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Endoplasmic reticulum (ER) stress-induced cell death of vascular smooth

muscle cells (VSMCs) is extensively involved in atherosclerotic plaque sta-

bilization. We previously reported that nucleotide-binding oligomerization

domain protein 2 (NOD2) participated in vascular homeostasis and tissue

injury. However, the role and underlying mechanisms of NOD2 remain

unknown in ER stress-induced cell death of VSMC during vascular dis-

eases, including advanced atherosclerosis. Here, we report that NOD2

specifically interacted with ER stress sensor activating transcription factor

6 (ATF6) and suppressed the expression of proapoptotic transcription fac-

tor CHOP (C/EBP homologous protein) during ER stress. CHOP-positive

cells were increased in neointimal lesions after femoral artery injury in

NOD2-deficient mice. In particular, a NOD2 ligand, MDP, and overex-

pression of NOD2 decreased CHOP expression in wild-type VSMCs.

NOD2 interacted with an ER stress sensor molecule, ATF6, and acted as a

negative regulator for ATF6 activation and its downstream target mole-

cule, CHOP, that regulates ER stress-induced apoptosis. Moreover, NOD2

deficiency promoted disruption of advanced atherosclerotic lesions and

CHOP expression in NOD2�/�ApoE�/� mice. Our findings indicate an

unsuspected critical role for NOD2 in ER stress-induced cell death.

Introduction

Atherosclerosis is a vascular disease featured by

atheromatous plaques in the intima of medium and

large size arteries, and is the major cause of death

among adulthoods in the developed country [1]. An

advanced plaque consists of a fibrous cap overlying a

lipid mass, called the necrotic core [1]. The fibrous cap

is consisted primarily of VSMCs and a comparatively

dense extracellular matrix made of elastin, proteogly-

cans, and collagen. The cell death of VSMCs within

the plaque may imperil the lesion owing to decreased

collagen production, consequently thinning the protec-

tive fibrous cap, and causing accumulation of cell deb-

ris, in addition to intense intimal inflammation [2].

Moreover, VSMC cell death itself is adequate to

induce features of plaque vulnerability in atherosclero-

sis [2,3].

Most importantly, animal models of atherosclerosis

and analysis of human atherosclerotic lesions have
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shown obvious evidence that ER stress induces in

atherosclerotic plaques, especially in the advanced

stage of atherosclerosis [4]. Various inducers of ER

stress have been identified, including increased CHOP

(C/EBP homologous protein) levels in VSMCs follow-

ing mechanical stretch, or in the presence of homocys-

teine, 7-ketocholesterol, unesterified cholesterol, or

glucosamine [5]. The expression of CHOP is mainly

regulated by three factors, PERK (protein kinase

RNA-like endoplasmic reticulum kinase)/ATF4, ATF6

(activating transcription factor 6), and IRE-1 (inositol

requiring protein 1)/XBP1 [6]. ER stress-induced

CHOP expression plays a critical role in cell death

in vitro and in vivo [7]. However, more work is needed

to investigate the mechanisms of ER stress-induced

CHOP expression in VSMCs.

Nucleotide-binding oligomerization domain protein

2, initially described as a susceptibility gene for

inflammatory bowel diseases such as Crohn’s disease,

is an intracellular protein LRRs (containing leucine-

rich repeats) similar to those found in TLRs (Toll-

like receptors) [8]. As an intracellular PRR (patho-

gen recognition receptor), NOD2 perceives bacterial

peptidoglycans from gram-positive and gram-negative

bacteria, through its interaction with MDP (muramyl

dipeptide) [9,10]. NOD2 is widely expressed in den-

dritic cells, macrophages, and at lower levels in

intestinal epithelial cells and VSMCs [11]. In cultured

intestinal epithelial cells, NOD2 expression can be

induced by the proinflammatory cytokines TNF-a
and IFN-c [12]. In addition to NOD2 as a PRR,

novel functions of NOD2 have been suggested for

other cell types, such as adipocytes, gingival and

pulp fibroblasts, and vascular endothelial cells [13].

In particular, studies examining the role of NOD2 in

vasculatures have revealed that NOD2-mediated sig-

naling pathways and expression have a protective

role in vascular homeostasis and tissue injury, and

that NOD2 is involved in the regulation of prolifera-

tion and differentiation of vascular smooth muscle

cells [14]. Previously, we demonstrated the protective

effects of NOD2 in a vascular injury model of

neointimal hyperplasia [15]. Recently, we published

that ER stress-induced cell death was enhanced in

NOD2-deficient VSMCs, and that this phenomenon

was reversed in NOD2 overexpressed VSMCs. How-

ever, the role of NOD2 in the formation of necrotic

cores in advanced atherosclerosis, and the molecular

mechanisms of NOD2 during ER stress are not

known. In this study, we found that NOD2 could

regulate ER stress-induced CHOP expression and

elucidated the molecular mechanisms of its regulation

in VSMCs.

Results

NOD2 deficiency induces CHOP expression in

VSMCs after vascular injury

ER stress is a character of advanced or progressed vas-

cular diseases, including atherosclerosis [16]. Prior

studies have determined that functional NOD2 is

expressed in VSMCs, and VSMC proliferation, migra-

tion, and neointimal formation were promoted in

NOD2-deficient VSMCs after femoral artery injury

[15]. In particular, an absence of NOD2 was found to

increase the intimal/media ratio 2.86-fold in NOD2�/�

compared with NOD+/+ mice after femoral artery

injury [15]. In this study, we hypothesized that NOD2

was associated with ER stress in VSMCs and con-

tributes to the progression of neointimal formation

after femoral artery injury. To investigate the role of

NOD2 in vasculature, the expression of CHOP in

femoral arteries of NOD2+/+ and NOD2�/� mice, of

similar neointimal size, was examined after femoral

artery injury. After immunohistochemistry staining for

CHOP, morphometric analysis demonstrated that the

number of CHOP-positive cells was significantly higher

in NOD2�/� neointima than NOD2+/+ neointima of

the same size, in femoral artery injury-induced neoin-

tima (Fig. 1A,B). There were no significant differences

in CHOP expression in noninjured femoral arteries

between NOD2+/+ and NOD2�/� mice. In NOD2+/+

and NOD2�/� VSMCs, mRNA and protein levels of

CHOP were analyzed by quantitative real-time RT-

PCR or western blotting after administration of tuni-

camycin, an ER stress inducer. mRNA and protein

levels of CHOP were significantly increased by tuni-

camycin in NOD2�/� VSMCs (Fig. 1C,D). However,

other ER stress-induced cell death pathways, including

JNK (c-Jun N-terminal kinase) and caspase-12, were

not enhanced in NOD2�/� VSMCs tunicamycin, com-

pared with NOD2+/+ VSMCs (Fig. 1F,G). We con-

firmed that mRNA levels of NOD2 were increased in

response to tunicamycin-induced ER stress (Fig. 1E).

To determine how NOD2 is activated to suppress ER

stress-induced CHOP expression, we examined CHOP

expression in the presence of NOD2 ligand, MDP.

Vehicle, tunicamycin, or tunicamycin plus MDP were

injected into mouse peritoneum, and total protein was

harvested from the aorta 24 h postinjection. Protein

levels of CHOP were analyzed by western blotting.

The NOD2 ligand, MDP, decreased tunicamycin-in-

duced CHOP expression in mouse aorta (Fig. 2A). To

confirm the effects of NOD2 ligand on suppression of

CHOP expression, we treated VSMCs with vehicle,

tunicamycin, palmitic acid, tunicamycin plus MDP, or
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PA (palmitic acid) plus MDP, and analyzed protein

levels of CHOP (Fig. 2B,C). Palmitic acid is a well-

known atherogenic factor and ER stress inducer [17].

The NOD2 ligand, MDP, decreased tunicamycin and

palmitic acid-induced CHOP protein levels in VSMCs.

When mRNA levels of CHOP were examined at 6, 12,

and 24 h after vehicle, tunicamycin, or tunicamycin

plus MDP treatment in VSMCs (Fig. 2D), MDP was

found to decrease mRNA levels of CHOP in NOD2+/+

VSMCs. To substantiate the downregulation of NOD2

in ER stress-induced CHOP expression, we examined

whether overexpression of NOD2 would exhibit a neg-

ative effect on CHOP expression. Control vector

(pcDNA3/Flag-GFP) or NOD2 expression vector

(pcDNA3/Flag-NOD2) was transfected, and control

vector or mouse NOD2-expressing cells were selected

with neomycin selectable marker in NOD2+/+ VSMCs.

The cells were treated with tunicamycin for various

times, and proteins levels and mRNA were examined

by western blotting and quantitative real-time RT-

PCR, respectively. Expression levels of CHOP protein

(Fig. 2E) and mRNA (Fig. 2F) were downregulated in

the presence of mouse NOD2 overexpression. Further-

more, tunicamycin-induced CHOP expression was

decreased by NOD2 overexpression in NOD2�/�

VSMCs (data not shown). The overexpression of con-

trol vector and mouse NOD2 was determined using

Flag antibody (Fig. 2G). On the other hand, the

NOD1 and TLR2 ligands, iE-DAP (D-c-glu-mDAP)

and PGN (peptidoglycan), respectively, had no effects

or even slightly enhanced on tunicamycin-induced

CHOP expression in VSMCs (Fig. 2H,I). In fact,

PGN was even found to increase tunicamycin-induced

CHOP expression. These data suggest that NOD2

plays a key role in the suppression of CHOP expres-

sion in VSMCs after vascular injury.

Interaction between NOD2 and ATF6 represses

CHOP promoter activity

Based on the above findings, we studied the CHOP pro-

moter (�870/+24) fused to the firefly luciferase gene using

transient transfection assays. The full-length promoter

showed to tunicamycin treatment by enhancing luciferase

expression approximately 2.7-fold (Fig. 3A). Deletion of

the �870 to �160 regions significantly reduced basal

expression and increased inducibility up to approximately

8.6-fold. Interestingly, full-length (�870/+24) and deletion

(�160/+24) promoter activities were decreased in the pres-

ence of NOD2. However, further deletion from �160 to

�50 completely abolished the induction by tunicamycin

and response to NOD2 (Fig. 3A). This indispensable

region from �160 to �50 contains the ERSE (cis-acting

ER stress response element) 1 and ERSE2 sites, which are

binding sites for ATF6 and XBP1 (X-box binding protein

1) [18]. To determine whether NOD2 decreases CHOP

promoter activity through interaction with ATF6 or

XBP1, CHOP (�160/+24) promoter construct was

cotransfected with or without NOD in wild-type,

XBP1�/�, or ATF6�/� MEF cells. The cells were treated

with tunicamycin 16 h after transfection and promoter

activity was analyzed. Cotransfected NOD2 suppressed

the activity of tunicamycin-induced CHOP (�160/+24)
promoter activity in wild-type and XBP1�/� MEF cells

(Fig. 3B). However, the suppressive effects of NOD2 on

CHOP (�160/+24) promoter activity were not present in

ATF6�/� MEF cells (Fig. 3B). mRNA expression of

XBP1s, splice form, or ATF6 was identified from wild-

type, XBP1�/�, or ATF6�/� MEF cells after vehicle or

tunicamycin administration (Fig. 3C,D). To determine

whether NOD2 decreases transcriptional activity of

ATF6, we generated an ERSE1/2 mutant containing the

CHOP (�160/+24) ERSE1/2m promoter construct.

CHOP (�160/+24) ERSE1/2 and ERSE1/2m were trans-

fected with vehicle or ATF6 with or without NOD2, and

promoter activity was analyzed (Fig. 3E). ATF6

increased CHOP (�160/+24) ERSE1/2 promoter activity

4.7-fold compared to the vehicle control. Additionally,

NOD2 suppressed ATF6-induced CHOP (�160/+24)
ERSE1/2 promoter activity. However, CHOP (�160/

+24) ERSE1/2m promoter activity showed very low basal

activity and abolished ATF6 induction and response to

NOD2 (Fig. 3E). To verify that CHOP (�160/+24)
ERSE1/2 sites are important regions for NOD2-mediated

suppression of CHOP expression, we generated CHOP

(�160/�62), ERSE1/2, and CHOP (�160/�62) ERSE1/

2m minimal promoter constructs. To construct the

CHOP-ERSE1/2 and CHOP-ERSE1/2m minimal pro-

moter, CHOP-ERSE1/2 (�160 to �62) and CHOP-

ERSE1/2m within the �160 to �62 promoter region

were inserted into the beginning of the SV40 promoter.

CHOP-ERSE1/2 minimal promoter showed a lower

response to ATF6 than the CHOP-ERSE1/2 (�160/+24)
promoter (Fig. 3F). Nevertheless, this experiment con-

firmed that NOD2 downregulates CHOP transcriptional

activity through ERSE1/2 sites. These data suggest that

NOD2 is an important suppressor of ERSE-mediated

induction of CHOP expression triggered by tunicamycin-

induced ER stress.

Card2 domain of NOD2 interacts with ATF6

during ER stress

Although NOD2 downregulated ATF6-mediated

CHOP promoter activity, the expression of phosphor-

PERK and phosphor-IRE1a and cleaved ATF6
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(ATF6p) was similar between NOD2+/+ and NOD2�/�

VSMCs in the presence of tunicamycin (data not

shown). Furthermore, the expression of cleaved ATF6

was enhanced in MDP administrated and NOD2 over-

expressed NOD2+/+ VSMCs (data not shown). These

data suggest that NOD2 may not involve in the

expression and cleavage of ATF6 during tunicamycin-

induced ER stress. To investigate the interaction

between NOD2 and ATF6 is critical for the suppres-

sion of CHOP promoter activity, their interaction was

examined. At first, the subcellular localization of

NOD2, a NOD2-GFP fusion construct and pDdRed2-
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Fig. 1. Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) deficiency induces CHOP (C/EBP homologous protein)

expression after vascular injury in mice. (A) Femoral arteries were harvested 28 days after injury. The immunostaining for CHOP was

performed on sections from NOD2+/+ and NOD2�/� mice. Arrows indicate IEL (internal elastic lamina) of the vessels. Lu represents the

vessel lumen. (B) CHOP-positive cells were counted in NOD2+/+ (n = 10) and NOD2�/� (n = 16) vessels after injury. Student’s two-tailed

unpaired t-test, *P < 0.05, NOD2+/+ vs NOD2�/�. Data are represented as mean � SD. (C) Quantitative real-time RT-PCR was performed to

assess mRNA levels of CHOP in NOD2+/+ and NOD2�/� VSMCs 6, 12, and 24 h after vehicle (V) or tunicamycin (100 ng�mL�1) treatment.

Mann–Whitney U-test, *P < 0.05, upregulation of gene expression in NOD2�/� vs NOD2+/+ VSMCs. For all real-time PCR analyses, mouse

b-actin was used as a control for normalization. Values are mean � SD, with n = 3. (D) Western blotting for CHOP was performed 3, 6, 12,

24, 48, or 72 h after vehicle (V) or tunicamycin administration in NOD2�/� vs NOD2+/+ VSMCs. GAPDH (glyceraldehyde-3-phosphate

dehydrogenase) was used as a control for normalization. Mann–Whitney U-test, *P < 0.05, upregulation of CHOP expression in tunicamycin

vs vehicle, **P < 0.05, upregulation of CHOP expression in NOD2�/� vs NOD2+/+ VSMCs. Values are mean � SD, n = 3. (E) Total RNA was

extracted from VSMCs at various points, 6, 12, 24 h after tunicamycin administration. The mRNA levels of NOD2 were analyzed by

quantitative real-time RT-PCR. For all of the real-time RT-PCR analyses, mouse b-actin was used as controls for normalization. Mann–

Whitney U-test, *P < 0.05, upregulation of NOD2 expression in tunicamycin vs vehicle. Values are mean � SD, n = 3. Vehicle and

tunicamycin were treated in NOD1+/+ and NOD2�/� VSMCs. Total protein was harvested after treatment at various time points. JNK (c-Jun

N-terminal kinases) and phosphorylated JNK (F) and caspase-12, cleaved caspase-12 (G) were assessed by western blot analysis. b-actin

was used as controls for normalization. NOD2+/+ is in black square and NOD2�/� is in dark green square.
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ER for fluorescent labeling of the ER were transfected

into 293F cells. Transfected cells were treated with

tunicamycin, and protein trafficking of NOD2 and red

fluorescent protein fusing with ER retention sequence,

KDEL, was examined by conjugated fluorescence pro-

tein and confocal imaging (Fig. 4A). The confocal
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for 16 h with or without TM (2 lg�mL�1) was determined, and averages from three independent experiments are presented with standard
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vehicle in wild-type MEF cells. Student’s two-tailed unpaired t-test, #P < 0.05, vs activity of CHOP (�160/+24) promoter constructs stimulated

with TM (2 lg�mL�1) in wild-type and XBP�/� MEF cells. Values are mean � SD, n = 12. Quantitative real-time RT-PCR was performed to

assess mRNA levels of ATF6 (C) or XBP1s (D) 12 h after vehicle (V) or TM (100 ng�mL�1) administration in wild-type, XBP�/�, or ATF6�/� MEF

cells. Mann–Whitney U-test, *P < 0.05, upregulation of gene expression in TM vs vehicle. For all real-time PCR analyses, mouse b-actin was

used as a control for normalization. Values are mean � SD, n = 3. (E) CHOP (�160/+24) ERSE1/2 and ERSE1/2m promoter constructs were

transiently transfected into VSMCs with or without NOD2 in the absence or presence of ATF6. Relative luciferase activity in transfected cells

incubated for 16 h with or without TM (2 lg�mL�1) was determined. CHOP promoter activity was calculated as fold induction compared with

the activity of construct CHOP (�160/+24) ERSE1/2 exposed to vehicle. Student’s two-tailed unpaired t-test, #P < 0.05, vs activity of CHOP
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promoter constructs stimulated with TM (2 lg�mL�1) in VSMCs. Values are mean � SD, n = 12.
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images clearly demonstrated that NOD2 mainly

expressed in the cytoplasm, before localizing to the ER

in response to an ER stress inducer. These data raised

the possibility that NOD2 may interact with ATF6

and other ER stress sensors, such as IRE1a and

PERK. To specify colocalization between NOD2 and

ATF6, IRE1a, and PERK, NOD2-GFP and ARF6-,

IRE1a-, or PERK-RFP fusion constructs were trans-

fected and treated with tunicamycin. Protein traffick-

ing of NOD2, ATF6, IRE1a, and PERK proteins was

examined using conjugated fluorescence proteins and

confocal imaging (Fig. 4B). The confocal images

showed that NOD2 colocalized with ATF6 in the

absence and presence of the ER stress inducer tuni-

camycin. Interestingly, colocalization between NOD2

and ATF6 was enhanced under ER stress conditions

(Fig. 4B). To determine a physical interaction between

NOD2 and ATF6, IRE1a, or PERK, Flag-tagged

NOD2 (Flag-NOD2) construct and HA-tagged ATF6

(HA-ATF6), IRE1a (HA-IRE1a), or PERK (HA-

PERK) were transfected into 293F cells. Flag-tagged

GFP (Flag-GFP) was used as a control protein. Trans-

fected cells were treated with tunicamycin and cell

lysates were analyzed by immunoprecipitation using

anti-Flag antibody, followed by western blotting anal-

ysis with anti-HA antibody (Fig. 4C). To confirm the

specific interaction between NOD2 and ATF6,

cotransfected 293F cells were treated as indicated and

cell lysates were by immunoprecipitation using anti-

IgG or anti-Flag antibodies, followed by western blot-

ting analysis with anti-HA antibody (Fig. 4D). As

shown in Fig. 4C,D, NOD2 interacted with ATF6 in

the absence of ER stress. However, the interaction

between NOD2 and ATF6 was prolonged and

enhanced in the presence of tunicamycin, but this was

not the case for NOD2 interaction with IRE1a or

PERK (Fig. 4C).

To better understand the interaction sites between

NOD2 and ATF6, various subregions of NOD2 and

ATF6 were deleted, and a schematic representation is

shown in Fig. 5A,C of NOD2 and ATF6, respectively.

The constructs of HA-tagged ATF6 and Flag-tagged

NOD2 domain deletion were transfected as indicated,

and treated with vehicle or tunicamycin. Cell lysates

were analyzed by immunoprecipitation using anti-Flag

antibody, followed by western blot analysis with anti-

HA antibody. As previously mentioned, NOD2 con-

tains three distinct motifs: two Cards, NBD, and

LRR. Flag-tagged proteins containing only Card2

(Flag-Card2), Flag-tagged Card1/2 (Flag-Card/2), and

Flag-tagged DLRR (LRR region-deleted NOD2, Flag-

DLRR) were strongly co-immunoprecipitated with

HA-tagged ATF6 in the presence of the ER stress

inducer, tunicamycin (Fig. 5B). However, Flag-tagged

proteins containing only Card1 (Flag-Card1), NBD

(Flag-NBD), or LRR (Flag-LRR) failed to co-im-

munoprecipitate with HA-ATF6. To determine the

region of ATF6 that interacts with NOD2, HA-tagged

ATF6 domain-containing constructs were generated

from various regions of ATF6 (Fig. 5C). These HA-

tagged ATF6 domain-containing constructs were

cotransfected with Flag-tagged NOD2 for immunopre-

cipitation assays. As shown in Fig. 5D, HA-tagged

ATF6 (HA-ATF6) and HA-tagged lumen (lumen

region of ATF6, HA-Lumen) were strongly co-im-

munoprecipitated with Flag-tagged NOD2 (Flag-

NOD2) in the presence of ER stress. On the contrary,

HA-tagged TAD (TAD region of ATF6, HA-TAD)

and basic ZIP (basic leucine zipper region of ATF6,

HA-bZIP) constructs have been shown to have a weak

interaction with Flag-NOD2 (Fig. 5D). To verify the

interaction between NOD2 and ATF6 and their speci-

fic interacting region, HA-tagged ATF6 domain-con-

taining constructs were cotransfected with the Flag-

tagged Card2 domain construct of NOD2. Figure 5E

shows that the interaction between the Card2 domain

of NOD2 and ATF6 only occurs for the full-length

(HA-ATF6) and lumenal region (HA-Lumen) of

ATF6. These results suggest that NOD2 interacts with

ATF6 through binding the region between Card2 of

NOD2 and the lumen region of ATF6.

To substantiate the importance of interacting sites

between NOD2 and ATF6, NOD2 deletion con-

structs were examined that exhibit a trans-suppres-

sion effects on CHOP promoter activity (Fig. 6A).

The CHOP (�160/+24) promoter was cotransfected

with NOD2 deletion mutants, and promoter activity

was analyzed after tunicamycin or ATF6 stimula-

tion. Interestingly, only the Card2 domain was

involved in physical interaction with ATF6; how-

ever, the Card1 and NBD domains were necessary

for trans-suppression of CHOP (�160/+24) pro-

moter activity (Fig. 6B,C). These data suggest that

NOD2 could be a negative regulator for ATF6

through a physical interaction, and that Card1,

Card2, and NBD domains are involved in suppres-

sion of its activity.

NOD2 deficiency promotes disruption of

advanced atherosclerotic lesions and CHOP

expression

In vitro studies have indicated ER stress in cell death

of macrophages and smooth muscle cells, a process

engaged in plaque necrosis during progressed athero-

mata. NOD2+/+ApoE�/� and NOD2�/�ApoE�/� mice
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on a C57BL/6 background were placed on an athero-

genic diet for 8 or 16 weeks. The mice were then sacri-

ficed and analyzed for lipoprotein, metabolic, and

plaque characteristics. To investigate the effect of

NOD2 deficiency in animal model of atherosclerosis,

ascending aorta of atherogenic diet-fed NOD2+/+

ApoE�/� and NOD2�/�ApoE�/� mice were analyzed

for morphology and size after being fed a CD (control

diet) or AD (atherogenic diet) for 16 weeks, as shown

in the representative images in Fig. 7A. Despite of

similar plasma lipoproteins, lesion area was 2.65-fold

larger in NOD2�/�ApoE�/� mice compared with

NOD2+/+ApoE�/� mice (Fig. 7B). In particular, necro-

tic core size of plaques is an important determinant of

plaque vulnerability [19]. Analysis of lesions for acellu-

lar nonfibrotic areas revealed an increase in plaque

necrosis in NOD2�/�ApoE�/� mice lesions, and quan-

tification of this parameter for the entire mice cohort

indicated a 2.88-fold increase in total necrotic lesion

area for NOD2�/�ApoE�/� mice (P < 0.05) (Fig. 7C).

However, food intake and body weight gain were simi-

lar between NOD2+/+ApoE�/� and NOD2�/�ApoE�/�

mice after feeding with a normal diet or atherogenic

diet for 16 weeks (Fig. 7D,E). To determine CHOP

expression in plaques, we analyzed protein levels of

CHOP from aorta obtained from mice fed a CD or

AD diet for 16 weeks using western blotting analysis

(Fig. 7F). Protein levels of CHOP were increased

16 weeks after the start of the AD diet. As expected,

protein levels of CHOP were enhanced in aortas of

NOD2+/+ApoE�/� and NOD2�/�ApoE�/� mice after

feeding with the AD diet. Figure 7F indicates
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individual mouse number. Importantly, CHOP expres-

sion was increased in NOD2�/�ApoE�/� mice com-

pared with NOD2+/+ApoE�/� mice after feeding with

an AD diet. To investigate the physiological role of

NOD2 in ER stress-induced cell death, we isolated pri-

mary aortic VSMCs from NOD2+/+ApoE�/� or

NOD2�/�ApoE�/� mice aortas. We then assessed ER

stress-induced cell death at various time points after

tunicamycin treatment for NOD2+/+ApoE�/� and

NOD2�/�ApoE�/� VSMCs. Cell viability of NOD2�/�

ApoE�/� (44.88%) VSMCs was decreased 72 h after

tunicamycin treatment, compared to NOD2+/+ApoE�/�

(67.59%) VSMCs (Fig. 7G). NOD2+/+ApoE�/� and

NOD2�/�ApoE�/� mice did not show significantly in

total plasma cholesterol, triglyceride, and free fatty acids

(Fig. 7H–J). These data indicate that ER stress-induced

CHOP expression of VSMCs may contribute to plaque

vulnerability and cell death in NOD2�/�ApoE�/� mice.

Discussion

Atherosclerosis, a silent chronic vascular disease, is the

major cause of heart disease and stroke. In developed

countries, it is the fundamental cause of ~ 50% of

total population deaths [20,21]. The lesion that occurs

during atherosclerosis shows a series of highly specific

cellular and molecular responses. VSMC proliferation

and neointimal formation are important phenomena in

the pathophysiological course of atherosclerosis and

restenosis after balloon angioplasty [22]. Previously,

we demonstrated that NOD2 restrains VSMC prolifer-

ation and migration, and prevents neointima
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formation in a vascular injury model [15]. VSMCs play

a key role in regulating plaque stability in advanced

atherosclerosis. Once a plaque is established, VSMC

death leads to plaque rupture and exposure of pro-

thrombotic debris, which can lead to myocardial

infarction [23]. Recently, ER stress has been implicated

in regulating VSMC phenotype, physiology, and death

in vascular diseases [24]. Recent studies show that sev-

eral atherogenic factors have been identified as ER

stress inducers in VSMCs. In the different cell types,

CHOP is known as the key molecules for initiating cell

death under chronic ER stress [25]. For example,

higher CHOP expression due to ER stress is associated

with VSMC death in human and mouse studies [26].

In this study, we investigated the hypothesis that

NOD2 may have protective effects on ER stress-

induced VSMC death in advanced plaques. We first

tested CHOP expression in neointima of NOD2+/+ and

NOD2�/� vessels after femoral artery injury (Fig. 1A).

A significantly higher expression for CHOP was

observed in NOD2�/� femoral arteries compared with

NOD2+/+ femoral arteries. In in vitro experiments, the

ER stress inducer tunicamycin enhanced expression of

CHOP in NOD2�/� VSMCs compared to expression

in NOD2+/+ VSMCs (Fig. 1C,D). Consistent with

these results, we found that NOD2 ligand, MDP, and

NOD2 overexpression reduced ER stress-induced

CHOP expression in NOD2+/+ VSMCs (Fig. 2). There-

fore, our data support our initial hypothesis that

NOD2 may regulate CHOP expression in VSMCs.

Based on these data, we tested whether NOD2 could

regulate CHOP promoter activities and interact with
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after the transfection. CHOP promoter activity was calculated as fold induction compared with the activity of construct CHOP (�160/+24)

exposed to vehicle. Student’s two-tailed unpaired t-test, #P < 0.05, vs. activity of CHOP (�160/+24) in the presence of TM (2 mg�mL�1).

Values are mean � SD, n = 12. (C) CHOP (�160/+24) construct was transiently transfected with NOD2 or NOD2 deletion mutants in the
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the ER stress sensors PERK, IRE1, or ATF6, or their

downstream targets. Interestingly, NOD2 decreased

CHOP promoter activity through interaction with

ATF6 at two ERSE sites (Fig. 3). In Fig. 3A, the

induction of the CHOP (�870/+24) promoter was

much lower than that expected from the induction of

CHOP mRNA in the presence of tunicamycin

(Fig. 2F, black bars). However, a high basal activity

of the CHOP (�870/+24) promoter, which accounts

for its low inducibility, has also been previously

reported [27]. Moreover, we found that NOD2 inter-

acted with ATF6 directly, and not with PERK and

IRE1a in the presence of the tunicamycin (Fig. 4).

NOD2 interacted weakly with the bZIP transcription
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Fig. 7. Nucleotide-binding oligomerization domain protein 2 deficiency promotes disruption of advanced atherosclerotic lesions and CHOP

expression. (A) Images show representative sections of ascending aorta from each group of mice stained with hematoxylin and eosin.

Quantification was conducted on lesions size (B) and necrotic area in the lesions (C) of NOD2+/+ApoE�/� (n = 9) and NOD2�/�ApoE�/�

(n = 12) mice given control diet or atherogenic diets for 16 weeks. Student’s two-tailed unpaired t-test, *P < 0.05 NOD2+/+ApoE�/� vs

NOD2�/�ApoE�/� after administration of an atherogenic diet for 16 weeks. Values are mean � SD. Food intake (D) and gain of body weight

(E) were monitored twice a week for 16 weeks after CD (control diet) or AD (atherogenic diet) and represented as a graph. Food intake was

represented as a gram per day in mouse. Values are mean � SD, n = 9. NOD2+/+ApoE�/� is in black square and NOD2�/�ApoE�/� is in dark

green square. (F) Total protein was harvested from NOD2+/+ApoE�/� and NOD2�/�ApoE�/� mice aortas 16 weeks after the start of either

the CD (control diet) or AD (atherogenic diet). Protein levels of CHOP were analyzed using western blotting. The numbers indicate individual

mice. Mann–Whitney U-test, *P < 0.05, upregulation of CHOP expression in AD (atherogenic diet) vs CD (control diet), **P < 0.05,

upregulation of CHOP expression in NOD2�/�ApoE�/� vs NOD2+/+ApoE�/� mice aorta. Values are mean � SD. (G) Cell viability of NOD2+/+

ApoE�/� and NOD2�/�ApoE�/� VSMCs was measured at 0, 48, and 72 h after vehicle or TM (tunicamycin, 100 ng�mL�1) administration

using Ez-Cytox Cell Viability Assay Kit. Student’s two-tailed unpaired t-test, #P < 0.05, decreased cell viability of NOD2�/�ApoE�/� vs

NOD2+/+ApoE�/� VSMCs in the presence or absence of tunicamycin. Values represent mean � SD, n = 12. Serum total cholesterol (H),

triglyceride (I), and free fatty acid (J) in NOD2+/+ApoE�/� and NOD2�/�ApoE�/� 16 weeks after CD (control diet) or AD (atherogenic diet).

Values are mean � SD, n = 9. NOD2+/+ApoE�/� is in black square and NOD2�/�ApoE�/� is in dark green square.
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factor domain of ATF6, which is located in the cytosol

when tunicamycin is absent (Fig. 4C,D, and Fig. 5B).

However, physical interaction of NOD2 and ATF6

was strongly elevated through a Card2 domain of

NOD2 and luminal domain of ATF6 in the presence

of ER stress inducer, tunicamycin (Fig. 5D,E). Struc-

turally, NOD2 has two caspase recruitment (Card)

domains that function as effector domains and mediate

specific hemophilic interactions with downstream

Card-containing molecules [28]. After activation by the

ligand MDP through the LRR (leucine-rich repeat)

domain, NOD2 undergoes self-oligomerization and

recruitment of the downstream adaptor molecule

kinase, RIP2 (receptor interacting protein 2), via a

homophilic Card–Card interaction [29]. Active RIP2

induces to signaling events and transcription of many

genes, including proinflammatory cytokines [30].

NOD2 has also been suggested to play a role in the

autophagic process, due to its interaction with autop-

hagy protein ATG16L1 (autophagy Related 16 Like

1), and suppresses inflammatory cytokines through the

NOD2 and ATG16L1 signaling axis [31]. We have not

yet studied the mechanism by which NOD2 is translo-

cated from the cytosol to the ER lumen in the pres-

ence of ER-related stress. However, our data clearly

show that the Card2 domain of NOD2 can

heterophilically interact with the luminal region of

ATF6. Even though the Card2 domain of NOD2

interacted with the luminal region of ATF6, Card2

alone was not sufficient to suppress CHOP promoter

activity under ER stress induced by tunicamycin or

ATF6. Card1, Card2, and the NBD domain of

NOD2, but not the LRR domain, are essential for

trans-suppression of NOD2 effects on CHOP pro-

moter ESRE sites through ATF6 (Fig. 6). These data

imply that NOD2 can downregulate transcriptional

expression of CHOP through ERSE sites in the CHOP

promoter region, mediated by NOD2 and ATF6 inter-

action. Further work should focus on determining

whether NOD2 may prevent ATF6 translocation to

the nucleus after NOD2 and ATF6 interaction. Recent

studies suggest that cytosolic proteins translocate

across or insertion into ER membranes using sophisti-

cated transport machinery components such as hetero-

trimeric Sec61 complexes [32]. In this study, we have

not shown the specific molecular mechanisms for

NOD2 translocation to ER lumen. Therefore, the

mechanism and specific components for NOD2

translocation from cytosol to ER need to be elucidated

in the further investigation.

Finally, further work is needed to confirm that

NOD2 regulates cell death and prevents necrotic core

formation in advanced plaques in an animal

atherosclerosis model. A greater number of necrotic

cores were observed in the aortic vessels of NOD2 and

ApoE double-deficient mice, compared with NOD2

wild-type and ApoE-deficient mice after an atherogenic

diet (Fig. 7). We also confirmed enhanced CHOP

expression in the aortas of NOD2 and ApoE double

knock-out mice compared with NOD2 wild-type and

ApoE knout-out mice after mice were fed an athero-

genic diet for 16 weeks. Importantly, NOD2-deficient

VSMCs were sensitive to ER stress-induced cell death,

compared with normal VSMCs (Fig. 7G). These data

confirm that NOD2 can prevent higher expression of

CHOP, cell death, and necrotic core formation in

advanced plaques of atherosclerosis.

Other studies have examined the role of PRRs, such

as TLRs or NLRs (NOD-like receptors), during ER

stress in inflammatory or vascular diseases [29]. TLRs

are thought to mediate macrophage cell death and pla-

que necrosis [33]. For example, oxidized LDL has been

shown to activate an ER stress–CHOP-induced cell

death pathway through TLR2 or TLR4-mediated sig-

naling in macrophages [33]. Recent studies have inves-

tigated evidence for a role for NOD1/NOD2 in the

ER stress-induced inflammation via a peptidoglycan-

independent mechanism [34]. In summary, in this

study, we demonstrated a protective play of NOD2

during ER stress-induced VSMC death in processes

related specifically to plaque necrosis. Our work will

offer novel therapeutic targets, NOD2, for both the

prevention and treatment of atherosclerosis.

Materials and methods

Animals

NOD2-deficient mice (NOD2�/�) and ApoE-deficient mice

(ApoE�/�) were purchased from the Jackson laboratory

(Bar Harbor, ME, USA) on a pure C57BL/6 genetic back-

ground, and NOD2 and ApoE double-deficient mice

(NOD2�/�ApoE�/�) were generated by crossing NOD2�/�

with ApoE�/� mice. These mice were maintained within the

animal facilities at Harvard Medical School and University

of Ulsan, in accordance with guidelines. All animal experi-

ments were approved from the animal facilities (protocol

02773, UOU-2012-019).

Animal experiments and immunohistochemistry

The endoluminal injury to the mouse left common femoral

artery was performed for femoral artery injury, and paraf-

fin-embedded tissues were sectioned as described [35]. Ves-

sel sections were stained using antibody against CHOP

(Santa Cruz Biotechnology, CA) after femoral artery
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injury. Seven- to 8-week-old male NOD2+/+ApoE�/� and

NOD2�/�ApoE�/� mice were fed an atherogenic Paigen

diet (Research Diets Inc., New Brunswick, NJ, USA) for

16 weeks before sacrifice. Necrotic core size was measured

by calculating the percentage of the lesion that was acellu-

lar on hematoxylin and eosin (H&E) staining [36].

Plasma cholesterol, triglyceride, and free fatty

acid measurements

At the time of sacrifice, plasma was collected via left ventric-

ular puncture. Total plasma cholesterol (Invitrogen, Carls-

bad, CA, USA), triglyceride (Asan Pharm. Co., LTD.,

Seoul, Korea), and free fatty acid (Biovision Inc., Milpitas,

CA, USA) were measured using commercially available kits.

Cell culture and reagents

Primary wild-type (NOD2+/+) and NOD2-deficient

(NOD2�/�) VSMCs from mice were isolated with the use

of collagenase and elastase digestion of aortas, as described

previously [37]. VSMCs were grown to ~ 80% confluence

in DMEM media with 20% FBS. The VSMCs used were

between passages 3 and 9. 293F cells were purchased from

GIBCO (Life Technologies, Grand Island, NY, USA).

Wild-type, XBP-deficient (XBP1�/�), and ATF6-deficient

(ATF6�/�) MEFs (mouse embryonic fibroblasts) were

kindly provided by SH Back. 293F cells and MEFs were

cultured in DMEM (Life Technologies, Grand Island, NY,

USA). Tunicamycin (Sigma-Aldrich, St Louis, MO, USA),

Peptidoglycan (Sigma-Aldrich), iE-DAP (Invitrogen), MDP

(Sigma-Aldrich), and other reagents (Sigma-Aldrich) were

used.

Cell viability analysis

Cell viability was determined by MTS assay using the Cell-

Titer 96� AQueous One Solution Cell Proliferation Assay

kit (Promega, Madison, WI, USA) according to the manu-

facturer’s protocol. Absorbance (490 nm) was then mea-

sured using a SpectraMax M2 microplate reader

(Molecular Devices, San Jose, CA, USA) to calculate the

cell viable percentages, and normalized by the control

group.

Western blotting analysis and

immunoprecipitation

Western blotting analysis was performed as previously

described [38]. The membrane transferred samples were

hybridized with antibodies, including CHOP, eIF2a, phos-
phorylated eIF2a, Bcl-xL, Bcl-2, Bak, GAPDH (Santa

Cruz Biotechnology, Santa Cruz, CA), IRE1a, caspase-3,

cleaved caspase-3, PERK (Cell signaling, Boston, MA),

ATF4 (Proteintech Group Inc., Chicago, IL), ATF6

(IMGENEX, San Diego, CA), XBP1, phosphorylated

IRE1a (abcam�, Cambridge, MA, USA), KDEL (ENZO

Life Sciences, Farmingdale, NY, USA), and b-actin (Sigma

Chemicals, St Louis, MO, USA). Blots were then incubated

with HRP-conjugated IgG and visualized with SuperSignal

West Pico Chemiluminescent Substrate (Pierce, Rockford,

IL, USA).

For immunoprecipitation, protein G Dynabeads (Invitro-

gen) was incubated with anti-FLAG antibody (Sigma

Chemicals). Lysates were incubated with protein G Dyn-

abeads (Invitrogen) and antibody. Beads were then rinsed

and then resuspended in SDS/PAGE sample buffer.

Confocal microscopy

293F cells were grown on coverslips and were transfected

with GFP-NOD2, RFP-PERK, RFP-IRE1, or RFP-ATF6.

Cells were fixed in 4% formaldehyde. A nuclear was coun-

terstained using a solution of Hoechst 33258 (Sigma-

Aldrich) staining, and slide mounting was performed using

Fluorescence Mounting Medium (Dako, Santa Clara, CA,

USA). An Olympus FV1000 MPE microscope was used to

acquire images.

Quantitative real-time RT-PCR

Total RNA was isolated using Trizol reagent (Invitrogen),

and reverse transcription was performed using Super-

ScriptTM III First-Strand Synthesis System (Invitrogen). The

primer sequences were as follows: mouse CHOP forward

(CTG CCT TTC ACC TTG GAG AC) and reverse (CGT

TTC CTG GGG ATG AGA TA); mouse b-actin forward

(CT CCA TCA TGA AGT GTG ACG) and reverse (ATA

CTC CTG CTT GCT GAT CC).

Transfection and luciferase assays

Plasmids, pCGN/ATF6 (1–373), and pGL3/hCHOP (�870/

+24) were provided by SH Back. pGL3/hCHOP (�160/

+24) and pGL3/hCHOP (�79/+24) were cloned from

pGL3/hCHOP (�870/+24) using restriction digestion.

CHOP ERSE1/2 sites were changed from 50-AATTC-30 to
50-TGCCA-30, and CHOP ERSE1/2 minimal promoter

constructs were cloned into the pGL2-promoter. Human

CHOP promoter constructs [pGL3/hCHOP (�870/+24),
pGL3/hCHOP (�665/+24), and pGL3/hCHOP (�160/+24)]
were transfected with NOD2 or ATF6 expression plasmids,

and pcDNA3/Flag-NOD2 or pCGN/ATF6 (1–373), respec-
tively, in VSMCs. Mutations were introduced into the

ERSE1/2 site sequence using an oligonucleotide with the

sequence (�98) GCCGGCGAATTCCTTTCTGA (�79).

CHOP ERSE1/2 (�98/�79) and ERSE1/2m minimal pro-

moter constructs were cloned into the pGL2-promoter.
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DNA transfection was performed using FuGENE6 trans-

fection reagent (Roche, Indianapolis, IN, USA) according

to the manufacturer’s instructions. After 48 h incubation in

fresh medium, cells were lysed in Reporter Lysis Buffer

(Promega). To induce the CHOP promoter, cells were trea-

ted with tunicamycin for 18 h prior to harvesting. The cell

lysates were used to determine luciferase activity using the

Dual-luciferase� Reporter Assay System (Promega). Luci-

ferase activity was normalized using beta-galactosidase.

Statistical analysis

Data are represented as mean � SD. For comparisons

between two groups, we used a Student’s two-tailed

unpaired t-test. The Mann–Whitney U-test was performed

to compare mRNA and protein expression. A statistically

significant difference was indicated for P < 0.05.
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