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The transcription factor Nrf2 has emerged as a master regulator of the endogenous antioxidant response,
which is critical in defending cells against environmental insults and in maintaining intracellular redox
balance. However, whether Nrf2 has any role in neuronal cell differentiation is largely unknown. In this
report, we have examined the effects of Nrf2 on cell differentiation using a neuroblastoma cell line, SH-SY5Y.
Retinoic acid (RA) and 12-O-tetradecanoylphorbol 13-acetate, two well-studied inducers of neuronal
differentiation, are able to induce Nrf2 and its target gene NAD(P)H quinone oxidoreductase 1 in a dose- and
time-dependent manner. RA-induced Nrf2 up-regulation is accompanied by neurite outgrowth and an
induction of two neuronal differentiation markers, neurofilament-M and microtubule-associated protein 2.
Overexpression of Nrf2 in SH-SY5Y cells promotes neuronal differentiation, whereas inhibition of
endogenous Nrf2 expression inhibited neuronal differentiation. More remarkably, the positive role of Nrf2
in neuronal differentiation was verified ex vivo in primary neuron culture. Primary neurons isolated from
Nrf2-null mice showed a retarded progress in differentiation, compared to those from wild-type mice.
Collectively, our data demonstrate a novel role for Nrf2 in promoting neuronal cell differentiation, which will
open new perspectives for therapeutic uses of Nrf2 activators in patients with neurodegenerative diseases.
© 2009 Elsevier Inc. All rights reserved.
SH-SY5Y, a neuroblastoma cell line that is awell-establishedmodel
system to study the initial phases of neuronal differentiation, was
chosen to evaluate the possible role of Nrf2 in neuronal cell
differentiation. This cell line was derived from a subclone of a neural
crest tumor of a child [1,2]. Several reagents, including retinoic acid
(RA) and 12-O-tetradecanoylphorbol 13-acetate (TPA), have been
reported to induce differentiation of this cell line, as assessed by a
neuron-like morphological change and increased expression of
neuronal differentiation markers, including neurofilaments and
microtubule-associated protein 2 (MAP-2) [3–6]. A robust increase
in the length of neurites was readily observed and can bemeasured by
phase-contrast microscopic images after 4-day treatment with RA or
TPA [3–6]. Although both RA and TPA are able to induce SH-SY5Y cell
differentiation, it is believed that the mechanistic actions or pathways
involved are different for each compound. For example, the length of
neurite extension induced by TPA is generally shorter than that
induced by RA [2,4,7,8].

Neurite outgrowth requires the interplay of all threemajor types of
protein filaments that form the cytoskeleton: actin filaments,
microtubules, and intermediate filaments. Precise regulation of
cytoskeletal dynamics is important for neurite outgrowth through
reorganization of cytoskeleton components. During neuronal differ-
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entiation, microtubules form a bundle, whereas actin filaments
reorganize to produce the growth cone, followed by elongation and
maintenance of neurites through stabilization of microtubules.
Neurofilament proteins, members of intermediate filaments specifi-
cally expressed in neuronal cells, play many roles in neurite
outgrowth, including protein trafficking, cellular motility, and main-
taining neurite structures [9–11]. Neurofilaments represent major
cytoskeleton elements of neurons for both the central and the
peripheral nervous systems. There are five classes of neurofilaments
that are heteropolymers composed of three different subunits named
neurofilament-H (NF-H), neurofilament-M (NF-M), and neurofila-
ment-L (NF-L) [12]. Expression of each class of neurofilaments
changes during different developmental stages. For instance, NF-M
and NF-L subunits are expressed early during embryonic neurogen-
esis, whereas NF-H appears later during the postnatal period in rats
[12,13]. In cultured SH-SY5Y cells, dynamic regulation of neurofila-
ment expression has also been reported. For instance, both NF-H and
NF-M are expressed in naïve cells and their expression is significantly
increased after RA treatment [6,14]. In addition, increased phosphor-
ylation of NF-H in the tail regionwas observed in SH-SY5Y cells after a
5-day RA treatment [6]. According to in vitro studies, phosphorylation
of neurofilaments, especially NF-H, decreased degradation of neuro-
filaments by calpain [15,16]. In vivo, phosphorylated NF subunits are
expressed primarily in maturing neurites within the axonodendritic
structure of neurons. Furthermore, cytoskeleton proteins other than
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neurofilaments are also known to be associated with the development
of neurites during neuronal cell differentiation. MAPs are one class of
such proteins. Differentiation-inducing agents are able to regulate the
dynamics of microtubules through increased expression and phos-
phorylation of MAPs [17,18]. In primary neurons, MAP-2 preferentially
associates with the somatodendritic domain.

The central role of Nrf2 in cell survival has been well established
over a decade of research. Nrf2 is activated in response to oxidative
stress to induce the expression of an array of genes whose functions
are to counteract redox imbalance and to eliminate harmful reactive
species [19–24]. NAD(P)H quinone oxidoreductase-1 (NQO1), gluta-
mate cysteine ligase, glutathione peroxidase, thioredoxin, thioredoxin
reductase, peroxiredoxin, heme oxygenase-1, glutathione S-transfer-
ase, and multidrug resistance-associated proteins are a few examples
of well-characterized Nrf2-target genes [25–33]. Antioxidant-
response elements (AREs) have been identified in the promoters of
these genes and are required for activation of these genes by Nrf2 [34–
36]. Recently, great progress has been made in understanding how
Nrf2 is able to activate the expression of the ARE-bearing genes in
response to oxidative stress or chemopreventive compounds. Keap1, a
negative regulator of Nrf2, is a substrate adaptor for the Cul3–E3
ubiquitin ligase that constantly targets Nrf2 for ubiquitin-mediated
proteasomal degradation under the redox-balanced conditions to
maintain low constitutive levels of Nrf2 [37–39]. In response to Nrf2
activators, the Keap1-dependent ubiquitination of Nrf2 is inhibited,
resulting in stabilization of Nrf2 and its translocation to the nucleus
where it forms a heterodimer with one of the small Maf proteins [37–
39]. The Nrf2–Maf heterodimer then binds the ARE to activate
transcription. This Keap1-dependent regulation has been considered
the primary control mechanism of the Nrf2 signaling pathway,
although multiple levels of regulation may exist. Meanwhile, func-
tional studies with Nrf2 have generated a growing body of literature
that supports the protective role of Nrf2 against environmental
toxicants and carcinogens. Cell-based studies have demonstrated that
sensitivity of cells to a vast majority of toxic chemicals is modulated by
intracellular levels of Nrf2. Pretreatment of cells with small doses of
Nrf2 activators enhances cell resistance to subsequent challenge with
toxic chemicals [40,41]. In vivo studies with Nrf2-null mice indicate
that these mice are highly susceptible to toxicants and carcinogens,
compared to wild-type mice [42–48]. These pioneering studies have
provided strong evidence that Nrf2 is critical in the cellular defense
system and cell survival. Furthermore, the protective role of Nrf2
against neurodegenerative diseases has been demonstrated in
cultured cell models and in animalmodels [49–54]. However, whether
Nrf2 has any role in neuronal differentiation has not been investi-
gated. In this study, using both overexpression and knockdown
approaches and by assessing three neuronal differentiation indexes,
neurite outgrowth, increased protein levels of NF-M, and enhanced
MAP-2 immunostaining, we have provided the first evidence that Nrf2
promotes neuronal cell differentiation both in SH-SY5Y cells and in
primary neurons isolated from wild-type and Nrf2-null mice.

Materials and methods

Chemicals

Most chemicals, including RA, TPA, tBHQ, (tert-butylhydroquinone)
Hoechst 33258, Na2SO4, K2SO4, MgCl2, CaCl2, Hepes, cysteine, HCl,
papain latex, and glucose, were from Sigma Chemical Co. (St. Louis,
MO, USA).

Cell cultures and establishment of stable cell lines

SH-SY5Y cells (American Type Culture Collection, Manassas, VA,
USA) were grown in minimum essential medium (MEM)/F12
medium (Invitrogen, Grand Island, NY, USA) with 10% fetal bovine
serum at 37°C in a humidified incubator containing 5% CO2. The
hemagglutinin (HA)–Nrf2 cDNA was cloned into the cloning site of a
lentiviral vector purchased from System Biosciences (Mountain View,
CA, USA) using the standard recombinant DNA technique. For
establishment of stable cell lines harboring HA–Nrf2, the lentiviral
vectors were transfected into 293TN cells alone with the packaging
plasmids according to the manufacturer's instructions. Viruses
produced in the supernatant were collected and used to infect SH-
SY5Y cells in the presence of 8 μg/ml Polybrene. At 48 h postinfection,
cells were grown in medium containing 1.5 μg/ml puromycin for
selection. Stable cell lines were established once all the cells in the
negative control plate were killed. Stable cell lines were continuously
grown in medium containing 1.5 μg/ml puromycin.

RA treatment

All RA treatments were performed in the dark. A final concentra-
tion of 10 μM RA was used to treat SH-SY5Y cells with or without
differentiation. No toxicity was observed with the RA-differentiation
treatments (data not shown).

mRNA extraction and qRT-PCR

Total mRNA was extracted from cells using TRI reagent (Sigma),
and equal amounts of RNA were reverse-transcribed into cDNA using
the Transcriptor First Strand cDNA synthesis kit (Roche, Indianapolis,
IN, USA). The following TaqMan probes from the universal probe
library were used (Roche): hNrf2 (No. 70), hNQO1 (No. 87), hNF-M
(No. 42), and hGAPDH (No. 25). The following primers were
synthesized by Integrated DNA Technologies (Coralville, IA, USA):
hNrf2, forward (ACACGGTCCACAGCTCATC) and reverse (TGTCAAT-
CAAATCCATGTCCTG); hNQO1, forward (ATGTATGACAAAG-
GACCCTTCC) and reverse (TCCCTTGCAGAGAGTACATGG); hNF-M,
forward (ACGACCTCAGCAGCTACCA) and reverse (GAGCCATTTCC-
CACTTTGTG); and hGAPDH, forward (CTGACTTCAACAGCGACACC)
and reverse (TGCTGTAGCCAAATTCGTTGT). The real-time PCR condi-
tions were as follows: 1 cycle of initial denaturation (95°C for 10 min),
40 cycles of amplification (95°C for 10 s and 60°C for 20 s), and a
cooling period (50°C for 5 s). The data presented are relative mRNA
levels normalized to GAPDH, and the value from the undifferentiated
cells was set as 1. PCR assays were performed two times and duplicate
samples were used to determine the means±SD.

Antibodies and immunoblot analysis

Antibodies for Nrf2, Keap1, and α-tubulin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), NF-M was from
Covance (Emeryville, CA, USA), andMAP-2 was from Calbiochem (San
Diego, CA, USA). Cells were lysed in sample buffer [50 mM Tris–HCl
(pH 6.8), 2% SDS, 10% glycerol, 100 mM dithiothreitol, 0.1%
bromophenol blue]. After sonication, cell lysates were electrophor-
esed through SDS–polyacrylamide gel and subjected to immunoblot
analysis.

Protein half-life measurement

To measure the half-life of Nrf2, cells were either undifferentiated
or RA-differentiated for 24 h. Cycloheximide (50 μM) was added to
block protein synthesis. Total cell lysates were collected at various
time points and subjected to immunoblot analysis with an anti-Nrf2
antibody. The relative intensity of the bands was quantified by the
ChemiDoc CRS gel documentation system and Quantity One software
from Bio-Rad (Hercules, CA, USA). The pulse–chase method was also
used to measure the rate of protein synthesis and half-life. SH-SY5Y
cells were either undifferentiated or RA-differentiated for 24 h. The
cells were then incubated for 15 min in labeling MEM without
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methionine, cysteine, and L-glutamine, complemented with 10%
dialyzed FBS. The cells were cultured for 30 min with 0.3 mCi/ml
[35S]methionine and [35S]cysteine labeling medium and were washed
once with complete medium and incubated in complete medium at
37°C in a humidified incubator containing 5% CO2. Total cell lysates
were collected at various time points. Immunoprecipitation was
performed using an anti-Nrf2 antibody in RIPA buffer. Immunopre-
cipitated proteins were subjected to SDS–PAGE resolution and
autoradiography.

Transient transfection of siRNA and lentiviral vector

Nrf2 siRNA and control siRNA were purchased from Ambion
(Austin, TX, USA). Transient transfection of siRNA was performed
using siPORT NeoFX transfection reagent according to the manufac-
turer's protocol (Ambion). The cells were then treated with 10 μM RA
for 24 h and lysed in sample buffer for SDS–polyacrylamide gel and
immune blot analysis. The Keap1–chitin-binding domain (CBD) or
HA–Nrf2 cDNA was cloned into the cloning sites of the lentivector
purchased from System Biosciences. The lentivectors were transfected
into 293TN cells with the packaging plasmids according to the
manufacturer's instructions. Viruses produced in the supernatant
were collected and used to infect cancer cell lines in the presence of
8 μg/ml Polybrene. At 48 h postinfection, the cells were treated with
10 μM RA for 24 h. Cells were lysed in sample buffer. After sonication,
cell lysates were electrophoresed through an SDS–polyacrylamide gel
and subjected to immunoblot analysis.

Immunofluorescence cellular staining

SH-SY5Y cells were grown on poly-D-lysine-coated (Sigma) glass
coverslips in 35-mm plates. Cells were fixed in prechilled methanol at
−20°C for 1 h and incubated at room temperature for 50 min with
primary antibodies diluted 1:100 in phosphate-buffered saline (PBS)
containing 10% fetal bovine serum. The glass coverslips were washed
in PBS and incubated at room temperature for 50 min with secondary
antibodies, Alexa Fluor 488-conjugated anti-mouse IgG or Alexa Fluor
593-conjugated anti-rabbit IgG (Invitrogen, Grand Island, NY, USA), at
1:100 dilution in PBS containing 10% fetal bovine serum and 1%
Hoechst. The glass coverslips were washed in PBS and mounted with
ProLong Gold Antifade reagent (Invitrogen) on glass slides. Cells were
scored and imaged using a 3i Marianas Zeiss Observer Z1 system and
Slidebook (Intelligent Imaging Innovations, Denver, CO, USA). The
images were exported from Slidebook to Tiff files. Adobe Photoshop
was used to construct the figures. Minimal alterations were performed
on the digital images.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was done as previously reported [55]. SH-SY5Y cells
(approximately 1×106) were cross-linked with formaldehyde, col-
lected in PBS, resuspended in 200 μl SDS lysis buffer with PMSF and a
protease inhibitor cocktail, and sonicated on ice. The lysates were then
diluted in ChIP dilution buffer to 2 ml, precleared with protein A
agarose, and then incubated with appropriate antibodies overnight.
The immune complexes were collected with 50 μl protein A agarose,
washedwith low-salt buffer, high-salt buffer, LiCl buffer, and TE buffer.
The complexes were eluted in 500 μl fresh elution buffer. The cross-
links were reversed by heating at 65°C for 5 h after addition of 20 μl of
5MNaCl. The sampleswere treatedwith RNase and proteinase K. DNA
was recovered by phenol–chloroform extraction and ethanol pre-
cipitation. Relative amounts of DNA in the complex were quantified by
the real-time PCRmethod using the LightCycler 480 DNA SYBRGreen I
kit (Roche). The primers used were as follows: human NQO1 ARE
forward, 5′-GCAGTCACAGTGACTCAGC-3′; human NQO1 ARE reverse,
5′-TGTGCCCTGAGGTGCAA-3′; tubulin promoter forward, 5′-
GTCGAGCCCTACAACTCTATC-3′; tubulin promoter reverse, 5′-
CCGTCAAAGCGCAGAGAA-3′. PCR cycling was performed as follows:
initial denaturation at 95°C for 5 min (1 cycle); 40 cycles of
amplification of 95°C for 10 s, 60°C for 10 s, and 72°C for 20 s; with
a single fluorescence acquisition. The amplification was followed by a
melting curve program (65 to 95°C with a heating rate of 0.1°C per
second and a continuous fluorescence measurement) and then a
cooling program at 40°C for 30 s. The mean crossing-point values and
standard deviations for NQO1 and tubulin were determined for the
different samples. The crossing point is defined as the point at which
the fluorescence rises appreciably above the background fluorescence.
A nontemplate control was run for each primer pair to assess the
overall specificity and to ensure that primer dimers were not
interfering with amplification detection. Amplification specificity
was checked using melting curve and agarose gel electrophoresis.
Melting-curve analysis showed a single sharp peak for all samples, and
agarose gel electrophoresis showed a single band at the expected size.
Data are presented as n-fold change. The real-time PCR assays were
performed two times, each with duplicate samples.

DNA affinity precipitation assay

A 39-bp ARE sequence from the human NQO1 promoter was used
as a probe. The sequence used was 5′-AATCGCAGTCACAGTGACTCAG-
CAGAATCTGAGCCTAGGG-3′. Two 5′-biotinylated ssDNA oligos with
complementary sequences were synthesized by Integrated DNA
Technologies and annealed to form a dsDNA probe. The probe was
incubated with cell lysates from transfected SH-SY5Y cells in RIPA
buffer (0.1% SDS). Proteins were pulled down using streptavidin
beads (Pierce, Rockford, IL, USA) and were subjected to immunoblot
analysis.

Evaluation of neuritogenesis

The percentage of differentiated cells and the length of neuritis
was calculated according to previous methods [7]. To determine if
Nrf2 promotes the differentiation of SH-SY5Y cells induced by RA, we
grew SH-SY5Y cells in poly-D-lysine-coated glass coverslips in the
absence or presence of 10 μM RA in the medium. The cells were
photographed 4 days post-treatment with RA on a phase-contrast
microscope (3i Marianas, Intelligent Imaging Innovations). The
percentage of differentiated cells and the length of neurites were
quantified using Slidebook (Intelligent Imaging Innovations) to count
500 cells in 10 randomly chosen fields (100× magnification) in each
treatment group. Cells were considered differentiated if they had one
neurite longer than the control groupmean neurite length. The length
of the longest neurite was measured in at least 500 cells in 10
randomly chosen fields (100× magnification) for each treatment
group.

Isolation of primary neurons

Coverslips were coated with poly-D-lysine before experiments.
Neocortex was harvested in 10 ml dissociation medium (DM; 82 mM
Na2SO4, 60 mM K2SO4, 5.8 mM MgCl2, 2.5 μM CaCl2, 1 mM Hepes,
10 mM glucose, pH adjusted to 7.4), rinsed twice with 10 ml DM and
once with DM/Ky/Mg (DM 45 ml, 10× Ky/Mg 5 ml) (10× Ky/Mg is
10 mM kynurenic acid, 100 mM MgCl2, 5 mM Hepes, pH adjusted to
7.4). Tissues were minced and washed with DM/Ky/Mg. Activated
enzyme solution (DM/Ky/Mg 9.5 ml, cysteine–HCl 0.45 mg/ml,
papain latex 100 units, pH adjusted to 7.4) was added and tissues
were incubated for 30min at 37°C. Tissues were then rinsedwith DM/
Ky/Mg and pipetted up and down until dispersed and then washed
with 10 ml DMEM three times. Before being plated, the cells were
counted with a hemocytometer and diluted in plating medium.
Cultures were incubated at 37°C in a humidified incubator containing
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5% CO2 for 24 h. The plating medium was then removed and replaced
with neuronal maintenance medium.

Statistical analysis

All statistical results were expressed as means±SEM. Statistical
significance between different experiment groups were evaluated by
one-way analysis of variance followed by Tukey's test performed with
the SPSS software (version 16.0; SPSS, Chicago, IL, USA) A P value less
than 0.05 was considered statistically significant.

Results

RA and TPA up-regulate expression of Nrf2 and its downstream genes

SH-SY5Y cells were treated with 10 μM RA for various time
periods and the expression of Nrf2, NQO1, and NF-M was analyzed
by immunoblot analysis. Induction of Nrf2 was observed as early as
2 h and remained elevated up to 48 h, with the maximal induction
at 24 h (Fig. 1A). Elevated expression of NQO1 was observed at 24
and 48 h. As expected, NF-M was also up-regulated 12 h after RA
treatment and remained elevated at 48 h, whereas the levels of
Fig. 1. RA up-regulated the expression of Nrf2 and its downstream genes. (A) Endogenous Nr
treated with 10 μM RA for the indicated times. Cells were lysed in sample buffer and total c
-tubulin (Tub) antibodies. (B) RA increased the mRNA levels of Nrf2, NQO1, and NF-M i
experiments and converted into cDNA. The same amount of cDNA was used for quantificatio
Endogenous Nrf2 increased in a dose-dependent manner after 24 h treatment of RA. Cells
immunoblot analysis using the indicated antibodies. (D) mRNA levels of Nrf2, NQO1, and N
qRT-PCR as described for (B). ⁎Pb0.05 versus 0 μM treatment. (E) TPA up-regulated Nrf2. Ce
was measured by immunoblot analysis.
control α-tubulin remained the same (Fig. 1A). These data indicate
that there might be a positive correlation between Nrf2 activation
and NF-M expression. Another parallel set of samples treated with
10 μM RA was also evaluated for mRNA expression of Nrf2, NQO1,
and NF-M by real-time qPCR. Whereas there was only a marginal
induction of Nrf2 at the mRNA level, expression of NQO1 and NF-M
mRNA showed a significant increase (Fig. 1B). Next, the 24 h time
point was chosen for induction of Nrf2, NQO1, and NF-M by various
doses of RA. As shown in Fig. 1C, RA induced the protein levels of
Nrf2 and NQO1 at all the doses used. Similarly, RA had no effect on
Nrf2 transcription, whereas NQO1 mRNA expression was up-
regulated significantly (Fig. 1D). Induction of NF-M mRNA was
observed with all treatments and reached a peak with 10 μM RA
(Fig. 1D). To understand whether Nrf2 induction is due to the
differentiation processes, or is specific to RA treatment, induction of
Nrf2 by TPA, which induces neuronal differentiation through a
different mechanism, was also determined. Similar to RA, TPA
enhanced Nrf2 and NQO1 protein levels (Fig. 1E). Furthermore, TPA-
induced Nrf2 activation correlated with enhanced expression of
NF-M (Fig. 1E). Collectively, these data indicate that the Nrf2
signaling pathway is up-regulated during neuronal differentiation
processes.
f2 increased in a time-dependent manner after 10 μM RA treatment. SH-SY5Y cells were
ell lysates were subjected to immunoblot analysis using anti-Nrf2, -NQO1, -NF-M, and
n a time-dependent manner. Total mRNA was extracted from another parallel set of
n by qRT-PCR. ⁎Pb0.05 versus 0 h of treatment. ⁎⁎Pb0.01 versus 0 h of treatment. (C)
were treated with various doses of RA for 24 h and total cell lysates were subjected to
F-M increased with RA treatment. Another parallel set of samples was analyzed using
lls were treated with several doses of TPA for 24 h. Expression of Nrf2, NQO1, and NF-M
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RA up-regulates Nrf2 through enhancing the rate of Nrf2 protein
synthesis

Next, the mechanism of RA-mediated up-regulation of Nrf2 was
explored. SH-SY5Y cells were treated with two doses of tBHQ or RA or
in combination as indicated, and expression of Nrf2 and NQO1
mRNA was measured by qRT-PCR. Nrf2 mRNA expression was not
affected by any treatment (Fig. 2A, top). However, the mRNA
expression of NQO1 was enhanced slightly by RA treatment alone
(Fig. 2A, bottom, column 2). Cotreatment with RA and tBHQ resulted
in a higher induction of NQO1 (Fig. 2A, compare lane 2 to lane 4 or
lane 6). To test for any change in the amount of Nrf2 bound to the ARE,
parallel-treated cells were subjected to ARE affinity immunoprecipi-
tation analysis. Nrf2 expression in the total lysate is shown in Fig. 2B.
The mutant ARE was included as a negative control (Fig. 2B, lanes 1
and 8). RA treatment alone increased Nrf2 binding to the ARE (Fig. 2B,
compare lane 3 with lane 2) and combined treatment further
enhanced the binding of Nrf2 with the ARE (Fig. 2B, lanes 4–7). To
demonstrate that there is more Nrf2 bound to the ARE after RA
treatment in vivo, we performed ChIP analysis. tBHQ induced Nrf2
Fig. 2. RA up-regulated Nrf2 by enhancing the rate of Nrf2 protein synthesis. (A) RA potent
treated with tBHQ (10 or 20 μM) and/or RA (10 μM) simultaneously for 24 h. mRNAwas extra
and tBHQ up-regulated Nrf2 target genes by enhancing the Nrf2 protein level and thus bindin
NQO1 ARE sequence were incubated with cell lysates from SH-SY5Y that were simultaneou
biotinylated mutant-NQO1 ARE sequence was used as a negative control. (C) RA increased N
antibodies after 24 h treatment with tBHQ or RA. Genomic DNA fragments containing the
visualized on an agarose gel. ⁎Pb0.05 versus control. ⁎⁎Pb0.01 versus control. (D) The
cycloheximide for the indicated times. Cell lysate was collected and analyzed by immunobl
conducted with SH-SY5Y cells that were pulse-labeled with medium containing [35S]methi
times. Cell lysates were immunoprecipitated using an anti-Nrf2 antibody and the immunop
binding to the ARE significantly, and RA enhanced Nrf2 binding to the
ARE by about twofold (Fig. 2C). These data indicate that RA is able to
activate the Nrf2-mediated signaling pathway by increasing the total
protein level of Nrf2 and, thus, facilitating more Nrf2 binding to the
ARE. Previously, it has been well demonstrated that most Nrf2
inducers, including tBHQ and sulforaphane, up-regulate Nrf2 by
suppressing Nrf2 degradation. Therefore, the half-life of Nrf2 in
response to RA treatment was measured using the cycloheximide/
immunoblot method. To our surprise, RA did not affect the half-life of
Nrf2, and the half-life was approximately 18 min in the absence or
presence of RA (Fig. 2D), whereas tBHQ increased the half-life of Nrf2
to 39 min. Next, protein synthesis and degradation were measured by
the pulse–chase method (Fig. 2E). The half-life of Nrf2 measured by
the pulse–chase method was consistent with that measured by the
cycloheximide/immunoblot method. Interestingly, the amount of
newly synthesized proteins in the 30-min pulse period was higher in
the RA-treated sample, compared to that in the untreated control (Fig.
2E, lane 1, compare top to bottom). These data indicate that RA is able
to up-regulate the Nrf2 signaling pathway by enhancing the rate of
Nrf2 protein synthesis.
iated the effect of tBHQ on mRNA levels of Nrf2 and NQO1 in SH-SY5Y cells. Cells were
cted, followed by qRT-PCR. ⁎Pb0.05 versus column 1. ⁎⁎Pb0.01 versus column 1. (B) RA
g to the ARE. Biotinylated double-strand oligonucleotides containing 39 bp of the human
sly treated with tBHQ and/or RA. A DNA affinity precipitation assay was performed. A
rf2 binding to the ARE. ChIP analysis was performed in SH-SY5Y cells with the indicated
NQO1 ARE region in the immunoprecipitates were quantified by real-time PCR and
half-life of Nrf2 was unaffected by RA treatment. SH-SY5Y cells were treated with
ot analysis. (E) RA enhanced the rate of Nrf2 protein synthesis. Pulse–chase assay was
onine and [35S]cysteine for 30 min and chased with normal medium for the indicated
recipitates were resolved by SDS–PAGE and visualized by autoradiography.
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RA-induced neuronal outgrowth is accompanied by enhanced expression
and nuclear translocation of Nrf2

To test the coordinated up-regulation of Nrf2 with a neuron-like
morphological change in response to RA treatment, an indirect
double-immunofluorescence stain with anti-Nrf2 and anti-MAP-2
was performed in SH-SY5Y cells in the absence or presence of RA. In
the undifferentiated cells, MAP-2 expression was low but increased
upon treatment with RA (Fig. 3A, compare image A with B). The cell
density was low in the RA-treated sample, compared to the untreated
sample, even though the same amount of cells was seeded for the two
groups (Fig. 3A, compare image A with B). This is due to a reduced
growth rate after RA stimulation. In addition, neurite extension was
clearly seen after RA treatment (Fig. 3A, compare image A with B).
Cellular localization of Nrf2 was switched from the whole cell to the
nucleus in response to RA treatment, (Fig. 3A, compare image C with
D). Furthermore, the intensity of Nrf2 was enhanced markedly,
indicating an increase in the Nrf2 protein level in response to RA
Fig. 3. RA-induced neuronal outgrowth was accompanied by enhanced expression and nuclea
and Nrf2. Cells were treated with 10 μM RA for 4 days, fixed in methanol, and immunostain
Phase-contrast images were taken before cells were fixed for immunostaining. 500 cells in
differentiated cells and the mean length of neurites. ⁎⁎Pb0.01 versus control cells.
treatment (Fig. 3A, compare image C with D and image E with F). Fig.
3B shows a phase-contrast image of the same set of samples taken
before the immunofluorescence staining. The percentage of differ-
entiated cells was calculated and the mean neurite length was
measured using phase-contrast images. Both parameters were
significantly increased in the RA-treated samples (Fig. 3C). Clearly,
RA induced both Nrf2 and neuronal cell differentiation.

Stable overexpression of Nrf2 promotes neuronal differentiation

Next, the possible correlation between Nrf2 up-regulation and
neuronal cell differentiation was tested by stable overexpression of
Nrf2. An SH-SY5Y-derived stable cell line expressing HA–Nrf2 was
established using a lentivirus delivery and puromycin selection
system. As shown in Fig. 4A, HA–Nrf2 was expressed as detected by
immunoblot analysis with an anti-HA antibody (Fig. 4A). Similarly,
overall expression of Nrf2 was enhanced in this stable cell line as
detected with an anti-Nrf2 antibody (Fig. 4A). Overexpression of Nrf2
r translocation of Nrf2. (A) RA induced morphological changes and up-regulatedMAP-2
ed with anti-MAP-2 and anti-Nrf2 antibodies. (B and C) RA caused neurite extension.
10 randomly chosen fields for each group were counted to calculate the percentage of



Fig. 4. Stable overexpression of Nrf2 promoted neuronal differentiation. (A) An SH-SY5Y-derived stable cell line has enhanced expression of Nrf2 and its downstream gene, NQO1. SH-
SY5Y cells were infected using a lentivirus delivery system to express HA–Nrf2 and were selected using puromycin. Cells were lysed under denaturing conditions and subjected to
immunoblot analysis with anti-HA, -Nrf2, -NQO1, and -β-actin antibodies. (B) Nrf2 overexpression up-regulated NF-M in the presence of RA. The vector control and HA–Nrf2 SH-
SY5Y stable cell lines were undifferentiated or RA-differentiated for 24 h. Cell lysates were subjected to immunoblot analysis with anti-NF-M and -Tub antibodies. (C) Overexpressed
Nrf2 promotes neurite outgrowth. Cells were treated with 10 μMRA for 4 days before fixation for indirect immunofluorescence staining using an antibody to MAP-2. (D and E) Stable
overexpression of Nrf2 promoted neuronal cell differentiation. Phase-contrast images were taken before cells were fixed. Quantification of neuronal differentiation of the stable cell
lines was conducted as described for Fig. 3. ⁎Pb0.05 versus vector with treatment.
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resulted in enhanced expression of NQO1, indicating up-regulation of
Nrf2 and its downstream events (Fig. 4A). In this cell line, over-
expression of Nrf2 promoted RA-induced up-regulation of NF-M,
although it had no effect on the levels of NF-M in the absence of RA
(Fig. 4B, compare lane 1 with lane 3, and lane 2with 4), indicating that
up-regulation of the Nrf2 signal pathway itself is insufficient to initiate
neuronal differentiation processes. Morphological differences in the
vector-transfected and HA–Nrf2-transfected cells in the absence or
presence of RAwere also determined. Overexpression of HA–Nrf2 had
no effect on neurite outgrowth in the absence of RA, but potentiated
neuronal differentiation in RA-treated samples as determined by the
indirect immunofluorescence stain with MAP-2 (Fig. 4C, compare
image A with C and image B with D). Similarly, neurite outgrowth
promoted by Nrf2 overexpression was observed in phase-contrast
images (Fig. 4D, compare image B with D). Moreover, the conclusion
that Nrf2 positively regulates neuronal differentiation was confirmed
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by quantifying the percentage of differentiated cells and the mean
neurite length (Fig. 4E).

Up-regulation of endogenous Nrf2 potentiates differentiation

Next, we tested whether up-regulation of endogenous Nrf2 by
tBHQ is able tomodulate neuronal differentiation. SH-SY5Y cells were
treated with tBHQ or RA or both in combination as indicated and cell
lysates were subjected to immunoblot analysis. Although tBHQ up-
regulated Nrf2 and NQO1 (Fig. 5A, lanes 3–6), tBHQ alone had no
effect on NF-M expression (Fig. 5A, lanes 1, 3, and 5). Significantly,
tBHQ enhanced the RA-mediated up-regulation of NF-M protein
levels (Fig. 5A, compare lanes 4 and 6with lane 2), demonstrating the
positive role of Nrf2 in potentiating neuronal differentiation pro-
cesses. Phase-contrast images were taken before the cells were lysed
(Fig. 5B), and these images were used for quantification of the
percentage of differentiated cells and the mean neurite length
(Fig. 5C). Cotreatment with tBHQ and RA increased the percentage
of differentiated cells slightly and significantly increased the mean
neurite length, compared with RA-only treatment (Fig. 5C). Further-
more, tBHQ had no effect in the absence of RA (Fig. 5C). tBHQ
treatmentenhancedNrf2 (Fig. 5D, compare imageGandHwithE andF)
and MAP-2 staining (Fig. 5D, image D). Together, these data demon-
strate that induction of endogenous Nrf2 facilitates RA-induced
neuronal differentiation, although Nrf2 activation itself is insufficient
to induce neuronal differentiation.

Down-regulation of Nrf2 compromised neuronal differentiation

To further verify the importance of Nrf2 in neuronal differentia-
tion, the possible requirement of Nrf2 in neuronal differentiation was
tested. Two approaches were used to knock down the expression of
endogenous Nrf2. In one set of experiments, Nrf2 siRNA or control
siRNA was transfected into SH-SY5Y cells and the levels of Nrf2 were
measured. Transfection of Nrf2 siRNA for 48 h decreased the levels of
Nrf2 to 50% (Fig. 6, compare lanes 1 and 2, Nrf2 row). At 48 h
posttransfection, the cells were further treated with RA for an
additional 24 h and NF-M expressionwas determined by immunoblot
analysis. Knockdown of Nrf2 expression itself had no effect on NF-M
levels (Fig. 6A, compare lane 1 with 2 and lane 3 with 5; NF-M row).
However, Nrf2 siRNA blocked the induction of NF-M in response to RA
(Fig. 6A, compare lane 4 with lane 6). Morphological analysis showed
retarded neurite outgrowth in cells transfected with Nrf2 siRNA, but
not with the control siRNA, in response to RA treatment (Fig. 6B,
compare image B with D and image Awith B). In addition, knockdown
of Nrf2 expression was clearly shown by the reduced Nrf2-fluores-
cence staining (Fig. 6B, compare images G and H with E and F). The
phase-contrast images of these cells were taken before the cells were
fixed for immunofluorescence staining (Fig. 6C). Changes in the
percentage of differentiated cells and the mean neurite length by RA
treatment were diminished in Nrf2 siRNA-transfected cells (Fig. 6D).
The fact that inhibition of Nrf2 by Nrf2 siRNA was unable to
completely block the RA-mediated neurite outgrowth can be due to
two reasons: (i) Nrf2 is not absolutely required for the neuronal
differentiation process or (ii) complete inhibition of Nrf2 is not
achieved, and Nrf2 siRNA only reduced Nrf2 expression by 50%.
Another approach was also used to inhibit the expression of Nrf2 by
overexpression of Keap1, the substrate adapter for E3 ubiquitin ligase
responsible for Nrf2 degradation. SH-SY5Y cells were infected with
lentivirus carrying HA–Nrf2 and Keap1–CBD. Transient overexpres-
Fig. 5. Up-regulation of endogenous Nrf2 potentiated differentiation. (A) tBHQ enhanced
differentiated and/or treated with the indicated concentration of tBHQ were lysed and subje
endogenous Nrf2 by tBHQ promoted neuronal differentiation. Phase-contrast images were ta
⁎Pb0.05 versus control with treatment. (D) Nrf2 activation by tBHQ potentiated the RA-me
undifferentiated or RA-differentiated with RA for 24 h. The cells were fixed in methanol an
sion of Nrf2 and Keap1 was confirmed by immunoblot analysis with
anti-HA and anti-CBD antibodies (data not shown). In response to RA
treatment, overexpression of Nrf2 resulted in further up-regulation of
NF-M, whereas knockdown of Nrf2 by Keap1 overexpression
suppressed up-regulation of NF-M by RA (Fig. 6E, compare lanes 4
and 6 with lane 2). Together, these data demonstrate that inhibition of
Nrf2 expression compromised neuronal differentiation. Notably, up-
or down-regulation of Nrf2 had no effect on the levels of NF-M in the
absence of RA treatment, indicating that Nrf2 itself neither can initiate
neuronal differentiation nor is absolutely required for neuronal
differentiation.

Primary neurons isolated from Nrf2-null mice are retarded in neurite
outgrowth

To further verify the important function of Nrf2 in regulating
neuronal cell differentiation, primary neurons were isolated from
wild-type and Nrf2-null mice. The primary neurons were allowed to
grow in culture and morphological changes were observed by taking
phase-contrast images every 24 h for 5 consecutive days (Fig. 7A).
The neuron mean length at days 3, 4, and 5 was measured (Fig. 7A,
bar graphs). The mean neurite length was significantly reduced in
primary neurons from Nrf2-null mice, especially at day 3, demon-
strating a slow differentiation process in neurons that are deficient in
Nrf2 expression. Primary neurons that had been growing in culture
for 3 days were subjected to immunofluorescence staining with anti-
MAP-2 (Fig. 7B). Expression of MAP-2 was lower in neurons from
Nrf2-null mice as shown by a reduced intensity of MAP-2 staining
(Fig. 7B, compare image A with B). In addition, primary neurons
isolated from Nrf2-null mice had less neurite outgrowth (Fig. 7B,
compare image A with B). Similar amounts of cells were seeded in
these two groups as shown by nuclear staining (Fig. 7B, images C and
D), indicating that the difference in neurite outgrowth is not due to a
difference in cell confluency, but rather, it is due to the status of Nrf2.
These results clearly demonstrate the functional role of Nrf2 in
potentiating neuronal differentiation.

Discussion

The signaling mechanism controlling neuronal differentiation
processes has not been well studied and is probably a complex
process, requiring the interplay of many signaling events. It is
conceivable that multiple pathways converge to alter expression or
phosphorylation states of cytoskeletal proteins, including MAPs and
neurofilaments, to accommodate neurite outgrowth [5,6,14]. Many
signaling pathways have been reported to regulate neuronal
differentiation processes when the SH-SY5Y cell line is used as a
model. For example, the integrin signaling pathway has been shown
to be up-regulated during RA-induced differentiation processes,
resulting in activation of cyclin-dependent kinase 5, which is
required for enhanced expression and phosphorylation of NF-H as
well as neurite outgrowth [6,14]. During the early stages of neuronal
differentiation following RA or TPA treatment, IκBβ is quickly
degraded, resulting in activation of NF-κB, which is required for
neuronal differentiation [4]. Similar to what was observed with Nrf2
in our study, DAN, the founding member of the DAN family of
secreted cytokines, was up-regulated in response to RA treatment
[3]. Furthermore, stable overexpression of DAN was shown to
facilitate RA-induced neuronal differentiation [3]. As expected,
activation of a variety of kinases has been implicated in neuronal
RA-mediated up-regulation of NF-M. SH-SY5Y cells that were undifferentiated or RA-
cted to immunoblot analysis using the indicated antibodies. (B and C) Up-regulation of
ken and quantification of neuronal differentiationwas conducted as described for Fig. 3.
diated neurite outgrowth. SH-SY5Y cells were untreated or treated with tBHQ and/or
d subjected to immunofluorescence staining with MAP-2 and Nrf2 antibodies.



Fig. 6. Down-regulation of Nrf2 compromised neuronal differentiation. (A) Nrf2 siRNA effectively decreased Nrf2 protein levels and blocked induction of NF-M in response to RA.
SH-SY5Y cells were transiently transfected for 48 h with either control siRNA or Nrf2 siRNA (lanes 1 and 2). Another set of samples was transfected with siRNA for 48 h and treated
with RA for an additional 24 h (lanes 3–6). Cells were lysed and subjected to immunoblot analysis with antibodies to NF-M, Nrf2, NQO1, and tubulin. (B) Knockdown of Nrf2 affects
cell morphology and inhibits neurite outgrowth when cells are treated with RA. Cells were transfected with control siRNA or Nrf2 siRNA for 48 h followed by 10 μM RA treatment
for 4 days. The cells were then fixed in methanol and immunofluorescence analysis was conducted using antibodies to MAP-2 and Nrf2. (C and D) Knockdown of Nrf2 by siRNA
compromised neuronal differentiation. Cells transfected with control siRNA or Nrf2 siRNA and undifferentiated or RA-differentiated with 10 μM RA for 4 days were subjected to
phase-contrast microscopy. Calculation of the percentage of differentiated cells and mean length was conducted as described for Fig. 3. ⁎Pb0.05 versus control with siRNA. (E)
Overexpression of Nrf2 or Keap1 in conjunction with RA treatment caused an increase or decrease in NF-M, respectively. Cells were transiently infected by lentiviruses containing
either HA–Nrf2 or Keap1–CBD. Total cell lysates were subjected to immunoblot analysis using the indicated antibodies.
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differentiation processes. In one report, RA-induced neuronal
differentiation was shown to be involved in the phosphatidylinositol
3-kinase (PI3K)/Akt survival signaling pathway, providing a link
between cell survival and differentiation [8]. A tyrosine kinase,
AATYK, is able to promote differentiation induced by RA, TPA, and
insulin-like growth factor-1 [7]. More significantly, overexpression of



Fig. 7. Primary neurons isolated from Nrf2-null mice were retarded in neurite outgrowth. (A) Cell morphology and neurite lengths were compromised in Nrf2-null (KO) mice
compared to wild type (WT). Primary neurons were isolated from wild-type and Nrf2-null mice and grown in cell culture for 3–5 days. ⁎Pb0.05 versus wild type. (B) Neurite
outgrowth is delayed in primary neurons fromNrf2-null mice. Immunofluorescence staining was conducted on primary neurons isolated on day 3 fromwild-type and Nrf2-null mice
using a MAP-2 antibody.
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AATYK induced differentiation without stimulation from other
inducing agents [7]. A stress-associated kinase, JNK, was found to
be required for RA-induced differentiation [56]. Interestingly, protein
kinase C and extracellular regulated kinase-1/2 were demonstrated
to mediate the activation of the adenosine receptors A1 and A2A,
leading to neuritogenesis and differentiation in SH-SY5Y cells and
primary neurons isolated from rats [5]. It is worth to mention that
both adenosine receptors A1 and A2A have been demonstrated to play
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a neuroprotective role on adenosine during cerebral ischemia.
Similarly, the neuroprotective role of Nrf2 has also been reported
in a number of studies [49–54]. Currently, there are data supporting
our findings that RA activates Nrf2 and induces Nrf2–ARE binding in
an in vivo mouse model and a liver cell model [57]. However, one
paper suggests that toxic levels of RA reduced the binding of Nrf2 to
the ARE and enhanced the formation of a complex with the retinoic
acid receptor α, which inhibits the activity of Nrf2 [58]. Although
speculative at this time, it is plausible that the neuroprotective
effects of the Nrf2-dependent pathway, activation of the adenosine
receptors, the PI3K/Akt pathway, and many other signaling path-
waysmay cross talk because of their functions in promoting neuronal
differentiation. The precise interplay between neuronal survival,
differentiation, and apoptosis due to activation of the Nrf2 signaling
pathway remains to be answered. Thus, revealing the novel role of
Nrf2 in neuronal differentiation will open new perspectives for the
therapeutic use of Nrf2 activators in patients with neurodegenerative
diseases.

In this report, we have examined the effects of Nrf2 on cell
differentiation using a neuroblastoma cell line, SH-SY5Y. RA and TPA,
two well-studied inducers of neuronal differentiation, are able to
induce Nrf2 and NQO1 in a dose- and time-dependent manner.
Mechanistically, RA up-regulated Nrf2 by enhancing the rate of Nrf2
protein synthesis. RA-induced Nrf2 up-regulation is accompanied by
neurite outgrowth and the induction of two neuronal differentiation
markers, NF-M and MAP-2. Overexpression of Nrf2 in SH-SY5Y cells,
by stable incorporation of Nrf2 cDNA, by transient infection of
lentivirus containing Nrf2, or by chemical induction of endogenous
Nrf2, promotes neuronal differentiation as measured by up-regula-
tion of NF-M and MAP-2, as well as morphological changes. On the
other hand, inhibition of endogenous Nrf2 expression, by transfec-
tion of Nrf2 siRNA or by transient infection of lentivirus containing
Keap1, a negative regulator of Nrf2, inhibited neuronal differentia-
tion. More remarkably, the positive role of Nrf2 in neuronal
differentiation was verified ex vivo in primary neuron cultures.
Primary neurons isolated from Nrf2-null mice showed a retarded
progress in differentiation, compared to those from wild-type mice.
The different growing rates of neurons isolated from wild-type and
Nrf2-null mice were prominently observed at day 3. However, the
neuronal differentiation process most likely reached completion on
day 4, because neurite outgrowth in the Nrf2-null neurons was
similar to that inwild-typemice at days 4 and 5. Collectively, our data
demonstrate a novel role for Nrf2 in promoting neuronal cell
differentiation, which will open up new perspectives for therapeutic
uses of Nrf2 activators in patients with neurodegenerative diseases.
Nevertheless, further detailed evaluation of the possible morpholo-
gic differences between wild-type and Nrf2-null mice during the
course of brain development will be valuable in verifying the
important role of Nrf2 in promoting neuronal differentiation.
Although it seems that there is no apparent developmental defect
with Nrf2-null mice, there are no studies addressing the possible
delay in neuronal differentiation. Furthermore, it is possible that
such experiments should be performed under stress conditions to
substantiate phenotypic differences between wild-type and Nrf2-
null mice because we live in an environment in which stress is
inevitable.
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