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Ndrg4 Enhances NGF-Induced ERK Activation
Uncoupled With Elk-1 Activation

Shigeki Hongo,* Takuya Watanabe, Keiko Takahashi, and Akira Miyazaki
Department of Biochemistry, Showa University School of Medicine, Shinagawa-ku, Tokyo 142-8555, Japan

Abstract Ndrg4 is expressed predominantly in the early postnatal rat brain and may be related to neural cell
differentiation. PC12 cell lines stably expressing increased levels of Ndrg4 protein display enhanced NGF-induced
phosphorylation of MEK and ERK. In contrast, the Ndrg4-C2-overexpressed PC12 cell lines showed attenuated NGF-
promoted phosphorylation of Elk-1, which is a nuclear target of ERK. A reporter assay also indicated that Ndrg4-C2
suppresses Elk-1-mediated transcriptional activation and SRE reporter expression. The suppressive effect of Ndrg4-C2 on
NGF-induced activation of Elk-1 was abolished by colchicine but not by cytochalasin D, suggesting that microtubules are
involved in the reduced activation of Elk-1 by Ndrg4. Ndrg4 may play a role in supporting the activation of ERK and its
target proteins needed for neuronal differentiation and in reducing the activation of Elk-1 implicated in cell growth. J. Cell.

Biochem. 98: 185-193, 2006. © 2006 Wiley-Liss, Inc.
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The central nervous system is formed by
neural precursor cells after many developmen-
tal steps. Anumber of genes are considered to be
expressed during restricted periods to advance
the development at the corresponding stages.
We identified a novel gene, Ndrg4, which is
expressed predominantly in the early postnatal
rat brain and was originally named Bdml
[Yamauchi et al., 1999]. The Ndrg4 gene
encodes six isoforms with molecular masses of
37—43 kDa [Maeda et al., 2004]. Ndrg4 mRNA
expression was shown to increase with the
differentiation of mouse embryonal carcinoma
P19 cells and rat pheochromocytoma PC12 cells
into neuron-like cells by retinoic acid and nerve
growth factor (NGF), respectively [Yamauchi
et al., 1999].

Human NDRG4 is a member of the NDRG
gene family that includes NDRG1-3. NDRG1
expression is upregulated during differentia-
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tion of some carcinoma cell lines [van Belzen
et al., 1997] and downregulated during cell
transformation [van Belzen et al., 1997; Kur-
distaniet al., 1998; Guanet al., 2000]. NDRG1 is
also upregulated in response to some cellular
stresses caused by various chemicals [Kokame
et al.,, 1996; Zhou et al., 1998]. Moreover,
NDRG1 was identified as a target of p53
[Kurdistani et al., 1998] and as a metastatic
suppressor gene [Guan et al., 2000]. NDRG2,
which is most closely related to NDRG4, as well
as NDRG1, were demonstrated to reduce cell
growth [Kurdistani et al., 1998; Guan et al.,
2000; Deng et al., 2003]. NDRG1-3 are
expressed ubiquitously in the organism [Zhou
et al., 2001], whereas NDRGH4 is present only in
the brain and heart [Yamauchi et al., 1999;
Zhou et al., 2001]. Recently, NDRG1/Rit42
protein was shown to associate with the micro-
tubules in centrosomes and to participate in the
spindle checkpoint [Kim et al., 2004]. However,
the cellular functions of the NDRG family
proteins, especially Ndrg4 protein, remain
obscure.

Previously, we reported that Ndrg4 protein
can modulate activating protein-1 (AP-1) activ-
ity and may regulate neurite outgrowth in NGF-
treated PC12 cells [Ohki et al., 2002]. AP-1is a
group of transcription factors consisting of
the Fos and Jun families [Angel and Karin,
1991]. Three types of enzymes, extracellular
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signal-regulated kinase (ERK), Fos regulating
kinase (FRK), and Jun N-terminal kinase
(JNK), can affect AP-1 activity by transcrip-
tional and post-translational regulations
[Karin, 1995]. The Ras—ERK pathway func-
tions in cell proliferation and differentiation
[Seger and Krebs, 1995] and is stimulated in
response to NGF in PC12 cells [Segal and
Greenberg, 1996]. The human smap8 gene
product, which corresponds to rat Ndrg4-B2,
was suggested to play a role in PDGF-induced
mitogenesis of a rat aortic smooth muscle cell
line by amplification of the ERK signal [Nishi-
moto et al., 2003]. ERK1 and ERK2 (ERK1/2)
translocate to the nucleus to phosphorylate and
transcriptionally activate a subfamily of ETS
domain-containing transcription factors known
as ternary complex factors (TCF's) [Sheng et al.,
1988; Brunet et al., 1999]. Elk-1, which is a
member of the TCFs, associates with serum
response factor (SRF) dimers to form a ternary
transcription complex and binds to the serum
response element (SRE) within the promoter of
immediate early genes, such as the c-fos gene
[Wasylyk et al., 1998]. However, c-Fos protein is
reported to block neuronal differentiation of
PC12 cells [Braselmann et al., 1992].

To study the molecular mechanism of the
support of neuronal differentiation by Ndrg4,
we examined phosphorylation of components of
the ERK signaling cascade in PC12 cells stably
transfected with Ndrg4-C2, and further deter-
mined the effects of Ndrg4 overexpression on
activation of Elk-1. We found that Ndrg4
enhanced NGF-induced ERK activation, but
rather attenuated Elk-1 activation uncoupled
from ERK signaling in PC12 cells.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’'s medium
(DMEM), Opti-MEM, fetal bovine serum, horse
serum, Lipofectamine™ 2000, and pcDNA3.1/
myc-His vector were obtained from Invitrogen
(Carlsbad, CA). NGF was purchased from
Upstate (Lake Placid, NY). Antibodies to phos-
pho-Raf  (Ser338), phospho-MEK1/MEK2
(MEK1/2) (Ser217/221), ERK1/ERK2 (ERK1/
2), phospho-ERK1/2 (Thr202/Tyr204), phospho-
90 kDa ribosomal S6 kinase (p-p90RSK,
Ser380), phospho-Elk-1 (Ser383), phospho-p38
MAP kinase (Thr180/Tyr182), and anti-rabbit
IgG antibody conjugated to horseradish perox-

idase were obtained from Cell Signaling Tech-
nology (Beverly, MA). Anti-mouse IgG antibody
conjugated to horseradish peroxidase and
Lumi-LightPLUS Western Blotting Substrate
were obtained from Roche Diagnostics (Man-
nheim, Germany). Anti-HA monoclonal anti-
body (F-7) was from Santa Cruz Biotechnology
(Santa Cruz, CA). The pSRE and pAP1 lucifer-
ase (Luc) reporter plasmids containing respec-
tive promoter element fused to the herpes
simplex virus-thymidine kinase TATA-like pro-
moter were obtained from BD Biosciences
Clontech (Palo Alto, CA). PathDetect Elkl
trans-Reporting System was from Stratagene
(La Jolla, CA). Dual-Luciferase Reporter Assay
System and Renilla luciferase reporter vector
(phRL-TK) were purchased from Promega
(Madison, WI). All other chemicals were of the
highest grade available.

Cell Culture

PC12 cells (RIKEN RCB0009) were cultured
in DMEM supplemented with 5% fetal bovine
serum (FBS) and 5% horse serum (HS) in a
humidified atmosphere of air with 5% CO,.
Cells were seeded onto 3.5-cm dishes (6 x
10° cells/dish) or 6-cm dishes (1.2 x 108 cells/
dish) for Western blotting analyses. After over-
night culture, cells were induced to differentiate
by addition of 50 ng/ml of mouse 2.5S NGF.

Construction of Expression Vectors for Ndrg4
Protein Isoforms

Expression vectors for production of hemag-
glutinin (HA)-tagged fusion Ndrg4 protein iso-
forms were generated. The plasmid pcDNA3.1/
myc-His was digested with HindIIl and Pmel
and blunt-ended using Blunting high (Toyobo,
Osaka, Japan). An oligonucleotide (gcggccgee
accatgTACCCATACGATGTTCCAGATTACG-
CTgctagctatetegag) containing the Kozak con-
sensus sequence, HA-epitope sequence (upper
case), and Nhel and Xhol sites, was annealed
with its complement and inserted into the
blunt-ended vector to generate the HA ex-
pression vector, pcDNA—-HA. Complementary
DNAs for Ndrg4-A1, Ndrg4-A2, Ndrg4-C1, and
Ndrg4-C2 were produced by reverse transcrip-
tion-polymerase chain reaction (RT-PCR) [for-
ward primer for Ndrg4-Al and Ndrg4-A2:
GACGCACTAGTCCGGAGTGCTGGGATGGG-
GAACATGAC; forward primer for Ndrg4-C1l
and Ndrg4-C2: GACGCACTAGTAAGGTGC-
TGGGACACAGGCTCCAACTG; reverse primer:
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GAACGCGTCGACGAGGACTTCAGCAGGAC-
ACCTCCATG] and subcloned into the pGEM-T-
Easy vector. The cloned cDNAs were ascertained
to be the respective Ndrg4 isoform cDNAs by
DNA sequencing. These cDNAs were cut out with
Sall and Spel and then inserted into Nhel- and
Xhol-treated pcDNA-HA to construct expres-
sion vectors for production of HA-Ndrg4 fusion
proteins (pcDNA—-HA-Ndrg4-Al, -A2, -C1, -C2).
The nucleotide sequences around the junction of
ligation were determined again by sequencing to
confirm in-frame ligation.

Generation of PC12 Cell Clones Stably
Transfected With Ndrg4-C2

Transfection of PC12 cells was carried out
using Lipofectamine 2000 according to the
manufacturer’s instructions. Cell lines stably
expressing Ndrg4-C2 were obtained after selec-
tion for growth in the presence of G418 (800 pg/
ml) and characterized for HA-Ndrg4-C2
expression by Western blotting analysis.

Western Blotting Analysis

Cells were washed with Dulbecco’s phosphate
buffered saline (PBS), and scraped into 62.5 mM
Tris-HCI buffer (pH 6.8) containing 1% sodium
dodecyl sulfate (SDS), 1 mM sodium orthova-
nadate, 10 mM NaF, and Complete™ protease
inhibitor cocktail. The scraped lysates were ho-
mogenized by passing through 23-gauge
needles to shear the DNA, followed by determi-
nation of protein using the BCA protein assay
reagent (Pierce, Rockford, IL). Before loading,
SDS, 2-mercaptoethanol, and bromophenol
blue were added to the lysates to concentrations
of 2%, 5%, and 0.005%, respectively, and heated
at 95°C for 5 min. Equal amounts of total
cellular protein per sample (15—-30 ug) were
separated by 10% SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred onto
polyvinylidene fluoride membranes. Proteins
were analyzed with specific antibodies and
either horseradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG antibody. Specific
proteins were detected with Lumi-LightPLUS
substrate and exposure to X-ray film. The bands
on the X-ray film were scanned and their
densities were measured using Scion Image.

Promoter cis-Reporter Assay

PC12 cells were seeded onto 24-well plates
(1.2 x 10° cells/well) and maintained in DMEM
supplemented with 5% FBS and 5% HS and

without antibiotics for 24 h. PC12 cells were
transfected with an expression vector for
Ndrg4-C2 protein (pcDNA-HA-Ndrg4-C2,
200 ng) or an empty vector (pcDNA-HA,
200 ng) together with the reporter construct
for SRE or AP-1 (200 ng) using Lipofectamine
2000. Renilla luciferase reporter vector (phRL-
TK, 3 ng) was co-transfected as an internal
control. Twenty-four hour after transfection,
cells wereincubated in medium containing 0.5%
FBS and 0.5% HS for a further 20 h followed by
stimulation with 50 ng/ ml NGF for 8 h. Cells
were lysed and the Dual luciferase assay was
performed. Data were normalized by the activ-
ity of Renilla luciferase reporter vector.

PathDetect Trans-Reporter Assay

The Elk-1-mediated transcriptional activity
was assayed using a PathDetect kit. PC12 cells
were seeded and maintained as described
above. The cells were transfected with 200 ng
of pFR-Luec, 10 ng of pFA2-Elk1, and 5 ng of
phRL-TK (Renilla luciferase control vector),
along with the indicated amount of pcDNA—
HA-Ndrg4 or empty vector pcDNA—HA. Cells
were then treated as above to calculate lucifer-
ase activity.

RESULTS

Ndrg4 Enhances NGF Phosphorylation of MAPK/
ERK Pathway Components and Represses NGF
Phosphorylation of Elk-1 in PC12 cells

The Ras—ERK pathway is known to be the
major cellular signaling pathway that induces
neuronal differentiation of PC12 cells in
response to NGF [Segal and Greenberg, 1996].
To analyze the molecular mechanism under-
lying the enhanced NGF-induced PC12 cell
differentiation by Ndrg4 [Ohki et al., 2002], we
examined the phosphorylation of ERK1 and -2
(ERK1/2) and their nuclear target Elk-1 in a
stably Ndrg4-C2-transfected PC12 cell line
(PC12/Ndrg4-C2). Among the six Ndrg4 protein
isoforms [Maeda et al., 2004], we first examined
Ndrg4-C2, as Ndrg4-C2 mRNA is expressed at
only modest levels in the developing brain
[Maeda et al., 2004] and is considered to be
appropriate to study the effects of transfected
Ndrg4 on the action of endogenous signaling
molecules. Figure 1A shows that endogenous
ERK1 and ERK2 were phosphorylated more
strongly after 15 min, 60 min, and 120 min of
NGF treatment in PC12/Ndrg4-C2 cells than in
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the parent PC12 cells. Though expression of
ERK1/2 was shown to be decreased in PC12 and
PC12/Ndrg4-C2 cells after 15 min of NGF
treatment, the levels of ERK1/2 in the two cell
lines were similar. Figure 1B shows 1.4-fold
total phosphorylation of ERK1 and ERK2 in
PC12/Ndrg4-C2 cells after 15 min of NGF
treatment. In contrast, phosphorylation of
Elk-1 was weaker in PC12/Ndrg4-C2 cells than
in control PC12 cells at 15 min, 60 min, and
120 min of NGF treatment (Fig. 1A,C). Phos-
phorylated Elk-1 level showed little increase by
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Fig. 1. Time-dependent enhanced phosphorylation of ERK1/2
and suppressed phosphorylation of Elk-1 in stably Ndrg4-C2-
transfected PC12 cells. A: Parent PC12 cells and a PC12 cell
clone stably transfected with Ndrg4-C2 were incubated in
medium containing 0.1% fetal bovine serum and 0.1% horse
serum for 20 h and treated with NGF for the indicated times. The
cell lysates were prepared and used to assay phospho-ERK1/2
and phospho-Elk-1 by Western blotting. The membrane used for
the analysis of phosphorylated ERK1/2 was re-probed with anti-
ERK1/2 antibody. The same membrane was also re-probed with
anti-actin antibody to confirm loading of an equal amount of
protein in each lane. B, C: The densities of bands on the blots
were determined using Scion Image and are expressed in
arbitrary units.

NGF in PC12/Ndrg4-C2 cells, although the
original level at time 0 in PC12/Ndrg4-C2 cells
was higher than that in PC12 cells (Fig. 1C).
Thus, PC12/Ndrg4-C2 cells sustained a lower
level of phosphorylation of Elk-1 after NGF
treatment.

Previously, we obtained PC12 cell clones
expressing various levels of Ndrg4 protein
during establishment of antisense RNA-expres-
sing cell clones [Ohki et al., 2002]. To rule out
phenotypic variation among subclones, we
examined phosphorylation of ERK and Elk-1
in these cell clones after treatment with NGF.
Endogenous Ndrg4 protein level was not chan-
ged when the cell clones were treated with NGF
for 15 min. Before NGF treatment, the levels of
ERK phosphorylation were very low and differ-
ence in the basal level could not be detected
among the cell clones (data not shown). Phos-
phorylation of ERK1/2 was found to be upregu-
lated in a PC12 cell clone containing a high level
of Ndrg4 protein [PC12/AS2-q(H) cells] as
compared to control cells (mock and parent
PC12 cells) by NGF treatment for 15 min
(Fig. 2). Phosphorylation of 90-kDa ribosomal
S6 kinase (p90RSK), which is a cytoplasmic
substrate for ERK, was also shown to be
enhanced in PC12/AS2-q(H) cells. By compar-
ison, phosphorylation of ERK1/2 was weak in
cell clones containing low levels of Ndrg4

Cell lines
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Fig. 2. NGF-induced phosphorylation of ERK pathway compo-
nents and Elk-1 in PC12 cell subclones. PC12 cell clones stably
expressing higher (H) and lower (L) levels of Ndrg4 protein than
parent PC12 cells or mock transfected controls were treated with
NGF (50 ng/ml) for 15 min and examined for phosphorylation of
endogenous ERK1/2, p90RSK, and Elk-1 by Western blotting
analyses. The blots were stripped and re-probed with anti-ERK
antibody to compare the amounts of ERK loaded. The top panel
shows expression of Ndrg4 protein before stimulation of the cell
clones with NGF.
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protein [AS3(L), AS12(L), AS15(L), and
AS18(L) cells]. In this way, correlation between
alevel of cellular Ndrg4 protein and strength of
NGF-dependent phosphorylation of ERK1/2
was verified. In contrast, phosphorylation of
Elk-1 was confirmed to be repressed in PC12/
AS2-q(H) cells (Fig. 2).

Phosphorylation of Other Signaling Molecules
After Overexpression of Ndrg4

Next, we examined from what stage the
components of the NGF-dependent ERK signal
cascade are stimulated by Ndrg4. NGF-induced
phosphorylation of MEK1/2 (MAP kinase or
ERK kinase 1 and 2), upstream regulators of
ERK, was enhanced in stably Ndrg4-C2-trans-
fected PC12 cells during exposure to NGF for
120 min (Fig. 3). However, no enhancement of
Raf phosphorylation was observed (Fig. 3).
Therefore, it is unlikely that Ndrg4-C2 enhances
ERK phosphorylation through Raf-1 activation,
which is elicited by other factors, such as
phosphatidylinositol 3-kinase [Sun et al., 2000].

The p38 MAP kinase, a subfamily of the MAP
kinase superfamily, has been reported to be
activated by treatment with NGF in PC12 cells
[Morooka and Nishida, 1998] and p38 is known
to activate Elk-1 [Wasylyk et al., 1998]. JNK is
hardly activated by NGF in PC12 cells [Xing
et al., 1998]. The reduction of Elk-1 phosphor-
ylation by overexpressed Ndrg4 may be due to
diminished p38 activity. Therefore, phosphor-
ylation of p38 was compared between the parent
PC12 cells and PC12/Ndrg4-C2 cells. As shown

PC12 PC12/Ndrg4-C2
NGF 0 15 60120 0 15 60 120 (min)
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Fig. 3. Time courses of phosphorylation of various signaling
molecules in a PC12 cell clone overexpressing Ndrg4 protein.
Parent PC12 cells and PC12 cells stably transfected with Ndrg4-
C2 were incubated in medium containing 0.1% fetal bovine
serum and 0.1% horse serum for 20 h and treated with NGF
(50 ng/ml) for the indicated times. The cell lysates were prepared
and used to assay phospho-Raf, phospho-MEK1/2, and phospho-
p38 by Western blotting. Phospho-Raf and phospho-MEK1/2
were determined on the same blot.

in Figure 3 (lower panel), no decrease was
observed in phosphorylation of p38 in PC12/
Ndrg4-C2 cells, suggesting that the attenuation
of Elk-1 phosphorylation by Ndrg4-C2 transfec-
tion is not due to decrease of p38 activity.

Ndrg4 Suppresses NGF-Induced Transcription
From the SRE

We studied NGF-induced transcriptional
activity from the SRE in Ndrg4-C2-transfected
PC12 cells, as phosphorylated Elk-1 is recruited
to the SRF dimer and the SRE to form the
ternary transcription complex. Transcriptional
activity of AP-1, which can be regulated by ERK
[Karin, 1995], was also examined. We used the
reporter vector, in which a specific response
element is located upstream of the luciferase
reporter gene. Figure 4 shows that NGF-
induced SRE activation was repressed to 68%
by co-expression of Ndrg4-C2 as compared to
that obtained with the empty plasmid. Under
the same condition, NGF-induced AP-1 reporter
expression was enhanced 2.6-fold by co-expres-
sion of Ndrg4-C2.

Ndrg4 Suppresses NGF-Induced
Activation of Elk-1

To determine whether Ndrg4 protein affects
the NGF-induced activation of Elk-1 in PC12
cells, the PathDetect trans-reporting system

[l Empty vector
B Ndrgd-C2

:

Luciferase activity
(Arbitrary units)

SRE AP-1

Fig. 4. Ndrg4-C2 suppresses NGF-induced transcription from
the SRE. PC12 cells were transfected with an empty vector
(200 ng) or an expression vector for Ndrg4-C2 protein (200 ng)
together with luciferase vectors under the control of AP-1 and
SRE (200 ng). Renilla luciferase reporter vector (phRL-TK, 3 ng)
was co-transfected as an internal control. Twenty-four hours after
transfection, cells were incubated in medium containing 0.5%
fetal bovine serum and 0.5% horse serum for a further 20 h
followed by stimulation with 50 ng/ml NGF for 8 h. Cells were
lysed and the Dual luciferase assay was performed. Data were
normalized by the activity of Renilla luciferase reporter vector
and expressed in arbitrary units. Data are from triplicate assays in
two independent experiments and are expressed as mean £ SD.
Statistical analyses were based on total observation. **P < 0.001
versus empty vector (Paired t-test).
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was used. In this system, the fusion protein
consisting of the activation domain of transcrip-
tion activator and the yeast GAL4 DNA binding
domain is tested. Luciferase expression is
activated when the transcription activation
domain of the fusion protein is phosphorylated
and the fusion protein binds to the promoter of
the luciferase reporter gene containing GAL4
binding sites. We co-transfected PC12 cells with
the expression vector pcDNA—HA—-Ndrg4-C2
encoding Ndrg4-C2 cDNA and the Elk-1 repor-
ter system, followed by NGF treatment for 8 h.
Expression of Ndrg4-C2 was shown to attenuate
the NGF-induced Elk-1 reporter activity in an
Ndrg4-C2 dose-dependent manner as compared
to controls transfected with the empty plasmid
(pcDNA-HA) (Fig. 5). A dose of 200 ng of
pcDNA-HA—-Ndrg4-C2 elicited a reduction in
Elk-1 reporter activity to 70% as compared to
that obtained with the same dose of the control
plasmid.

We then compared the ability to reduce NGF-
induced Elk-1 reporter activity among Ndrg4
protein isoforms. Ndrg4-Al, Ndrg4-A2, and

120

% Luciferase activity
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Empty vector(ng) 0 0 2000 O
Ndrg4-C2Z(ng) 0 0 0 30 30 0 90 80 0 200 200
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Fig. 5. Ndrg4 suppresses Elk-1-mediated transcriptional acti-
vation. The Elk-1 luciferase activity assay was performed using
the PathDetect in vivo signal transduction pathway trans-
reporting system. Trans-reporting constructs, including pFA2-
Elk1, and pFR-Luc plasmids, and increasing amounts of Ndrg4
expression vector (pcDNA-HA-Ndrg4-C2) (solid bars) or empty
vector (p)cDNA-HA) (hatched bars) were transiently transfected
into PC-12 cells. Renillaluciferase reporter vector (phRL-TK) was
co-transfected as an internal control. Twenty-four hours after
transfection, cells were incubated in medium containing 0.5%
fetal bovine serum and 0.5% horse serum for a further 20 h
followed by stimulation with (4) or without (—) 50 ng/m| NGF for
8 h. Cells were lysed and the Elk-1 luciferase activity was
measured using the Dual-Luciferase Reporter Assay System. Data
were normalized by the activity of Renilla luciferase reporter
vector and expressed as percentages relative to controls
transfected with an equal amount of empty vector (pcDNA—
HA). Data are from triplicate assays in three independent
experiments and are expressed as means+SD. Statistical
analyses were based on total observations. *P<0.01 versus
empty vector; **P < 0.001 versus empty vector (Paired t-test).

Ndrg4-C1 at a dose of 200 ng reduced the
Elk-1-mediated luciferase activity to 70% of
that in controls in almost the same manner as
Ndrg4-C2 and no significant differences were
observed in the reducing ability among the
Ndrg4 protein isoforms (data not shown).

Suppressive Effect of Ndrg4 on Activation of Elk-1
Is Abolished by a Microtubule-Disrupting Agent

We studied the effects of cytoskeleton-
disrupting agents on the Ndrg4-induced
attenuation of Elk-1 activation, because a part
of ERK in the cells has been reported to be
present on microtubules [Reszka et al., 1995;
Morishima-Kawashima and Kosik, 1996] and
the cytoskeleton can regulate the nuclear entry
of ERK [Smith et al., 2004], which activates
Elk-1. PC12 cells were preincubated for 30 min
with colchicine, a microtubule-disrupting agent,
before stimulating cells with NGF for 8 h.
Figure 6 (left) shows that colchicine at 1 uM
and 10 pM abolished the Ndrg4-C2-induced
suppression of Elk-1 activation, and 10 uM
colchicine elicited a slight enhancement in
activation of Elk-1. Another agent that disrupts
actin microfilaments, cytochalasin D, did not
prevent the Ndrg4-C2-dependent suppression
of Elk-1 activation (Fig. 6, right).

DISCUSSION

Here, we described the functional relevance of
Ndrg4 protein to Ras—ERK pathway signaling,
which is important in the neuronal differentia-
tion of PC12 cells by NGF. We found that Ndrg4
protein positively regulates the NGF-depen-
dent intracellular ERK pathway by enhancing
the phosphorylation of signaling components,
MEK1/2 and ERK1/2. In contrast, Ndrg4 pro-
tein repressed the NGF-induced phosphoryla-
tion and activation of Elk-1, which is a nuclear
target for ERK. Thus, the enhanced phosphor-
ylation of ERK by Ndrg4 overexpression was not
associated with augmented phosphorylation/
activation of Elk-1. Elk-1 is a member of the
Ets family of transcription factors, which have
been implicated in cell proliferation [Buchwal-
ter et al., 2004]. Ndrg4 possibly regulates
expressions of the genes that contain the SRE
in their promoters, such as c-fos [Meyer et al.,
1993], egr-1 [Rupprecht et al., 1993], and jun B
[Perez-Albuerne et al., 1993]. Previously, we
reported that Ndrg4-overexpressing PC12 cell
clones showed increased differentiation scores
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Fig. 6. The suppressive effect of Ndrg4 on Elk-1-mediated
transcriptional activation is abolished by a microtubule-disrupt-
ing agent. Trans-reporting constructs, including pFA2-ElkT and
pFR-Luc plasmids, and the Ndrg4 expression vector pcDNA—
HA-Ndrg4-C2 (200 ng) or empty vector pcDNA-HA (200 ng)
were transiently transfected into PC12 cells. Control empty
vector was used at each concentration of test agent. After
maintaining the cells as described for Figure 5, cells were
preincubated with the indicated concentrations of colchicine

in response to NGF [Ohki et al., 2002]. Ndrg4
may support the ERK-mediated phosphoryla-
tion of proteins required for neuronal differen-
tiation and suppress the proliferative effect of
Ras.

The mechanism by which Ndrg4 suppresses
Elk-1 activity could be inferred from the data
presented here and our results provide clues to
further our understanding of the cellular func-
tion of Ndrg4. The abolishment of the Ndrg4-
dependent reduction of Elk-1 transcriptional
activity by colchicine suggests that Ndrg4
influences Elk-1 activation via the interaction
of Ndrg4 with microtubules in the cytoplasm.
Smith et al. [2004] described a similar phenom-
enon; in retinoic acid-induced endoderm differ-
entiation of embryonic stem and carcinoma
cells, nuclear entry of activated MAP kinase is
restricted to suppress the activation of Elk-1
and an intact cytoskeleton is required for this
effect. Uncoupling between ERK and Elk-1
activation has been reported, for example, in
the expression of KSR [Sugimoto et al., 1998],
Gab2 [Zhao et al., 1999], and Dab2 [Smith et al.,
2001]. Recently, it was reported that NDRG1/
Rit42 protein, the gene product of another
member of the NDRG family, is a microtubule-
associated protein and participates in the
spindle checkpoint, localizing in the centro-
somes [Kim et al., 2004]. A part of MAPK/ERK
was shown to associate with microtubules in
neural cells [Reszka et al., 1995] and other cell
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(left) or cytochalasin D (right) for 30 min and treated with NGF for
8 h. Colchicine is a microtubule-disrupting agent and cytocha-
lasin D is an actin microfilament-destabilizing agent. Elk-1
luciferase activity was measured using the cell lysate and Dual-
Luciferase Reporter Assay System. Data are from triplicate assays
in two independent experiments and are expressed as
means & SD. Statistical analyses were based on total observa-
tions. *P<0.01 versus colchicine (0 pM); **P<0.001 versus
colchicine (0 uM) (Paired t-test).

types [Morishima-Kawashima and Kosik, 1996;
Willard and Crouch, 2001]. It is worthwhile
examining whether Ndrg4 associates with the
microtubules or ERK signaling components and
restricts the translocation of ERK to the
nucleus. Similarly, the mechanism by which
Ndrg4 enhances the activation of ERK pathway
members may be to due to interactions between
Ndrg4 protein and ERK pathway components
via microtubules or their associated proteins.

Ndrg4-C2 attenuated NGF-induced transac-
tivation activity of Elk-1 and cis-acting SRE
activity. To the contrary, Ndrg4-C2 enhanced
NGF-induced AP-1-luciferase activity. We also
reported that Ndrg4 overexpression elevated
DNA binding activity of AP-1 as determined by
gel shift assay [Ohki et al., 2002]. The ability of
Ndrg4 protein to reduce the NGF-induced
activation of Elk-1 indicated by the results of
the present study appear contradictory to the
increased AP-1 activity, as Elk-1 is a transcrip-
tional activator for c-fos gene and c-Fos can
compose AP-1. The reason for this inconsistency
is not known at present. One possible explana-
tion is that the AP-1 components may have been
altered quantitatively or qualitatively by Ndrg4
expression. In accordance with this idea, we
obtained the result that NGF-stimulated phos-
phorylation of c-Jun was enhanced by over-
expression of Ndrg4 (data not shown).

In summary, the results of the present study
indicate that Ndrg4 enhances NGF-induced
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ERK signaling components and attenuates
NGF-induced Elk-1 activation for transcription
in PC12 cells, probably supporting neuronal
differentiation.
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