2 knockdown. On the other hand, CA
activated TrkA-downstream kinase FErk1/2 indepen-
dently of Nrf2. CA-induced p62/ZIP expression in an
Nrf2-dependent manner, while the CA-induced neural
differentiation was suppressed by p62/ZIP knockdown.
Furthermore, CA-induced ARE activation was attenu-
ated both by p62/ZIP knockdown and a Trk signal
inhibitor. These results suggest that the CA induction
of p62/ZIP by Nrf2 enhances TrkA signaling which
subsequently potentiates Nrf2 pathway. This is the
first demonstration that activation of the Nrf2-p62/
ZIP pathway by a low-molecular natural electrophilic
compound plays important roles in TrkA-mediated
neural differentiation and may represent the common
molecular mechanism for neurotrophic activities of
electrophilic compounds.
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Abbreviations: ARE, antioxidant responsive element;
CA, carnosic acid; Egr-1, early growth response
protein-1; Erk1/2, extracellular signal-regulated
kinasel/2; Keapl, Kelch-like ECH-associated
protein 1; MafK, musculoaponeurotic fibrosarcoma
oncogene homolog K; Nrf2, NF-E2-related factor 2;
PI3K, phosphatidylinositol 3-kinase; Trk,

tropomyosin-related kinase; NF, neurofilament;
NGF, nerve growth factor; miR, micro RNA; ZIP,
PKC-{ interacting protein.

Neurotrophins such as NGF, BDNF and NT3
promote neuronal growth, differentiation and plastic-
ity, mainly through the Trk family (A, B and C) of cell
surface receptors. The neurotrophins bind to Trk
receptors and activate various kinase cascades such
as Erkl/2, PI3K and PKCs (/). Trk is internalized
upon ligand-induced phosphorylation to form signal-
ing vesicles that are critical for neurotrophin-induced
neuronal differentiation and survival (2—4). Upon neu-
rotrophin such as NGF binding to the TrkA, TRAF6
induces the K63-mediated polyubiquitination of TrkA
required for receptor signaling (4). p62/ZIP/A170/
SQSTMI1 (hereafter called p62/ZIP for simplicity)
interacts with TrkA and enhances TRAF6-mediated
receptor internalization (5—7). Accordingly, it has
been shown in PC12 cells and HiB5 neuronal progen-
itor cells that an increase in p62/ZIP levels leads to
an enhancement of NGF activity (4, 5, §). Thus, the
p62/ZIP level is critical for neuronal differentiation,
but how p62/ZIP expression is actually regulated in
neurons remains largely unknown.

Electrophilic compounds, such as carnosic acid (CA)
reportedly activate various biological actions includ-
ing, anti-tumor, anti-inflammatory and neuroprotec-
tive effects through S-alkylation on specific cysteine
residues of Keapl resulting in Nrf2 stabilization
(9, 10). In homeostatic condition, Keapl represses
Nrf2 either by sequestration of Nrf2 in the cytosol
or ubiquitin-mediated proteasomal degradation.
Upon activation, Nrf2 is liberated from Keapl and
heterodimerizes with one of the small Maf (sMaf) pro-
teins to bind to antioxidant responsive element (ARE)
(11—13). The binding of Nrf2/sMaf complex to ARE
sequences enhances induction of a set of genes called
‘phase 2 enzymes’ including drug detoxifying enzymes
such as glutathione-S-transferase (GST), NAD(P)H
oxidoreductase 1 (NQO1) and UDP-glucuronosyl-
transferase (UGT), and antioxidant proteins such as
heme oxygenase-1 (HO-1) and y-glutamate cysteine
ligase (GCL) (/4). The induction of these enzymes pro-
vides efficient neuroprotection via modulation of the
intracellular redox balance both in vitro and in vivo.

Cyclopentenone prostaglandins possess electrophilic
o, P-unsaturated carbonyls in their cyclopentenone
rings and act as endogenous signaling molecules via
S-alkylation (15, 16). We previously demonstrated
that the synthetic derivatives of cyclopentenone pros-
taglandins, called neurite outgrowth-promoting
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prostaglandins (NEPPs), promote the neurite out-
growth in the presence of NGF (17, 18). Several
other electrophilic compounds, such as flavonoids
(19), curcumin (20) and epigallocatechin gallate (217)
also possess neurite outgrowth-promoting activities in
combination with NGF. Because these chemicals are
also activators of Nrf2, it occurred to us that the
Keapl/Nrf2 pathway mediates the common actions
of electrophiles that synergizes with NGF. In order
to investigate the intracellular mechanism, we
employed rat pheochromecytoma PCI12h cells, in
which NGF induces neurite outgrowth and neuron-
like differentiation via TrkA signaling pathway (22).
Among ARE activating natural electrophilic
compounds, we focused on CA, a major ingredient
of an herb rosemary (Rosmarinus offcinalis L.) that is
famous for its memory enhancing effect (23).

Materials and methods

Reagents

CA was prepared from rosemary (24). Rat nerve growth factor-f3
(NGF-B) was purchased from R&D systems. LY294002, U0126,
K252a and MG132 were purchased from Calbiochem. Other mate-
rials were obtained from Sigma. These drugs were dissolved in
DMSO and used at a final vehicle concentration of less than 0.2%.

Cell culture and transfections

Rat pheochromocytoma subclone PC12h cells were a kind gift from
Prof. Hatanaka (22). PC12h cells were seeded on normal plastic
plates (Sumilon) and grown in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma) supplemented with 8% heat-inactivated
fetal bovine serum (FBS), 8% heat-inactivated horse serum (HS),
100 pg/ml streptomycin and 100 U/ml penicillin (Gibco) in a 5%
CO; incubator at 37°C. Cells were maintained overnight on collagen
type I coated plates (Iwaki) in DMEM supplemented with 1% FBS
and 1% HS (low-sera medium) at a density of 1 x 10 cells per well or
5 % 10° cells per well on 24- or 6-well plates, respectively. Transfection
was performed with TransFast reagent (Promega) or Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.

Differentiation analysis

For neuronal differentiation, PC12h cells (1 x 10 cells per well) were
plated on collagen type I coated plates in low-sera medium. After
48 h, CA or NGF-f was added to the medium and a minimum of 200
cells were examined for each different subject group with the criteria
that cells having at least one neurite longer than the diameter of the
cell body were considered as differentiated cells. The cells were ana-
lyzed by phase-contrast microscopy (Eclipse TE-2000E, NIKON).

Plasmid construction

pGL3-hNQO! promoter-luciferase construct was generated as fol-
lows. The human NQOI1 promoter region, ranging from the tran-
scriptional start site to the upstream ARE recognition motif, was
amplified by PCR using the following primers: 5-GGA CGC GTG
CAG TCA CAG TGA CTC AGC AGA-3 for wild type forward;
5-GGA CGC GTG CAG TCA aAG TGc CTa AGC AGA ATC-3
for mutant ARE forward; 5-GGA AGC TTT TTA TAT ATC CTG
TCC GGC CCG-3 for both wild type and mutant reverse primers.
The PCR products were digested with M/ul and HindlII restriction
enzymes and cloned into pGL3-Basic vector (Promega).

In order to make pEF-p62/ZIP, cDNA for p62/ZIP was obtained
from PCI12h cells. Insert DNA was amplified by PCR using the fol-
lowing primers: forward 5-CCG CCA TGG CTT CGC TCA CGG
TGA AG-3" and reverse 5'-CAA TGG TGG AGG GTG CTT TGA
ATA C-3'. The amplified product was cloned into pEF6/V5-His
TOPO vector (Invitrogen). For generation of the miRNA p62/ZIP
knockdown expression vector (p)cDNA-p62miR1/2), the BLOCK-iT
Pol II RNAi Expression Vector kit (Invitrogen) was used. The
following single-stranded DNAs were annealed to generate double-
stranded oligos: 5-TGC TGT TTA GAA GAC AAA TGC GTC

74

CAG TTT TGG CCA CTG ACT GAC TGG ACG CAT GTCTTC
TAA A-3 (top strand for ZIPmiR) and 5-CCT GAT AAT TCT
TGG TGT AGG AGG TCA GTC AGT GGC CAA AAC CTC
CTA CAG ACC AAG AAT TAT C-3' (bottom strand for ZIPmiR).
The double-stranded oligo was cloned into pcDNA6.2-GW-miR
vector according to the manufacturer’s instructions. ZIPmiR expres-
sion vector or empty vector was transfected into PC12h cells with
Lipofectamine 2000 to established stable transformants. Two weeks
after blastcidine selection (30 pg/ml), ZIPmiR-overexpressing cells
were obtained.

Luciferase assay

PC12h cells were seeded onto 24-well collagen coated plates in low-
sera medium the day before transfection. pGL3-hNQOI promoter-
luciferase, pSV-B GAL (Promega) and other constructs were
co-transfected into cells using TransFast. Cells were maintained in
low-sera medium for 24 h before addition of CA or other reagents.
Luciferase activity was assayed with the Luciferase Assay System
(Promega) according to the manufacturer’s instructions. Transfec-
tion efficiency was normalized to that of B-galactosidase activity.

Small interfering RNA

Synthetic 25-nt stealth siRNA was purchased from Invitrogen. The
sequence of our prepared siRNA for rat Nrf2 was 5-GGG CUG
UGA UCU GUC CCU GUG UAA A-3; 5-UUU ACA CAG
GGA CAG AUC ACA GCC C-3'. Non-specific control stealth
siRNA (NC) was also purchased from Invitrogen, and were used
as controls. Transfection was performed with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

Quantitative PCR

Cells were plated on 6-well plates and total cellular RNA was
extracted using TRIzol reagent (Invitrogen). Equal amounts (1 png)
of RNA from the different treatments were reverse-transcribed using
a Transcription First Strand c¢DNA Synthesis kit (Roche).
Amplification of cDNA was performed with 50 pmol of synthetic
gene-specific primers in 20 ul of PCR reaction buffer (iQ SYBR
Green Supermix, Bio-Rad). The following gene-specific primers
were employed: neurofilament-M (forward, 5-AGG AGA AAG
GGG TGG TCA CT-3'; reverse, 5-CCT CAA AGG TCT CCT
CAT GC-3'); egr-1 (forward, 5-CCT GTG ACA TTT GTG GGA
GA-3'; reverse, 5-GTG CAG GAG ACG GGT AGG TA-3'); mafK
(forward, 5-AAG TGA GTT TTC TGT CTT GTT-3'; reverse,
5-CAA AGA TAC AAA AGC AGT CAC GG-3') (25); p62/zip
(forward, 5-TAG TCT GCG GTT ATG GCT-3'; reverse, 5-TGC
GGA AGA TGT CAT C-3) or (forward, 5-TTG GCC ACC TCT
CTG ATA GC-3; reverse, 5-GGT TTG CTG ACT TCC GAA
G-3'); cyclophilin A (forward, 5-ACA GGT CCT GGC ATC
TTG TC-3; reverse, 5-TTC ACC TTC CCA AAG ACC AC-3);
B-actin (forward, 5-GTC GTA CCA CTG GCA TTG TG-3;
reverse, 5-CTC TCA GCT GTG GTG GTG AA-3'). Amplification
was conducted in a Bio-Rad Chromo 4 Real Time-PCR analysis
system. PCR conditions were as follows: 94°C for 1min, then
40 cycles at 94°C for 15s, 60°C for 1 min, and 72°C for 1 min. The
expression level of each gene was estimated in duplicate samples and
normalized to that of cyclophilin A.

Immunoblot analysis

PC12h cells were rinsed once with ice-cold phosphate buffered saline
(—) and lysed in ice-cold buffer containing 150 mM NaCl, 50 mM
Tris—HCI, pH 7.4, 0.25% deoxycholic acid, 1mM EDTA, 1%
Nonidet P-40, SOmM NaF, I mM Na3;VO,, 50uM MG132, and
Ix Complete protease inhibitor cocktail (Roche Diagnostics).
Lysates were sonicated for 10s on ice and centrifuged for 10 min
at 10000 rpm at 4°C to remove debris. Protein was quantified by
BCA assay (Pierce). Equivalent amounts of protein were subjected to
SDS—polyacrylamide gel electrophoresis (SDS—PAGE) followed
by transfer to Hybond-P PVDF membrane (Amersham) using
an iBlot system (Invitrogen). Blots were analyzed with the appropri-
ate antibodies: anti-Erk1/2, anti-phospho-Thr?*?/Tyr*** Erkl/2,
anti-Akt, anti-phospho-Ser*’® Akt (Cell Signaling), anti-B-actin
(Sigma), anti-p62 (BioMol), anti-neurofilament-M and anti-
neurofilament-H (Zymed), anti-Nrf2 (26). Appropriate peroxidase-
conjugated secondary antibodies and ECL reagents (Amersham)
were used to detect the proteins of interest by enhanced
chemiluminescence.
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Statistics

Student’s #-test was used to assess differences between groups. A P-
value <0.03 was considered significant. Unless otherwise indicated,
experiments were performed at least three times. Values in graphs
correspond to the mean + SD.

Results

Carnosic acid (CA) promotes neurite outgrowth

in PC12h cells

We discovered that CA, a major ingredient of rose-
mary, markedly induced neurite outgrowth in rat
pheochromecytoma PCI12h cells in a concentration-
dependent manner from 5 to 20uM (Fig. 1).
Following studies were conducted with 15uM of CA
except the cases specified, since 20 UM of CA seemed to
be slightly cytotoxic on this condition. The effect of
15uM CA on neurite outgrowth was largely compara-
ble to that of NGF (3—10 ng/ml) (Fig. 1). Neurite out-
growth was also promoted by carnosol and luteolin,
other ingredients of rosemary, albeit both with weaker
effects than CA (data not shown).

CA activates Nrf2 signaling pathway and
Nrf2-mediated neurite outgrowth of PC12h cells

We recently demonstrated that CA activates Nrf2 via
S-alkylation of Keapl and protects cells from oxida-
tive stress (/0). Therefore, we examined the effect of
CA on NQOI1 promoter-mediated reporter gene

A

Neurite-bearing cell (%)

Neurite-bearing cell (%)

CA (15 uM)

Carnosic acid promotes neurite outgrowth via Nrf2

expression that contains a functional ARE in PCI12h
cells. As shown in Fig. 2A, CA induced reporter gene
expression in a concentration-dependent manner from
5 to 20 uM several folds higher than did sulforaphane
and other ingredients of rosemary such as carnosol and
luteolin (data not shown). In addition, CA strongly
activated wild-type reporter expression, but not the
ARE-mutated NQOI1 promoter-luciferase expression
(Fig. 2B). These results indicated that CA induced
ARE-mediated gene expression in PC12h cells. Inter-
estingly, NGF also potently activated ARE-mediated
gene expression but weaker than CA (Fig. 2A and B).

Neurite outgrowth and neural differentiation are
tightly correlated in PC12 cells (27—29). As shown in
Fig. 2C and D, both CA and NGF increased Nrf2
as well as neural differentiation markers NF-M and
NF-H in PCI2h cells although CA more strongly
enhanced Nrf2 expression than NGF. NF-M protein
level and neurite outgrowth were significantly
increased 6h after CA or NGF treatment (Figs 2C,
D and 3A). Since CA-induced Nrf2 and NF-M accu-
mulations occurred coincidently in a time-course, we
hypothesized that Nrf2 may mediate neural differenti-
ation of PC12h. In order to examine the role of Nrf2
in neural differentiation in PC12h cells, we examined
whether Nrf2 knockdown affects CA- or NGF-
induced differentiation. As expected, both CA- and
NGF-induced neurite outgrowth and the expressions

0 I 1 1
0 1 3 10

NGF (ng/ml)

NGF (10 ng/ml)

Fig. 1 CA promotes neurite outgrowth in PC12h cells. PC12h cells were seeded onto 24-well collagen-coated plates at a density of 1 x 10° cells per
well in DMEM supplemented with 1% FBS and 1% HS (low-sera medium) and cultured for 2 days. Then cells were treated with CA or rat

NGF-p for 24 h at the indicated concentrations, followed by observation of the cell morphologies by microscopy. Scale bar, 25 um. The cells that
have neurites after treatments are counted and the means of three independent experiments are shown with SEM. (A and B). (C) Representative

images of treated cells. NT: no treatment.
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Fig. 2 CA and NGF activate Nrf2-ARE and increase neurofilaments. (A) Cells were treated with CA or NGF at the indicated concentrations
for 24 h and then performed luciferase assay. (B) CA (15uM) or NGF (10 ng/ml) was added to the PCI12h cells transfected with wild-type
NQOI1 promoter-luciferase or mutant ARE promoter-luciferase construct. Cells were treated with CA or NGF for 24 h prior to luciferase assay.
(C and D) PC12h cells were treated with 15uM of CA (C) or 10 ng/ml of NGF (D) for 0.5-24 h, and total cell lysates were then prepared.
The lysates were subjected to WB analysis using anti-Nrf2, anti-NF-H, anti-NF-M or anti-B-actin. NT: non-treatment. *p <0.03.

of NF-M and NF-H as well as MAP2, another neural
differentiation marker, were attenuated by Nrf2
knockdown (Fig. 3). Thus, these findings indicated
that Nrf2 plays an important role in neurite outgrowth
and differentiation of PC12h cells.

CA activates multiple kinase pathways including
Erk1/2 and PI3K

It is well known that binding of neurotrophins such as
NGF to TrkA receptor activates various signaling
pathway including Erk1/2 and PI3K, which are essen-
tial for differentiation of PC12h cells. Therefore, we
next examined whether CA activates the kinases down-
stream of NGF. As shown in Fig. 4A, CA induced the
phosphorylation of Erk1/2 and Akt, a downstream
target of PI3K. CA-induced phosphorylations of Akt
and Erk1/2 peaked much later than NGF. Consistent
with the activation of the kinases, promoting effect of
CA and NGF on neural differentiation was attenuated
by PI3K inhibitor LY294002 or MEKI1/2 inhibitor
U0126 (data not shown).

Next, we examined how CA activates FErkl/2
and PI3K. As shown in Fig. 4B, CA-induced expres-
sion of NF-M was inhibited by K252a. However,
CA-induced Erk1/2 phosphorylation was not inhibited
by K252a, but PI3K activation was partially inhibited
by K252a. Similarly, the induction of Erkl/2 phos-
phorylation was not affected by the knockdown of
Nrf2, but CA-induced PI3K activation was decreased
by Nrf2 knockdown. These results indicate that Erk1/2
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activation by CA is independent of TrkA and Nrf2
signaling pathway, but CA-induced PI3K activation
at least in part needs Nrf2 and TrkA signaling.

CA-induced Nrf2 accumulation is attenuated by the
inhibitors of MEK1/2 and PI3K

It is interesting to note that the peak time of kinase
phosphorylation coincided with the peak of Nrf2 accu-
mulation (Figs 2C and 4A). Previously, it was reported
that several electrophilic compounds activate Nrf2 via
Erk1/2 and PI3K-Akt pathway (30, 31). Therefore,
we examined the effect of the kinase inhibitors on the
CA-induced Nrf2 accumulation in PC12h cells. As
shown in Fig. 5A, CA-induced Nrf2 accumulation is
inhibited both by the inhibitors of P13K and Erk1/2.
Consistent with this, CA-induced ARE activation
was strongly inhibited by LY294002. Inhibition of
upstream kinase of Erk1/2 by U0126 also suppressed
CA-induced ARE activation, although this inhibitory
effect was partial (Fig. 5B).

CA provokes a differentiation program distinct

from NGF

Previous studies demonstrated that NGF provokes a
characteristic transcriptional program in PC12 cells
that commit the cells to differentiation (32). We there-
fore compared CA-induced gene expression profiles
with those of NGF. For this purpose, we performed
quantitative PCR analysis of the NGF responsive
genes nf-M, egr-1, p62/zip and mafK (Fig. 6).
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Fig. 3 Nrf2 mediates neural differentiation in PC12h cells. PC12h
cells were transfected with Nrf2 siRNA (Nrf2si) or negative control
siRNA (NCsi) and then cells were treated with 15uM of CA or
10ng/ml of NGF. After 6 h cell morphologies were observed under
microscopy; scale bar: 25 um (A), and the whole cell lysates were
subjected to WB analysis with anti-Nrf2, anti-NF-H, anti-NF-M,
anti-MAP2 or anti-B-actin antibody (B).

MafK as well as p62/ZIP has been previously shown to
be critical for NGF-induced differentiation of PC12
cells (5, 8, 25). The mRNA level of nf-M was induced
by CA and NGF treatment by 12—14-fold. The nf-M
gene expression level correlated with the degree of
neurite outgrowth and peaked 24h after CA and
NGF treatment (Fig. 6A). egr-1 mRNA level was
induced almost immediately, with NGF being a supe-
rior inducer to CA (Fig. 6B). In contrast, the extent of
mafK and p62/zip induction by CA was much greater
than NGF (Fig. 6C and D). These results imply that
CA provokes overlapping, but distinct differentiation
programs compared to that by NGF.

p62/ZIP is essential for CA-mediated PC12h
differentiation
Since p62/ZIP plays crucial roles in NGF-induced
neuronal differentiation, we wanted to assess the
roles of p62/ZIP in CA-induced differentiation of
PCI12h cells. As shown in Fig. 7A, Nrf2 siRNA atte-
nuated CA- and NGF-induced p62/ZIP in PC12h cells.
Next, we established stable transformant cells carry-
ing knockdown vector specific for p62/ZIP (ZIPmiR).
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Fig. 4 CA activates kinase pathways including PI3K and Erk1/2.
(A) PC12h cells were treated with 15uM of CA or 10 ng/ml of NGF
for 0.5—24 h, and whole cell lysates were prepared. The lysates were
subjected to WB analysis using anti-phosphorylated Akt (P-Akt),
anti-total Akt (t-Akt), anti-phosphorylated Erk1/2 (P-Erk1/2) or
anti-total Erk1/2 (t-Erk1/2) antibodies. (B) PC12h cells were treated
with 150 nM of K252a for 1 h (left panel) or Nrf2 siRNA for 24h
(right panel). Subsequently, the cells were treated with 15puM of CA
or 10 ng/ml of NGF for 6 h and the lysates were analyzed by WB
analysis.
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Fig. 5 CA activates Nrf2-ARE pathway via PI3K and Erk1/2.

(A) PC12h cells were treated with 30 uM of LY294002 (left panel)
or 10 uM of U0126 (right panel) for 1 h and then the cells were
untreated (NT) or treated with 15pM of CA or 10ng/ml of

NGF for 6 h. The whole cell lysates were analyzed by WB analysis
using anti-NF-M, anti-Nrf2 or anti-f-actin antibodies. (B) hNQO1
promoter-luciferase construct were transfected into PC12h cells.
After 24h LY294002 (30 uM) or U0126 (10 uM) were added to the
cells 1h prior to addition of CA. Cells were treated with 15uM of
CA for 24 h and then luciferase assay was performed. *p <0.03.

As expected, p62/ZIP knockdown in PCI12h cells
showed reduced p62/ZIP protein levels (Fig. 7B). In
ZIPmiR transformant, CA- or NGF-induced NF-M
level was also reduced and the cells remained round
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Fig. 6 CA transcriptionally regulates a similar, but distinct differen-
tiation program from NGF. Fifteen micromolar CA or 10 ng/ml of
NGF was added to the cells and then RNA was extracted at the
times indicated. The mRNA levels of neurofilament-M (nf-M) (A),
egr-1 (B), mafK (C) and p62/zip (D) were examined using quanti-
tative PCR. The value of NT at 0.5h was arbitrarily set as 1 and the
relative values were presented.

in shape. Furthermore, they developed almost no neur-
ites even in the presence of CA or NGF (Fig. 7C).
These findings indicated that p62/ZIP was essential
for CA-mediated PC12h differentiation.

Nrf2 and p62/ZIP form positive feedback loops
During the course of this study, we happened to find
that the overexpression of p62/ZIP by transient trans-
fection activates the ARE-mediated transcription
(Fig. 8A). Since p62/ZIP expression is regulated by
Nrf2/ARE (Fig. 7A), it is likely that the activation of
ARE by p62/ZIP establishes a positive feedback loop
between p62/ZIP and Nrf2/ARE. Consistent with this
hypothesis, CA- and NGF-mediated ARE-luciferase
activities were reduced by cotransfection of p62/
ZIPmiR knockdown vector (Fig. 8B). The activity of
p62/ZIP to enhance ARE reporter gene expression
was inhibited by LY?294002, suggesting that p62/ZIP-
induced ARE transactivation was dependent on PI3K
(Fig. 8C). The ARE activation by NGF was comple-
tely abrogated by K252a, a Trk inhibitor, indicating
that NGF-induced transactivation of ARE was depen-
dent on TrkA. CA-induced ARE luciferase expression
was partially attenuated by K252a (Fig. 8D). These
results indicate that TrkA signals also contribute to
the strong ARE induction by CA.

Discussion

Previously we demonstrated that CA induces cytopro-
tective genes through Nrf2 signaling pathway and
protects neural cells from oxidative cell damage. In
this study, we discovered that CA promotes neural
differentiation of PCI12h cells. Because Nrf2 was
strongly activated by CA, we focused on the role of
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Nrf2. Interestingly, transfection of Nrf2 siRNA
inhibited both CA- and NGF-mediated neural differ-
entiation of PC12h cells. These results revealed a novel
role of Nrf2 as an essential mediator of neural differ-
entiation. We previously demonstrated that CA acti-
vates Nrf2 via covalent modification of Keapl (/0). In
this study, CA-activated Nrf2 then induced p62/ZIP
expression that is essential for neural differentiation
of PC12h cells (Fig. 7) (8). Our results indicated that
p62/ZIP plays indispensable roles in downstream of
Nrf2 in CA-mediated neuronal differentiation.

We summarized the possible mechanism for the
CA-induced neural differentiation in Fig. 9.
CA-induced neural differentiation is mediated by two
different mechanisms. One is Nrf2-mediated induction
of pro-neural differentiation genes such as p62/ZIP,
and the other is Nrf2-independent activation of
Erk1/2 and PI3K. Nrf2 accumulation and the induc-
tion of p62/ZIP mRNA showed their peaks in the
relatively late phase of neural differentiation (i.e. 12
and 24h after CA treatment, respectively) (see
Figs 2C and 6D). However, Nrf2 also plays an impor-
tant role both in neurite outgrowth and the expression
of neuronal differentiation markers in the early phase
of neural differentiation (i.e. 6h after CA treatment,
Fig. 3A and B). We surmise that this Nrf2-dependent
neural differentiation is mediated by p62/ZIP-
mediated enhancement of TrkA signaling, because
p62/ZIP is known to activate TrkA signaling by
enhancing K63-polyubiquitination of TrkA (4). In
accordance with this, the CA-activated neural differ-
entiation is inhibited not only by the knockdown of
Nrf2, p62/ZIP, but also by TrkA inhibitor K252a
in the early phase of differentiation (Fig. 4B and 7B).
We speculate that the later induction of Nrf2 target
genes including p62/ZIP may also play an important
role in the neural differentiation although there is
no direct evidence at present. In parallel with this
Nrf2-dependent pathway, Nrf2-independent activa-
tion of Erkl/2 and PI3K plays an essential role in
CA-mediated neural differentiation because both
Erk1/2 and PI3K inhibition prevented neural differen-
tiation. Interestingly, Nrf2 overexpression in PCI12h
cells promotes neural differentiation in the absence of
CA (Supplementary Figure S1). The mechanisms of
Nrf2-promoted neural differentiation are under inves-
tigation in our laboratory including the identification
of Nrf2-regulated pro-neural differentiation genes.

It is quite intriguing how CA activates Erk1/2 and
PI3K in an Nrf2-independent manner. It was reported
that certain phosphatases, especially protein tyrosine
phosphatases such as PTP1B, have reactive cysteines
and their activities are inhibited by modification
of their cysteine residues by oxidative stress (33).
Actually, it was reported that the inactivation of
PTBIB by 6-methylsulfinylhexyl isothiocyanate
(6-HITC), an electrophile contained in the Japanese
horseradish, enhances TrkA phosphorylaiton and
NGF signaling (34). In the case of CA, we surmise
that the inactivation of the phosphatase is more
likely than the direct activation of the kinase by CA,
because the activation of Erk1/2 and PI3K peaked in
the relatively late phase (i.e. 12h after CA treatment).
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Fig. 7 p62/ZIP is essential for CA-mediated neuronal differentiation. (A) PC12h cells were transfected with Nrf2 siRNA (Nrf2si) or negative
control siRNA (NCsi) and then cells were treated with 15uM of CA or 10ng/ml of NGF for 6 h. The lysates were subjected to WB analysis
with anti-p62/ZIP or anti-B-actin antibody. (B and C) ZIPmiR or empty vector (EV) stable transformant of PC12h cells were treated with
15uM of CA or 10ng/ml of NGF for 6 h and then the morphologies were observed under microscopy. Scale bar, 25 um. p62/ZIP and

NF-M protein levels were examined by WB analysis.

The elucidation of CA-targeted phosphatases or
proteins, except for Keapl, is under investigation.

As shown in Figs. 2C and 4A, the accumulation of
Nrf2 showed the sharp peak at 12h after CA treat-
ment, which coincided with the peak of Erk1/2 and
PI3K activation. Interestingly, CA-induced Nrf2 accu-
mulation and ARE reporter expression was inhibited
by PI3K inhibitor LY294002 and MEK1/2 inhibitor
U0126 (Fig. 5). Thus, we surmise that CA synergisti-
cally activates Nrf2 both by Keapl oxidative modifi-
cation and the activation of Erkl/2 and PI3K,
although it is not clear at present whether these kinases
directly phosphorylate Nrf2 or not. In addition, Nrf2
activity is also boosted by the positive feedback mech-
anism by p62/ZIP that depends on PI3K activity
(Fig. 8C). Liu ef al. (35) also found from a systematic
screen for ARE activators that p62/ZIP enhances
Nrf2 nuclear accumulation in a PI3K-, PKC- and
MEK 1-dependent manner in IMR-32 neuroblastoma
cells. The precise mechanism of p62/ZIP-mediated
Nrf2 activation in PC12h cells is under investigation.

Although we previously demonstrated that CA
promotes NGF expression in T98G glioma cells (24),
CA also increased NGF mRNA level in PC12h cells
(data not shown). Furthermore, CA-induced transacti-
vation of ARE was partially inhibited by K252a,
suggesting that TrkA phosphorylation was induced
by CA (Fig. 8D). CA-induced neural differentiation

was inhibited by K252a, suggesting necessity of a
small amount of NGF and/or TrkA activity in our
experimental condition (Fig. 4B). Therefore, NGF
induced by CA probably contributes to promotion of
neuronal differentiation of PC12h cells to some extent.
But further studies are required to clarify this point.
Previously, it was demonstrated that NGF tran-
scriptionally regulates a set of genes that may
commit PCI12 cells to a neural differentiation pro-
gramme (32). These include egr-1 at an immediate
early time point and mafK at a later stage. A previous
report demonstrated that interfering the expression of
MafK by miRNA suppressed NGF-induced neurite
outgrowth both in PC12 cells and immature telence-
phalic neurons. Furthermore, overexpression of MafK
was sufficient to enhance neuronal differentiation in
the telencephalic neurons (25). We demonstrated that
CA induced the expressions of both p62/zip and mafK
to a much greater intensity compared to NGF (Fig. 6).
Therefore, it is plausible that the strong neural differ-
entiation activity of CA may also involve its potent
induction of mafK as well as p62/zip. Whether or
not Nrf2-ARE pathway mediates mafK induction
by CA remains to be clarified. On the other hand, we
demonstrated that NGF activates Nrf2-ARE via TrkA
(Fig. 8D). Therefore, the NGF-mediated induction of
p62/ZIP also utilizes Nrf2 pathway. The mechanism by
which Nrf2 regulates neuronal differentiation and the
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Fig. 8 Role of p62/ZIP in the CA-induced ARE activation.

(A) hNQOI promoter-luciferase construct (wild-type or ARE
mutant) and the expression vectors (pEF-p62/ZIP or pEF-EV) were
co-transfected into PC12h cells. Luciferase assay was performed 24 h
later. (B) hNQOlpromoter-luciferase vector and the knockdown
vector (pcDNA-ZIPmiR or pcDNA-EV) were co-transfected.

After 24 h cells were treated with 15puM of CA or 10 ng/ml of NGF
for 24 h and then luciferase assay was performed. (C and D)
hNQOIpromoter-luciferase vector and the expression vector
(pEF-p62/ZIP or pEF-EV) were co-transfected into the cells.

After 24 h, the cells were treated with 15uM of CA or 10ng/ml of
NGF in the presence or absence of 30 uM LY294002 or 150 nM
K252a for 24 h and then luciferase assay was performed. ZIP: ZIP
expression vector, ZIPmiR: ZIP knock down vector, EV: empty
vector, NS: not significant. *p <0.03.

physiological functions of Nrf2 downstream of NGF
requires further clarification.

To date, several electrophilic compounds have been
reported to promote neuronal differentiation (/7—21).
In this study, we have demonstrated that Nrf2 plays
pivotal roles in CA-mediated neural differentiation
in PCI2h cells suggesting that Nrf2 is a common
target of electrophile-induced neuronal differentiation
mechanism. Considering the profound cytoprotective
activities of Nrf2 in brain (36), CA must be a potent
therapeutic agent against a wide range of neurodegen-
erative disorders, such as Alzheimer’s disease, both
through its cytoprotective and neurotrophic activities.

Supplementary data

Supplementary data are available at JB online.
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