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During atherogenesis, macrophage foam cells produce prodigious growth factors, cytokines, and
chemokines, which play the central roles in inflammatory process in atherosclerotic plaque formation. In
the present study, we identified a new protein marker, N-Myc downstream-regulated protein 2 (NDRG2),
which is significantly up-regulated in oxidized low density lipoprotein (oxLDL) treated macrophages and in
human atherosclerotic plaques. Over-expression and siRNA knockdown studies showed that NDRG2 is a
negative regulator of platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF)
productions in macrophages. Furthermore, we investigated the effects of NDRG2 on MAPK signal activation.
Our results showed ERK1/2 activation, but not P38 or JNK1/2 activation, is responsible for regulation of
NDRG2 on VEGF and PDGF productions. Consistent with the PDGF levels, the vascular smooth muscle cell
(VSMC) proliferation was also regulated by the conditional medium of the oxLDL treated macrophages with
NDRG2 knockdown or over-expression. Neutralizing anti-PDGF antibody can significantly inhibit the
enhanced VSMC proliferation by macrophage medium with NDRG2 knockdown. Our present results
demonstrate that NDRG2 participates in oxLDL-induced macrophage activation and modulates ERK1/2-
dependent PDGF and VEGF production, which has potential application in atherogenesis.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Atherosclerosis, a narrowing of blood vessels caused by the
deposition of inflammatory plaques in the vessel wall, is the leading
cause of death in industrialized society. Oxidized low density
lipoprotein (oxLDL) is thought to render the lipoprotein atherogenic.
OxLDL is more readily taken up by macrophages via scavenger
receptors. Lipid-laden macrophages (known as foam cells) are the
major component of atherosclerotic lesions [1–3]. Macrophage foam
cells also play important roles in regulating vascular smooth muscle
cell (VSMC) migration and proliferation. During both early and late
atherosclerotic lesions, macrophage-derived foam cells are prodi-
gious secretary cells that can produce growth factors [2,4]. Among
these growth factors, platelet-derived growth factor (PDGF) is a
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potent mitogen and chemo attractant for VSMCs, and vascular
endothelial growth factor (vegf) is one of the most appreciated genes
involved in angiogenesis [5–8]. Recent studies showed mitogen-
activated protein kinase (MAPK) signaling plays central roles in
growth factor productions in foam cells induced by oxLDL [9,10].
MAPK is serine-threonine kinase functioning as mediators of cellular
responses to a variety of extracellular stimuli [11,12], which includes
the extracellular signal-regulated kinases (ERK1/2, also termed p42/
44 MAPK), the c-Jun N-terminal kinase/stress-activated protein
kinases (JNK/SAPK), BMK1 (also termed ERK5), and p38 MAPK (also
termed CSBP). It is also reported that ERK1/2 and JNK/SAPK
activation is responsible for PDGF expression [13].

Recently, our laboratory used several proteomic and gene
expression array methods to explore new protein markers in oxLDL
treated macrophages [14,15]. In this study, we found a new protein
marker in foam cells—N-Myc downstream-regulated protein 2
(NDRG2), a member of NDRG1–4 family. NDRG2 has been reported
the implication in stress responses and the regulation of cell
proliferation and differentiation. Although Ndrg2 is in fact N-Myc-
independent [16,17], it also appears to inhibit cell proliferation [18]
and promote differentiation [19]. NDRG2 was reported to be up-
regulated in the patients' brains with Alzheimer disease [20] and
could induce the differentiation of dendritic cells [21]. Meanwhile,
Takahashi and co-workers reported that NDRG2 might facilitate
macrophages antagonizes growth factor productions via selectively
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neurite outgrowth of nerve growth factor-differentiated PC12 cells
[22], suggesting the involvement of NDRG2 in differentiation. The
expression of NDRG2 in human glioblastoma tissues is significantly
lower than that in the normal brains [23], which showed NDRG2 as a
candidate for tumor suppressor. These findings implicate NDRG2 as
being associated with cell growth and differentiation. However, it
remains unclear whether NDRG2 participates in macrophage activa-
tion and its functions in cardiovascular diseases.

In this study, we initially confirmed the enhanced expression of
NDRG2 in oxLDL treated macrophages both in protein and mRNA
levels. We constructed plasmid encoding NDRG2 sequence and
synthesized siRNA to investigate the role of NDRG2 in oxLDL-induced
macrophage activation. We found the significant inhibitory effect of
NDRG2 on PDGF and VEGF productions in macrophages. The NDRG2
regulated PDGF production is contributed to the inhibition of VSMC
proliferation in conditional medium of macrophages.

2. Materials and methods

2.1. Animals and reagents

Animals were maintained in accordance with guidelines of the
committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Resources, National Research Council (DHEW publication
No. [NIH] FS-23) on Animal Care. C57/6BL mice were obtained from
Shanghai Experimental Animal Center, Chinese Academy of Sciences
(Grade II, Certificated SCXK Hu2002-0010). SB203580, a p38 inhibitor,
PD98059, a mitogen-activated protein kinase kinase (MEK) inhibitor,
SP600125, a c-Jun NH2-terminal kinase (JNK) inhibitor. Neutralizing
monoclonal anti-mouse PDGF antibody, mouse TNF-α, IL-6, IL-1β,
IL-10, PDGF and VEGF ELISA kit were purchased from R&D Systems
(Minneapolis, MN). NDRG2 antibody (E-20), Anti-phospho-ERK mAb,
anti-ERK polyclonal antibody, anti-phospho-p38 MAP kinase mAb,
anti-phospho-JNK mAb, and their respective horseradish peroxidase-
coupled secondary antibodies were purchased from Santa Cruz
(Santa Cruz, CA).

2.2. OxLDL preparation

LDL (d=1.019 to 1.063 kg/L) was purchased from Sigma Co (ST.
Louis). OxLDL was prepared as described previously [4,14,15]. LDL
was sterilized by filtration through 0.45-μm Millipore membranes,
and stored at 4 °C as described previously. After ehylenediamine
tetraacetic acid disodium salt was removed by dialysis, LDL was
oxidized by incubating in CuSO4 10 μmol/L for 16 h at 37 °C, and then
dialyzed in phosphate buffered saline (PBS) containing ethylenedia-
mine tetraacetic acid disodium salt 0. 1 mmol/L for 24 h at 4 °C. TBARS
is determined colorimetrically by using Malondialdehyde (MDA) as a
standard, which showed 0.13 nmol of MDA/mg Protein in starting LDL
and 38. 3 nmol of MDA/mg Protein in oxLDL. Endotoxin (LPS) levels in
these ODNs were b0.015 endotoxin units/mg ODN, measured by
Limulus Amoebocyte Lysate assay.

2.3. Clinical tissues

Segments of atherosclerotic plaque specimens and adjacent aortic
wall tissue samples of control normal thoracic aortic tissues without
atherosclerotic changes within 5 cm were collected from 11 patients
undergoing graft surgery described previously [24]. For humans, the
study conforms with the Declaration of Helsinki.

2.4. Plasmids and small interfering RNA fragment

NDRG2 construct [25], tagged with flag and encoded in pcDNA3.1
plasmid, was kindly provided by Prof Yao in XiAn, China. The siRNA
specific for murine NDRG2 (siR1: 5′-CCAAACGCCCGGCAATATTtt-3′,
Please cite this article as: S. Liu, et al., NDRG2 induced by oxidized LDL in
inhibiting ERK activation, Biochim. Biophys. Acta (2009), doi:10.1016/j
siR2: 5′-GCCCGGCAATATTCACCTAtt-3′, and siR3: 5′-CTACATTCTGT-
CGCGATATtt-3′) were designed using siRNA fragments template design
tool (Ambion). The silence efficiency was determined by real-time PCR.
Control nonsense RNA (5′-TTC TCC GAA CGT GTC ACG T-3′ ), which has
no specific target sequence to any genes, was determined to have no
effect on silencing of Ndrg2 gene expression. All the siRNA fragments
were synthesized in GeneChem Co. in Shanghai, China.

2.5. Cell culture and transiently transfection

The murine macrophage cell line RAW264.7 macrophages were
commercially obtained from American Type Culture Collection
(Manassas, VA). Female C57BL/6J mice (5–6 weeks old) were used
for the preparation of primary mouse macrophages, and thioglyco-
late-elicited mouse peritoneal macrophages were prepared as
described [26]. They were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS) at 37 °C in
a 5% CO2 atmosphere. The mouse aortic VSMCs were cultured in
Dulbecco's Modified Eagle Medium (PAA) as described previously
[27]. Six to eight passage cells were used. Cells were transfected using
Lipofectamine™ 2000 (Invitrogen, OR).

2.6. Western blot analysis

Cells were lysed with M-PER Protein Extraction Reagent (Pierce,
Rockford, IL) supplementedwith protease inhibitor cocktail and protein
concentrations of the extracts were measured by bicinchoninic acid
(BCA) assay (Pierce). Forty micrograms of the protein was used either
for immunoprecipitation or loaded per lane, subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred onto nitrocellulose membranes. Activated p-ERK1/2, p-p38, p-
JNK1/2 and p-P65 were detected as described previously. Unactivated
total ERK1/2, p38, JNK1/2 and P65 in each sample were also detected to
show equal protein loading.Western blot data is quantified byQuantity
One software fromBio-Rad Co (Version 4.5.2Windows andMacintosh).

2.7. Real-time PCR

RNA was separated by TriReagent (Invitrogen, Burlington, ON,
USA). The quality of samples was determined by analysis on 1.2%
agarose electrophoresis gels. Total RNA was reverse-transcribed to
single-strand cDNA using the SYBR ExScript RT-PCR kit (Takara).

The primers used for SYBR Green PCR are listed as follows:

NDRG2: Forward: 5′-CAGGACAAACACCCGAGACT-3′
Reverse: 5′-AGCCATAAGGTGTCTCCACAG-3′
PDGF-A chain: Forward: 5′-CACCAGCAGCGTCAAGTG-3′
Reverse: 5′-TTCCTGACATACTCCACTTTGG-3′

SYBR Green PCR amplifications were performed in a DNA Engine
Peltier Thermal cycler coupled with a Chromo 4 Real-Time PCR
Detector (Bio Rad, U.S.A.). Each sample was replicated two to three
times. All reactions were repeated at least three times independently
to ensure the reproducibility of the results.

2.8. ELISA analysis

RAW264.7 macrophages and primary peritoneal macrophages
were stimulated with oxLDL for indicated time periods. The concen-
trations of PDGF in culture supernatants were measured using mouse
TNF-α, IL-6, IL-1β, IL-10, PDGF and VEGF ELISA Kits (R&D Systems,
Minneapolis, MN) according to manufacturer's instructions.

2.9. Proliferation analysis

VSMC proliferation was detected by a commercial WST-1 Kit
(Beyotime Institute of Biotechnology) [28]. Conditional medium was
macrophages antagonizes growth factor productions via selectively
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derived from supernatant of RAW264.7 macrophages. The macro-
phages were firstly transfected with NDRG2 knockdown siRNA or
overexpression plasmid for 24 h, and treated with oxLDL for 12 h,
then, cultured with fresh medium. The supernatant was harvested as
the conditional medium. To determine the VSMC proliferation, the
VSMCs were separated from the upper chamber lates, and thenmixed
with WST-1 reagent. After standard culture conditions, the absor-
bance was determined as the proliferation rate using a 96-well plate
reader at 450 nm. The NDRG2 overexpressed RAW264.7 cell viability
was also monitored by measurement with WST-1 Kit.

2.10. Statistical analysis

Data is shown as means±S.E. of the mean for separate experi-
ments. Statistical significance was determined by Student's t test with
a value of Pb0.05 considered as statistically significant. The numbers
of repeated experiments in each group were shown as n in figure
legends.

3. Results

3.1. NDRG2 is up-regulated in oxLDL-treated macrophages and
atherosclerotic plaques

We firstly confirmed the NDRG2 expression in macrophages. With
incubation with oxLDL 10, 20, 40, 80 mg /L separately, we measured
Fig. 1. Expression of NDRG2 in oxLDL-induced macrophages and human atherosclerotic pla
RAW264.7 cells were treated with oxLDL (0–80 mg /L) in 24 h, and then NDRG2 expression
the ratio of levels NDRG2 to GAPDH. Data is shown as mean±SD (n=4) of one representati
PCR. Relative expression fold at below was normalized to β-actin. Data are shown as mean
protein levels in human atherosclerotic plaque tissues and adjacent control tissue samples de
of NDRG2 to GAPDH (n=11).

Please cite this article as: S. Liu, et al., NDRG2 induced by oxidized LDL in
inhibiting ERK activation, Biochim. Biophys. Acta (2009), doi:10.1016/j
the NDRG2 expression levels by Western blotting and real-time PCR.
The GAPDH and β-actin levels were detected to show the total
amount of protein and mRNA. As shown in Fig. 1A and B, both protein
and mRNA levels of NDRG2 were significantly enhanced by oxLDL in a
dose-dependent manner. The results confirmed that NDRG2 were up-
regulated in macrophages induced by oxLDL.

After oxLDL stimulation, macrophages enter into the intima and
form into foam cells, which are the major component of atheroscle-
rotic lesions. Therefore, we determined the NDRG2 levels in
atherosclerotic plaque from human aortas. All eleven clinical AS
plaque tissues from 11 patients undergoing graft surgery express
higher levels of NDRG2 than control normal aorta tissues. This
indicates that NDRG2 participates in atherosclerotic lesions (Fig. 1C).
Therefore, we concluded that NDRG2 expression was up-regulated in
macrophages and atherosclerotic plaques, and the up-regulation of
NDRG2 may play roles during atherogenesis.

3.2. NDRG2 antagonizes PDGF and VEGF productions in oxLDL-induced
macrophages

It is reported that NDRG2 can inhibit glioblastoma cell prolifera-
tion [18] and can promote apoptosis in A549 lung cancer cells [23].
Therefore, we determined the effect of NDRG2 on cell viability on
macrophages. As shown in Suppl Fig. 1., with NDRG2 overexpression,
macrophage RAW264.7 cells cannot be determined any changes in
number of cell viability. To clarify the functions of NDRG2 in
ques. (A) NDRG2 expression levels were enhanced in macrophage-derived foam cells.
levels were determined by Western Blotting. Relative expression fold was calculated by
ve experiment (⁎⁎Pb0.01). (B) NDRG2 expression levels were determined by real-time
±SD (n=4) of one representative experiment (⁎⁎Pb0.01). (C) Expressions of NDRG2
termined byWestern blot. Relative expression fold at below was calculated by the ratio

macrophages antagonizes growth factor productions via selectively
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macrophage activation, we determined its effects on cytokines
TNF-α, IL-6, IL-1β, IL-10, and growth factors PDGF and VEGF
productions. Although it seems NDRG2 cannot affect cytokine
expressions (Fig. 2C–F), we found the negatively regulation of
NDRG2 on PDGF and VEGF productions. The oxLDL-induced PDGF
and VEGF productions were significantly inhibited in macrophage
cells after transfected transiently with 400 ng of NDRG2 (Fig. 2A–B).

To further confirm themodulation role of NDRG2 on PDGF and VEGF
production, we silenced NDRG2 expression using RNA-mediated
interference. We confirmed the knockdown of endogenous NDRG2
in RAW264.7 cells using Western blot (Fig. 3A) after transfected with
NDRG2 siRNA. The endogenous NDRG2 expression was decreased by
Fig. 2. Effect of NDRG2 on cytokine TNF-α (A), IL-6 (B), IL-1β (C), IL-10 (D), and growth
RAW264.7 cellswere transfected transientlywith 400ng ofNDRG2or pcDNA3.1 by LipofectAM
Cell culture supernatant was collected and was detected by ELISA kits. All data represent me

Please cite this article as: S. Liu, et al., NDRG2 induced by oxidized LDL in
inhibiting ERK activation, Biochim. Biophys. Acta (2009), doi:10.1016/j
siRNA in a dose dependent manner. Then, the PDGF and VEGF
productions were measured by ELISA. NDRG2 siRNA transfection
resulted in 3-fold increase in PDGF production in macrophages
(Fig. 3B). As shown in Fig. 3C, NDRG2 knockdown also significantly
increased oxLDL-induced VEGF production in macrophages. We
also determined the effect of NDRG2 knockdown on oxLDL-induced
growth factor productions in mouse primary macrophages. As shown
in Fig. 3D and E, the similar up-regulation of oxLDL-induced PDGF-BB
and VEGF productions were detected with NDRG2 knockdown in
mouse primary macrophages. These results provided further evidence
that NDRG2 negatively regulates PDGF and VEGF productions in
oxLDL-induced macrophages.
factor PDGF (E) and VEGF (F) productions induced by oxLDL in macrophages. 2×105

INE 2000 followedby24h incubation. Then the cellswere stimulated by oxLDL 80mg /L.
ans±SD (n=3) ⁎⁎Pb0.01.

macrophages antagonizes growth factor productions via selectively
.bbalip.2009.09.022
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Fig. 3. Knocking down of NDRG2 enhances PDGF and VEGF productions in macrophages. 2×105 RAW264.7 cells were transfected with 100 nmol, 200 nmol, 400 nmol per ml of
NDRG2 siRNA (5′-CTACATTC TGTCGCGATAT) or control siRNA by LipofectAMINE 2000 followed by 36 h incubation. (A) Cell lysates were analyzed by Western blotting with anti-
NDRG2 and anti-GAPDH antibodies. Relative expression fold was calculated by the ratio of NDRG2 to GAPDH. After transfection of NDRG2 siRNA (400 nmol) followed by 36 h
incubation, RAW264.7 cells were treated with oxLDL 80 mg/L or control DMEM. Then, PDGF-BB (B) and VEGF (C) productions were determined by ELISA. In cultured mouse primary
macrophages, effects of NDRG2 on oxLDL-induced PDGF-BB (D) and VEGF (E) productions were also determined. All data represent means±SD (n=3) ⁎⁎Pb0.01.
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3.3. NDRG2 inhibits p42/44 ERK pathway activation in macrophages

It is well known that activation of MAPK is necessary for oxLDL-
induced growth factors production [9]. We investigated the effects of
NDRG2 overexpression on oxLDL-induced MAPK phosphorylation
(Fig. 4A–D). Stimulation with oxLDL resulted in phosphorylation of
ERK1/2, JNK1/2, and P38 kinases in RAW264.7 cells. Compared with
mock transfection, NDRG2 transfection significantly inhibited oxLDL-
induced ERK1/2 phosphorylation. However, neither oxLDL-induced
JNK1/2 phosphorylation nor P38 kinas phosphorylation was remark-
ably affected by overexpression of NDRG2. These results demonstrated
that NDRG2 selectively controls oxLDL-induced ERK1/2 activation in
macrophages.

3.4. Increased ERK1/2 activation is responsible for the regulatory effect of
NDRG2 on PDGF and VEGF productions

To confirm the effect of NDRG2 on MAPK/ERK activation, we used
NDRG2 siRNA to silence endogenous NDRG2 expression. Then,
RAW264.7 cells were treated with PD98059, an ERK1/2 pathway
Please cite this article as: S. Liu, et al., NDRG2 induced by oxidized LDL in
inhibiting ERK activation, Biochim. Biophys. Acta (2009), doi:10.1016/j
inhibitor after transfected with NDRG2 siRNA. As shown in Fig 5,
PD98059 treatment could inhibit PDGF/VEGF productions in NDRG2
knockdownmacrophages, indicating ERK1/2 activation is necessary for
NDRG2 to regulate PDGF and VEGF productions. In contrast, neither
SB203580, a P38 inhibitor, nor SP600125, a JNK1/2 inhibitor, can affect
the NDRG2 knockdown macrophages-derived high PDGF and VEGF
productions. Therefore, our results suggest that ERK1/2 activation, but
not P38 or JNK1/2 activation, is responsible for high PDGF and VEGF
productions in NDRG2 knockdown macrophages.

3.5. Regulation of macrophage-derived PDGF contributes to the effects on
VSMC proliferation

PDGF was originally identified in platelets and in serum as a
mitogen for SMC in culture. Therefore, the regulation of PDGF
production by NDRG2 led us the intention to testify whether NDRG2
overexpression or knockdown in macrophage foam cells can modulate
VSMC proliferation. We cultured VSMCs by using the conditional
medium of oxLDL treated macrophages with NDRG2 plasmid or siRNA
transfection. As shown in Fig 6A, the enhanced VSMC proliferation
macrophages antagonizes growth factor productions via selectively
.bbalip.2009.09.022
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Fig. 4. NDRG2 inhibits oxLDL-induced p42/44 ERK activation in macrophages. 1×106 RAW264.7 cells were plated in 6-well plates and transfected with 1 μg of pCDNA3.1 or NDRG2.
After stimulation with 80 mg oxLDL for 10, 20, or 40 min, the cells were lysed and levels of ERK, JNK, and p38 were detected by Western blotting (A). Levels of the phosphorylated
proteins at the time points after oxLDL stimulation were detected by Western blot and quantitated by measuring band intensities. The values of the activation fold were normalized
to the total ERK (B), JNK (C), or p38 values (D) respectively. Relative phosphorylation levels of the proteins in the control cells were set as 1 ⁎⁎Pb0.01.
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induced by oxLDL treated macrophage-derived conditional medium
was significantly decreased in NDRG2 overexpression macrophage
medium treatment groups. Consistently, the medium from NDRG2
knockdown macrophages increased the VSMC proliferation signifi-
cantly. (Fig 6B)

To confirm the PDGF contribution. we used the mouse PDGF
antibody to neutralize PDGF bioactivity. As shown in Fig 6B, after
PDGF bioactivity was neutralized, the enhanced VSMC proliferation,
induced by NDRG2 knockdown macrophage medium, was greatly
decreased, while the control isotype antibody has no effect. Our results
demonstrated that the regulation of macrophage-derived PDGF by
NDRG2 contributes to the effects on VSMC proliferation rate.

4. Discussion

Recent studies showed that the lipid-laden foam cell was
considered to be “an elusive target for therapeutic intervention”
[29]. Several findings since then have indicated new approaches for
altering the inflammatory responses during lipid accumulation in
macrophages [1,30]. In the present study, we found a new up-
regulated gene, NDRG2, in macrophages induced by oxLDL. The
function study showed that NDRG2 plays important roles in
regulating growth factor PDGF and VEGF productions inmacrophages.

Although NDRG2 has also been reported to play roles in other
functions, such as insulin action [17], aldosterone-mediated epithelial
sodium channel (ENaC) function [19], dendritic cell (DC) differenti-
ation [20,21] and oncogenesis [23,31], there is no report about the
expression or function in macrophages. To confirm the expression of
NDRG2, we investigate its expression both in protein and mRNA
levels. The NDRG2 level was up-regulated inmacrophages by oxLDL in
a dose dependent manner. Since macrophage foam cell has been
considered to be the main source of the cytokines and growth factors
in atherogenesis, we determined the role of NDRG2 on the cytokines
Please cite this article as: S. Liu, et al., NDRG2 induced by oxidized LDL in
inhibiting ERK activation, Biochim. Biophys. Acta (2009), doi:10.1016/j
TNF-α, IL-6, IL-1β, IL-10, and growth factors PDGF and VEGF
productions in macrophages. Although, we cannot find the effect on
several cytokines, we found that NDRG2 can antagonize PDGF and
VEGF productions. The up-regulation of NDRG2 in oxLDL treated
macrophages may play the roles in negative feedback mechanism in
plaque proliferation during atherogenesis.

The PDGF family consists of disulfide-bonded dimeric isoforms
[6,32,33]: PDGF-AA, -AB, -BB, -CC and -DD. The currently known PDGF
genes and polypeptides belong to a family of structurally and
functionally related growth factors including the vascular endothelial
growth factors (VEGFs). PDGF/VEGF growth factors are conserved
throughout the animal kingdom and form part of a large superfamily
of proteins containing cystine knots. In the present study, we
determined the PDGF-BB subtype isoforms in oxLDL-induced macro-
phages and the effects of NDRG2.

Interestingly, the antagonistic action of NDRG2 on PDGF and VEGF
productions is dependent on the inhibitory effect on ERK1/2
activation, but not P38 or JNK1/2 activation. ERK activation is selective
inhibited in NDRG2 over-expressed macrophages. Our results pro-
vided the evidence that NDRG2 selectively controls oxLDL-induced
ERK1/2 activation in macrophages. ERK1/2 activation, but not P38 or
JNK1/2 activation, is responsible for NDRG2 siRNA-induced PDGF/
VEGF production.

The mechanism of the selective effects of NDRG2 on ERK1/2
activation remains unclear. NDRG2 inactivation has recently been
found to have an important role in some tumorigenesis. Bioinfor-
matics analysis of NDRG2 revealed several binding sequences for
different transcription factors [16], which are mostly involved in
growth regulation and early differentiation of cells. Some of those
factors, such as Wilms tumor gene 1 (WT1) protein, hypoxia-induce
factor-1a (HIF-1a), and glucocorticoids, up-regulate NDRG2 expres-
sion. However, the function of NDRG2 in intracellular signal
transduction pathways remains poorly defined. The potential roles
macrophages antagonizes growth factor productions via selectively
.bbalip.2009.09.022
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Fig. 5. P42/44 ERK activation is responsible for antagonism of NDRG2 on growth factor
productions. After transfection of NDRG2 siRNA or control RNA followed by 24 h
incubation, cells were treated with 10 μmol/ml PD98059, 10 μmol/ml SB203580 or
50 μmol /ml SP600125 for 30 min, then treated with 80 mg /L oxLDL for 24 h. PDGF (A)
and VEGF (B) productions were determined by ELISA. All data represent means±SD
(n=3) ⁎⁎Pb0.01.

Fig. 6. VSMC proliferation rate was regulated by conditional medium of macrophages
with NDRG2 over-expression or knockdown throughmodulating PDGF production. The
RAW264.7 macrophages were transfected with NDRG2 plasmid (A) or siRNA (B)
followed by 24 h incubation, treated with oxLDL for 12 h, and then cultured with fresh
medium. The supernatant was harvested as the conditional medium. To determine the
VSMC proliferation, the VSMCs were separated from the upper chamber layers and
mixed with WST-1 reagent. After standard culture conditions, the absorbance was
determined as the proliferation rate using a 96-well plate reader at 450 nm. In some
experiments, before incubation with VSMC, RAW264.7 cells were pretreated with
neutralizing monoclonal anti-mouse PDGF antibody (5 μg/ml) for 1 h, then the
conditional medium were added to VSMC (B).The isotype antibody (5 μg/ml) was used
as the control. All data represent means±SD (n=3). ⁎Pb0.05, ⁎⁎Pb0.01.
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of NDRG2 may associate with c-raf or ras, which is critical in ERK
activation. However, we have pulled down the NDRG2 interacting
proteins, and the Western Blot results did not reveal c-raf or ras.

The PDGF [6,7,34,35] initiates signal transduction pathways
associated closely with atherosclerosis. Rabbits immunized against
PDGF demonstrate significantly smaller regions of cholesterol-
induced atherosclerotic lesions [36]. In the pathogenesis of athero-
sclerosis, PDGF is thought to mediate the proliferation of vascular
smooth muscle cells in injured arteries. Since NDRG2 can regulate
PDGF production, we also determined the VSMC proliferation rate
induced by NDRG2 overexpression or silence macrophages. Consis-
tent with the PDGF levels, the vascular smooth muscle cell (VSMC)
proliferation was also regulated by the conditional medium of the
oxLDL treated macrophages with NDRG2 knockdown or overexpres-
sion. PDGF neutralizing antibody can significantly inhibit the
enhanced VSMC proliferation by macrophage medium with NDRG2
knockdown. Given these results, we propose that regulation of
macrophage-derived PDGF by NDRG2 contributes to the effects on
VSMC proliferation rate. Although it is reported that NDRG2 can
regulate several cancer cell proliferation, our results suggest a growth
Please cite this article as: S. Liu, et al., NDRG2 induced by oxidized LDL in
inhibiting ERK activation, Biochim. Biophys. Acta (2009), doi:10.1016/j
factor regulation mechanism of NDRG2 in macrophage activation,
which may give new insight in the NDRG2 function.

In conclusion, we demonstrated that NDRG2 participates in oxLDL-
induced macrophage activation and atherosclerotic lesion. NDRG2
also plays important roles in modulating PDGF and VEGF productions
in macrophages via inhibition of P42/44 ERK1/2 activation. The PDGF
regulated by NDRG2 contributes to the effects of macrophage on
VSMC proliferation.
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