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Abstract. Programmed cell death 4 (PDCD4) is involved in a 
number of bioprocesses, such as apoptosis and inflammation. 
However, its regulatory mechanisms in atherosclerosis remain 
unclear. In this study, we investigated the role and mechanisms of 
action of PDCD4 in high-fat diet-induced atherosclerosis in mice 
and in foam cells (characteristic pathological cells in atheroscle-
rotic lesions) derived from ox-LDL-stimulated macrophages. 
MicroRNA (miR)-16 was predicted to bind PDCD4 by bioinfor-
matics analysis. In the mice with atherosclerosis and in the foam 
cells, PDCD4 protein expression (but not the mRNA expression) 
was enhanced, while that of miR-16 was reduced. Transfection 
with miR-16 mimic decreased the activity of a luciferase reporter 
containing the 3' untranslated region (3'UTR) of PDCD4 in the 
macrophage-derived foam cells. Conversely, treatment with 
miR-16 inhibitor enhanced the luciferase activity. However, by 
introducing mutations in the predicted binding site located in the 
3'UTR of PDCD4, the miR-16 mimic and inhibitor were unable 
to alter the level of PDCD4, suggesting that miR-16 is a direct 
negative regulator of PDCD4 in atherosclerosis. Furthermore, 
transfection wtih miR-16 mimic and siRNA targeting PDCD4 
suppressed the secretion and mRNA expression of pro-inflam-
matory factors, such as interleukin (IL)-6 and tumor necrosis 
factor-α (TNF-α), whereas it enhanced the secretion and mRNA 
expression of the anti-inflammatory factor, IL-10. Treatment 
with miR-16 inhibitor exerted the opposite effects. In addition, 
the phosphorylation of p38 and extracellular signal-regulated 
kinase (ERK), and nuclear factor-κB (NF-κB) expression were 
altered by miR-16. In conclusion, our data demonstrate that the 
targeting of PDCD4 by miR-16 may suppress the activation of 

inflammatory macrophages though mitogen-activated protein 
kinase (MAPK) and NF-κB signaling in atherosclerosis; thus, 
PDCD4 may prove to be a potential therapeutic target in the 
treatment of atherosclerosis.

Introduction

The aging of the population and the increasing incidence of 
obesity and type 2 diabetes have led to the global burden of 
atherosclerosis (1), which is a chronic inflammatory disease of 
the blood vessel wall driven by the subendothelial retention of 
macrophages (2). The excessive production of oxidized low-
density lipoprotein (ox-LDL) in the blood leads to the adequate 
removal of fats and cholesterol from macrophages, and conse-
quently promotes the formation of multiple atheromatous 
plaques within the arteries (3). In addition to macrophages, 
dendritic cells, inflammatory smooth muscle cells, lympho-
cytes and other inflammatory cells are found in atherosclerotic 
plaques, indicating the major involvement of immune and 
inflammatory mechanisms in the pathogenesis of atheroscle-
rosis (4,5). In addition, apoptosis, vascular smooth muscle 
cell (VSMC) apoptosis in particular, is a critical cellular event 
responsible for the pathogenesis of atherosclerosis and plaque 
stability (6).

Programmed cell death 4 (PDCD4) expression is markedly 
induced by apoptosis and PDCD4 was initially recognized as 
a tumor suppressor (7). However, the biological functions of 
PDCD4 in other diseases have been discussed. Apart from 
tumor cells, PDCD4 has been found to be expressed in cardiac 
muscle cells and VSMCs (8). In VSMCs, PDCD4 acts as a 
regulator of apoptosis via activator protein-1 (AP-1) (9), demon-
strating the vital role of PDCD4 in cardiovascular disease, 
particularly in atherosclerosis-related diseases. Furthermore, 
PDCD4 promotes the inflammatory response by activating 
nuclear factor-κB (NF-κB) and suppressing interleukin (IL)-10 
expression (10,11). These findings underline the potential role 
of PDCD4 as a novel therapeutic target in the clinical treatment 
of atherosclerosis.

MicroRNAs (miRNAs or miRs) are small non-encoding 
RNAs, which play an important role in the fine regulation of 
multiple physiological processes (12). Both the transcriptional 
silencing and translational disruption of genes are regulated 
by miRNAs via direct binding to the 3' or 5' untranslated 
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region (UTR) (13). To date, a number of atherosclerosis-related 
miRNAs have been identified, such as miR-33, miR-155, 
miR-342-5p and miR-126-5p (14,15).

Although PDCD4 has been proven to be a pro-inflamma-
tory protein, the involvement of PDCD4 in atherosclerosis 
has not been reported until recently. Jiang et al found that a 
deficiency in the PDCD4 gene had a positive regulatory effect 
in atherosclerosis by increasing the expression of IL-10 (16). 
Nevertheless, to the best of our knowledge, miRNAs targeting 
PDCD4 in atherosclerosis have not been discovered to date. 
Hence, in this study, we firstly validated miR-16 as a regu-
lator of PDCD4 miRNA and examined the alterations in the 
expression levels of both miR-16 and PDCD4 in high-fat diet 
induced atherosclerosis in mice and in foam cells derived from 
ox-LDL-stimulated macrophages. Moreover, the underlying 
mechanisms were subsequently investigated.

Materials and methods

Reagents, miRNA mimic, inhibitor and antibodies. RPMI-1640 
medium, Dulbecco's modified Eagle's medium (DMEM), fetal 
bovine serum (FBS), penicillin, streptomycin and ox-LDL were 
purchased from Invitrogen (Shanghai, China). miR-16 mimic, 
miR-16 inhibitor and siRNA targeting PDCD4 (PDCD4 siRNA) 
were purchased from GenePharma (Shanghai, China), as well 
as their negative control (NC) oligonucleotide duplex that did 
not target any gene. Antibodies against p38 (ab7952), phos-
phorylated (p-)p38 (ab4822), extracellular signal-regulated 
kinase (ERK; ab180163), p-ERK (ab131438), c-Jun NH2-terminal 
kinase (JNK; ab199380), p-JNK (ab18680), p65 (ab90532) and 
PDCD4 (ab79405) were obtained from Abcam (Cambridge, 
MA, USA).

Prediction of miRNA binding sites. The predicted miRNA 
binding sites were downloaded from TargetScan 6.2 Mouse 
(http://www.targetscan.org/mmu_61/).

Animal models of atherosclerosis. ApoE-/- mice with a C57BL/6 
background were purchased from Beijing University (Beijing, 
China). The mice used in this study were male, 6-8 weeks old, 
weighing 20-25 g, and were housed at the Second Hospital 
of Tianjin Medical University Animal Care Facility (Tianjin, 
China) under pathogen-free conditions, according to institutional 
guidelines. All animal study protocols were approved by the 
Animal Care and Utilization Committee of Tianjin Medical 
University. At 8 weeks of age, the ApoE-/- mice were randomly 
divided into 2 groups (n=10 in each group). The mice in the 
control group received a standard diet, while the mice in the 
model of atherosclerosis group (AS model group) received 
a high-fat diet (0.25% cholesterol and 15% cocoa butter) for 
12 weeks in order to induce the development of atherosclerotic 
plaques. The animals were then sacrificed by cervical dislocation. 
The thoracic aorta was immediately harvested after phosphate-
buffered saline (PBS) perfusion. Part of the aorta was immersed 
in 4% paraformaldehyde overnight for immunohistochemical 
analysis, and the other part of the aorta was stored in liquid 
nitrogen for the isolation of RNA and protein.

Hematoxylin and eosin (H&E) staining was used to eval-
uate the atherosclerotic lesions. The mRNA levels of PDCD4 
and miR-16 were measured by reverse transcription-quantita-

tive PCR (RT-qPCR), and the protein epxression levels were 
measured by western blot analysis and immunohistochemistry.

Macrophage-derived foam cells. The murine macrophage 
cell line, RAW264.7, was obtained from the American Type 
Culture Collection (ATCC; Manassas, VA, USA). The cells 
were maintained in RPMI-1640 (supplemented with 10% FBS, 
2 mM L-glutamine, 100 U/ml penicillin G and 100 µg/ml 
streptomycin) and cultured at 37˚C in a humidified incubator 
with 5% CO2. To induce the differentiation of macrophages 
into foam cells, the RAW264.7 cells were seeded in a 6-well 
plate and cultured with 50 nM ox-LDL for 24 h.

Transient transfections. RAW264.7 cells were transfected with 
the indicated concentrations of miR-16 mimic, miR-16 inhib-
itor or PDCD4 siRNA (100 nM) using Lipofectamine 2000 
according to the manufacturer's instructions (Invitrogen).

Luciferase constructs and reporter gene assays. To obtain 
recombinant luciferase mRNAs, the DNA segment of the 
3'UTR of mouse PDCD4 mRNA or its mutant, with the 
changing of the 7 nt binding site for miR-16, was amplified 
by PCR using modified primers (sense, PDCD4UTR-F-X 
and antisense, PDCD4UTR-R-N for both the wild-type (WT) 
and mutant 3'UTRs. As regards the mutated one, 2 additional 
primers were required to generate the mutant site from 
the original WT template. One was paired with the afore-
mentioned sense primer, PDCD4UTR-m-F, and the other was 
used together with the antisense one, PDCD4UTR-m-R. The 
2 types of products were then mixed to perform an overlap-
ping PCR experiment and the final product was the expected 
mutated 3'UTR, digested with XhoI and NotI. Each of them 
was then respectively cloned into the vector, siCHECK™-II 
(Promega, Shanghai, China), downstream of a luciferase CDS. 
The validity of these constructs was verified by sequencing.

293T cells (ATCC) which were grown in DMEM with high 
glucose, were used to examine the regulatory effects of miR-16 
on PDCD4 mRNA and protein expression. The cells were seeded 
in 24-well plates and co-transfected with the WT or mutated 
PDCD4 3'UTR combined with dsRNA mimic or inhibitor 
of miR-16 using Lipofectamine 2000 reagent (Invitrogen). 
After 48 h of incubation, the cells were harvested and lysates 
were measured for application in the Luciferase Reporter 
system (Promega) following the manufacturer's instructions. 
All the luciferase reporter assays were repeated 3 times within 
each experiment.

RNA extraction and RT-qPCR. Total RNA from the cultured 
foam cells and thoracic aorta tissues was isolated using TRIzol 
reagent (Invitrogen). Reverse transcription was carried out using 
the M-MLV Reverse Transcription system (Takara, Dalian, 
China). qPCR was performed using the SYBR-Green PCR kit 
as described by the manufacture (TransGen, Beijing, China). 
The primers used for PCR are listed in Table I. Amplification 
was performed by denaturation at 95˚C for 10 min, followed by 
40 cycles of 95˚C for 30 sec, 58˚C for 30 sec and 72˚C for 30 sec. 
qPCR was carried out on an Applied Biosystems 7500 Fast 
Real-Time PCR system. The relative mRNA expression levels 
were normalized to the glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) gene according to the 2-ΔΔCt method, and the 
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miRNA expression levels were normalized to U6. All the PCR 
experiments were carried out in triplicate within each experi-
ment, and the experiments were replicated at least 3 times.

Western blot analysis. Total protein extracts from the cultured 
foam cell lines and thoracic aorta tissues were prepared in 
direct lysis buffer [50 mmol/l Tris-HCl (pH 6.8), 100 mmol/l 
DTT, 2% SDS, 10% glycerol, 1X complete (Roche, Mannheim, 
Germany) and 0.2% bromophenol blue]. The cells were 
boiled for 10 min and centrifuged at 13,000 rpm for 5 min. 
Following 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), the proteins were electroblotted 
onto nitrocellulose membranes (Amersham Biosciences, 
Piscataway, NJ, USA). The blots were then probed with 
primary antibodies against p38 (1:5,000), p-p38 (1:1,000), 
ERK (1:2,000), p-ERK (1:1,000), JNK (1:2,500), p-JNK (1:200), 
p65 (1:5,000) and PDCD4(1:5000) followed by incubation 
with the appropriate secondary antibodies, including goat 

anti-mouse IgG-H&L (HRP) (Abcam; ab136815; 1:10,000) and 
goat anti-rabbit IgG-H&L (HRP) (Abcam; ab136817; 1:10,000). 
Protein signals were visualized by using the enhanced chemi-
luminence (ECL) Western blot detection system (Millipore, 
Billerica, MA, USA) and quantified by densitometry. All the 
figures illustrating western blot analyses are representative of 
at least 3 independent experiments.

Immunohistochemistry. The paraffin-embedded sections (4 ml) 
were dewaxed and rehydrated in a graded ethanol series. For 
antigen retrieval, the sections were autoclaved in 0.01 M 
citrate buffer (pH 6.0) for 30 min, followed by immersion in 
3% H2O2 methanol for 15 min to block endogenous peroxidase. 
The sections were then blocked in 15% normal goat serum 
in phosphate-buffered saline, followed by incubation with 
polyclonal anti-PDCD4 antibody (1:500) overnight at 4˚C. 
The sections were then incubated with biotinylated goat anti-
rabbit IgG diluted at 1:100 in 15% normal goat serum for 30 min 

Table I. Primers used in this study.

Primers  Sequences (5'→3')

Primers used for plasmid
construction
  PDCD4UTR-F-X  AACTCGAGGCACAGCAACTCTTACAGTCTTAGG
  PDCD4UTR-R-N  TAGCGGCCGCATTCTTGTAGAACCGGGTTCGT
  PDCD4UTR-m-R  CCCATGTTGGCACGACGAGTGGAAATGCTGTGCTT
  PDCD4UTR-m-F  AGCATTTCCACTCGTCGTGCCAACATGGGGTTTAG
Reverse transcription PCR
  U6  AACGCTTCACGAATTTGCGT
  miR-16  GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCCAA
Primers used for RT-qPCR
  GAPDH Sense TGCACCACCAACTGCTTAG
 Antisense GATGCAGGGATGATGTTC
  PDCD4 Sense GTCTTAGGTGTTACCAAGAACAGA
 Antisense GTTCCTCTTCTGTCCCTCCA
  IL-6 Sense AGTGGCTAAGGACCAAGACC
 Antisense ACCACAGTGAGGAATGTCCA
  TNF-α Sense TCAAACCCTGGTATGAGCCC
 Antisense ACACCCATTCCCTTCACAGA
  IL-10 Sense TGGACTCCAGGACCTAGACA
 Antisense GTCCCCAATGGAAACAGCTT
  TGF-β Sense CTGTCCAAACTAAGGCTCGC
 Antisense TCATAGATGGCGTTGTTGCG
  NF-κB Sense CCATGCTGATGGAGTACCCT
 Antisense AGAGAAGTCCATGTCCGCAA
  U6 Sense CTCGCTTCGGCAGCACA
 Antisense AACGCTTCACGAATTTGCGT
  miR-16 Sense TCGGCGTAGCAGCACGTAAAT
 Universal GTATCCAGTGCAGGGTCCGAGGT
 reverse
 primer

PDCD4, programmed cell death 4; PCR, polymerase chain reaction; IL, interleukin, TNF-α, tumor necrosis factor-α; TGF-β, transforming 
growth factor-β; NF-κB, nuclear factor-κB.
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at room temperature. The standard ABC process was then 
performed according to the instructions provided with the goat 
ABC Staining System (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA). Diaminobenzidine was used as a chromogen, 
followed by counterstaining with hematoxylin.

Enzyme-linked immunosorbent assay (ELISA). The 
secretion of inflammatory factors, including IL-6, tumor 
necrosis factor-α (TNF-α), IL-10 and transforming growth 
factor-β (TGF-β) was determined using ELISA. Following 
transfection and stimulation with ox-LDL for the indicated 
time periods, the cell supernatants were collected and the 
amounts of the cytokines in the supernatants were quantified 
using commercially available ELISA kits (R&D Systems, 
Minneapolis, MN, USA).

Statistical analysis. All the data are expressed as the 
means ± SEM and analyzed using SPSS 19.0 software. 
Differences between 2 groups were analyzed using the Student's 
t-test, while differences among many groups were analyzed 
using one-way analysis of variance, followed by Bonferroni's 
multiple comparison test. Values of P<0.05 were considered to 
represent statistically significant differences.

Results

miR-16 is predicted as a regulator of PDCD4. To determine 
the regulator of PDCD4 miRNA, the potential miRNA binding 
site to the 3'UTR was identified using TargetScan with the 
3'UTR of mouse PDCD4 as the query sequence. As a result, 
PDCD4 3'UTR possessed a nucleotide sequence (456-462 nt) 
complementary to the miR-16 seed sequence, which indicated 
a potential binding pattern of miR-16 to PDCD4 (Fig. 1A). In 
addition, the nucleotide sequence was highly conserved among 
different mammalian species (Fig. 1B), demonstrating the 
conserved function of the miR-16/PDCD4 regulatory pattern 
in the evolution of higher animals.

Expression of PDCD4 and miR-16 in a mouse model of athero-
sclerosis and in foam cells. The association of the expression 
of PDCD4 and miR-16 with atherosclerosis was assessed using 
ApoE-/- mice fed a high-fat diet (AS model group) compared 
with mice fed a standard diet (control group). H&E staining of 
the cross section of the aorta revealed that large plaques were 
formed after the mice were fed a high-fat diet (indicated by 
arrows in Fig. 2A), thus indicating that the mouse model of 
atherosclerosis was successfully developed in the ApoE-/- mice. 
No significant difference in the relative PDCD4 mRNA expres-
sion was observed between the 2 groups (P>0.05; Fig. 2B). 
However, compared with the mice in the control group, the high-
fat diet-fed ApoE-/- mice exhibited a greater accumulation of 
PDCD4 protein in the aorta, which was detected by both western 
blot analysis (Fig. 2C) and immunohistochemistry (Fig. 2D). 
Conversely, the results of stem-loop RT-qPCR revealed that 
mature miR-16 was expressed at a markedly lower level in the 
AS model group than in the control group (P<0.001; Fig. 2E).

Additionally, the expression of PDCD4 mRNA and protein 
and miR-16 was examined in foam cells, characteristic patho-
logical cells in atherosclerotic lesions, which were derived from 
macrophages stimulated with ox-LDL. Similar to the findings 
observed in our mouse model of atherosclerosis, the mRNA level 
of PDCD4 was not altered (P>0.05; Fig. 2F), whereas its protein 
expression was notably increased in the foam cells (Fig. 2G) 
and a decreased level of mature miR-16 (P<0.001; Fig. 2H) 
was also observed in the foam cells as compared to the 
controls (RAW264.7 cells not stimulated with ox-LDL).

PDCD4 is validated as a direct target gene of miR-16. To 
investigate the role of mature miR-16 in PDCD4 expression, 
the RAW264.7 cells were transfected with miR-16 mimic 
or inhibitor. Subsequently, the PDCD4 mRNA and protein 
levels were detected in the foam cells (ox-LDL-stimulated 
cells). Neither the miR-16 mimic nor the inhibitor affected 
the mRNA expression of PDCD4 (P=0.413; Fig. 3A). In addi-

Figure 1. Identification of the binding site of miR-16 in the 3' untranslated region (3'UTR) of programmed cell death 4 (PDCD4). (A) Position 456-462 nt in 
the mouse PDCD4 3'UTR was predicted as the binding site of mouse miR-16. (B) Alignment of the PDCD4 3'UTR suggested that the miR-16 target sites were 
highly conserved among different mammalian species.
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tion, various concentrations (1, 10 and 100 nM) of miR-16 
mimic (Fig. 3B) or inhibitor (Fig. 3C) did not alter PDCD4 gene 
expression (P=0.064 and 0.110, respectively). Nevertheless, 
transfection with miR-16 mimic markedly inhibited the protein 
expression of PDCD4, while treatment with miR-16 inhibitor 
led to a 1.6-fold induction in the PDCD4 protein level (Fig. 3D). 
Moreover, a concentration-dependent influence of the miR-16 
mimic and inhibitor on the production of PDCD4 protein was 
observed (Fig. 3D and F). These findings suggest the post-tran-
scriptional regulation of PDCD4 by miR-16; miR-16 suppresses 
PDCD4 expression by restraining mRNA translation rather 
than affecting mRNA stability.

Furthermore, in order to validate the direct regulation of 
PDCD4 by miR-16, luciferase reporter plasmids carrying WT 
or mutated PDCD4 3'UTR (Fig. 3G and H) were co-transfected 
into 293T cells with the miR-16 mimic or inhibitor. The activity 
of the luciferase reporter in which the WT PDCD4 3'UTR was 
fused to the downstream of the report gene was intensively 
suppressed by co-transfection with miR-16 mimic (P=0.003), 
while the activity of the luciferase reporter containing the 
mutated PDCD4 3'UTR was not significantly altered (P>0.05), 
suggesting that miR-16 suppressed the expression of PDCD4 
by directly binding to the 3'UTR region (Fig. 3I). In addition, 
no effect of the miR-16 inhibitor was detected on the luciferase 
reporter carrying the WT or mutated PDCD4 3'UTR (P>0.05; 
Fig. 3I).

Targeting of PDCD4 by miR‑16 affects the expression of inflam-
matory cytokines in atherosclerosis. To address the possible role 
of miR-16 and PDCD4 in the inflammatory response in athero-

sclerosis, the RAW264.7 cells were transfected with miR-16 
mimic, miR-16 inhibitor or PDCD4 siRNA and subsequently 
stimulated with ox-LDL over a 24-h time period to induce the 
development of foam cells.

The secretion levels of inflammatory factors were then 
determined by ELISA. The levels of pro-inflammatory cyto-
kines, including IL-6 and TNF-α were enhanced, rapidly 
reaching peak levels at 6 h and then decreasing (Fig. 4A and B). 
Compared with the NC oligonucleotide duplex, foam cells 
harboring the miR-16 mimic or PDCD4 siRNA exhibited 
much lower levels of IL-6 and TNF-α (IL-6, P<0.001; TNF-α, 
P=0.005), while the miR-16 inhibitor promoted the secretion 
of IL-6 and TNF-α (IL-6, P<0.001; TNF-α, P<0.001). By 
contrast, the levels of anti-inflammatory cytokines, including 
IL-10 and TGF-β were suppressed following stimulation with 
ox-LDL. The level of IL-10 continued to increase during the 
24-h time course, while the TGF-β level reached a peak at 
12 h. Transfection wtih miR-16 mimic and PDCD4 siRNA 
enhanced the secretion of IL-10, whereas treatment with 
the miR-16 inhibitor exerted the opposite effect (P=0.009; 
Fig. 4C and D). However, no effects of miR-16 mimic, miR-16 
inhibitor or PDCD4 siRNA on the secretion of TGF-β were 
detected (P>0.005).

In addition, we determined the mRNA levels of these 
inflammation factors in foam cells by RT-qPCR. Consistently, 
transfection with miR-16 mimic and PDCD4 siRNA exerted 
an inhibitory effect on the relative mRNA expression levels 
of IL-6 (P<0.001 and P<0.001, respectively; Fig. 4E) and 
TNF-α (P=0.003 and P<0.001, respectively; Fig. 4F); however, 
miR-16 mimic and PDCD4 siRNA induced the mRNA expres-

Figure 2. Expression of programmed cell death 4 (PDCD4) and miR-16 in atherosclerosis. (A) Mouse model of atherosclerosis. According to the results of 
hematoxylin and eosin staining, large plaques (indicated by arrows) were induced by a high-fat diet in the thoracic aorta of the ApoE-/- mice, which indicated 
that the mouse model of atherosclerosis was successfully developed. (B) PDCD4 mRNA expression in the mice with atherosclerosis was detected by RT-qPCR. 
(C and D) PDCD4 protein expression in mice with atherosclerosis was detected by (C) western blot analysis and (D) immunohistochemistry. (E) miR-16 
expression in mice with atherosclerosis detected by stem-loop RT-qPCR. (F-H) Expression levels of PDCD4 (F) mRNA and (G) protein, as well as (H) miR-16 
expression in foam cells derived from oxidized low-density lipoprotein (ox-LDL)-stimulated macrophages. Difference between 2 groups was analyzed using a 
t-test. ***P<0.001 compared with the control. AS, atherosclerosis.



LIANG et al:  miR-16 TARGETS PDCD4 IN ATHEROSCLEROSIS972

Figure 3. Programmed cell death 4 (PDCD4) is the target of miR-16. (A) Effects of miR-16 mimic and inhibitor on the PDCD4 mRNA expression level in 
foam cells. (B) Effects of different concentrations of miR-16 mimic on the PDCD4 mRNA expression level. (C) Effects of different concentrations of miR-16 
inhibitor on the PDCD4 mRNA expression level. (D) Effects of miR-16 mimic and inhibitor on PDCD4 protein expression in foam cells. (E) Effects of different 
concentrations of miR-16 mimic on PDCD4 protein expression. (F) Effects of different concentrations of miR-16 inhibitor on PDCD4 protein expression. 
(G) Mutated sequences of PDCD4 3' untranslated region (3'UTR). The 7 nt in the miR-16 binding region was changed from UGCUGCU to ACGACGA. (H) A 
schematic representation of luciferase reporter plasmids carrying wild-type (WT) or mutated (MT) PDCD4 3'UTR. (I) Effects of miR-16 mimic and inhibitor 
on the activity of luciferase reported carrying wild-type or mutated PDCD4 3'UTR. Difference between 2 groups was analyzed using a t-test. **P<0.01 compared 
with the control. NC, negative control (oligonucleotide duplex that did not target any gene).

Figure 4. Effects of miR-16 and programmed cell death 4 (PDCD4) expression on the inflammatory response in foam cells. RAW264.7 cells were transfected with 
miR-16 mimic, miR-16 inhibitor or PDCD4 siRNA. Foam cells were induced by oxidized low-density lipoprotein (ox-LDL) over a 24-h time course. (A-D) Secretion 
levels and (E-H) mRNA expression levels of pro- and anti-inflammatory factors including interleukin (IL)-6, tumor necrosis factor-α (TNF-α), IL-10 and trans-
forming growth factor-β1 (TGF-β1). Differences among groups were analyzed by one-way analysis of variance, followed by Bonferroni's multiple comparison test. 
Values with different letters indicate significant differences with a P-value cut-off of 0.05. NC, negative control (oligonucleotide duplex that did not target any gene).



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  37:  967-975,  2016 973

sion of IL-10 (P<0.001 and P<0.001, respectively; Fig. 4G). 
The miR-16 inhibitor increased the IL-6 (P=0.001; Fig. 4E) 
and TNF-α mRNA levels in the foam cells (P<0.001; Fig. 4F) 
and decreased IL-10 mRNA expression (P<0.001; Fig. 4G). 
However, the mRNA level of TGF-β in the foam cells was not 
significantly altered by miR-16 mimic, miR-16 inhibitor or 
PDCD4 siRNA (P>0.05; Fig. 4H).

Targeting of PDCD4 by miR-16 mediates ox-LDL-induced 
mitogen-activated protein kinase (MAPK) and NF-κB signaling. 
Considering that MAPK and NF-κB signaling have been 
implicated in inflammatory cytokine expression (17-19), we thus 
wished to determine whether these two pathways are involved 
in the miR-16 induced anti-inflammatory response in athero-
sclerosis. No significant effects of miR-16 mimic or inhibitor 
on the protein expression levels of p38, JNK and ERK were 
observed (Fig. 5A). Nevertheless, the phosphorylation of p38 
and ERK was induced, and that of JNK was inhibited by miR-16 
mimic. Conversely, the miR-16 inhibitor lowered the phosphory-
lation level of p38 and ERK, but increased that of JNK (Fig. 5A).

Additionally, NF-κB mRNA expression was prominently 
suppressed by treatment with miR-16 mimic or siRNA 
targeting PDCD4, but it was increased to approximately 
6-fold by the miR-16 inhibitor compared with the NC oligo-
nucleotide duplex (P<0.001; Fig. 5B). Estimates with regard 

to NF-κB protein expression were consistent with the mRNA 
results (Fig. 5C).

Discussion

Atherosclerotic vascular disease is the underlying cause of 
a number of diseases, including claudication, resulting from 
insufficient blood supply, myocardial infarction, ischemic heart 
disease and stroke (20). Notably, the two latter diseases are the 
top two causes of mortality worldwide (21). Thus, the patho-
genesis of atherosclerosis is always a critical topic, but it is not 
yet fully understand. Substantial evidence has suggested that the 
inflammatory response is triggered in atherosclerosis, which was 
reflected by the leukocyte recruitment from blood into arterial 
intima (22,23), and many efforts have been done to investigate 
the involved molecules (24,25). The pro-inflammatory protein, 
PDCD4, was recently reported to promote atherosclerosis (16). 
In the present study, the production of PDCD4 protein was higher 
in the mice with atherosclerosis and in foam cells derived from 
ox-LDL-stimulated macrophages, further validating the positive 
involvement of PDCD4 in the development of atherosclerosis. 
Additionally, we found that miR-16 was the direct regulatory 
element of PDCD4 and played a vital role in atherosclerosis 
by regulating PDCD4 and the downstream NF-κB and MAPK 
pathways.

Figure 5. Involvement of the MAPK and NF-κB signaling pathways in miR-16 mediated inflammatory response in foam cells. (A) Effects of miR-16 mimic and 
inhibitory on p38, ERK and JNK protein expression and phosphorylation during the 24-h oxidized low-density lipoprotein (ox-LDL) treatment time course. 
(B and C) Effects of miR-16 mimic and inhibitory as well as programmed cell death 4 (PDCD4) siRNA on NF-κB (B) mRNA and (C) protein expression in the 
ox-LDL-treated RAW264.7 cells at the 24-h time point. Differences among groups were analyzed by one-way analysis of variance, followed by Bonferroni's 
multiple comparison test. Values with different letters indicate significant differences with a P-value cut-off of 0.05. NC, negative control (oligonucleotide duplex 
that did not target any gene).
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Initially, miR-16 was well known as a tumor suppressor 
by inducing apoptosis. Some studies emerged to report the 
function of miR-16 in immune or inflammatory responses, but 
yielding inconsistent conclusions. For instance, as previousy 
demonstrated, in lipopolysaccharide (LPS)-stimulated H69 
cells (SV40-transformed human biliary epithelial cells) and 
U937 cells (human macrophage cell line), the upregulation of 
miR-16 targets the silencing mediator for retinoid and thyroid 
hormone receptors (SMRT) and increases the NF-κB-regulated 
transactivation of IL-8 (26,27). By contrast, during monocyte 
differentiation into immature and mature dendritic cells, the 
downregulation of miR-16 has been shown to target the inhibitor 
of κB (IκB) kinase α (IKKα) and inhibit the activation of NF-κB 
target genes (28). However, miR-16 promotes the degradation 
of mRNAs encoding pro-inflammatory factors, such as TNF-α, 
IL-6 and IL-8 by binding to the AU-rich elements (AREs) in 
their 3'UTR (29). These findings demonstrate that miR-16 may 
play different roles in modulating inflammatory factors under 
different conditions by binding to its different target genes. In 
this study, we found that the expression of miR-16 was reduced 
in the mice with atherosclerosis and in foam cells, which indi-
cated the negative role of miR-16 in atherosclerosis. Besides, 
miR-16 contained a highly conserved UGCUGCU sequence 
that was complementary to the 3'UTR of PDCD4. We did not 
detect a significant impact of miR-16 mimic or inhibitor on the 
mRNA expression level of PDCD4 in the foam cells (derived 
from RAW264.7 cells stimulated with ox-LDL). Instead, 
PDCD4 protein production was lowered by miR-16 mimic and 
increased by miR-16 inhibitor. By using a luciferase construct 
harboring the sequence of PDCD4 3'UTR that was predicted 
to bind to miR-16, the suppressed protein expression of PDCD4 
was detected. By contrast, if mutations were introduced to the 
sequence of PDCD4 3'UTR, miR-16 was unable to affect the 
production of PDCD4 protein, which implied a translational 
prevention of PDCD4 by miR-16.

As miR-16 and PDCD4 have been proven to be associ-
ated with the inflammatory response (11,27), we examine 
their effects on inflammatory cytokine expression. Under the 
stimulation of ox-LDL, macrophages develop into foam cells 
that modify the production pro-inflammatory factors, such as 
IL-6 and TNF-α, as well as anti-inflammatory factors, such as 
IL-10 and TGF-β. Two recent studies demonstrated that IL-10 
is suppressed by PDCD4 (11,16). Consistently, in this study, 
we found that the transfection of cells with miR-16 mimic 
or PDCD4 siRNA promoted the release and mRNA expres-
sion of IL-10, while miR-16 inhibitor exerted the opposite 
effect. However, the effect of PDCD4 on other inflammatory 
cytokines is debatable. For instance, the expression of IL-6 
has been shown to be blocked by PDCD4 deficiency in the 
LPS-induced inflammatory response (11), while in another 
study, IL-6, TNF-α and TGF-β were not significantly altered 
between ox-LDL-treated macrophages from PDCD4-/-ApoE-/- 
and PDCD4+/+ApoE-/- mice (16). In this study, transfection 
of the RAW264.7 cells with miR-16 inhibitor, miR-16 mimic 
or PDCD4 siRNA was used. Following stimulation with 
ox-LDL for various periods of time, miR-16 mimic inhibited 
the release and mRNA expression of IL-6 and TNF-α, which 
may be partly due to the direct regulation of miR-16 on their 
mRNA degradation (29). Besides, we also detected similar 
results in foam cells, which was inconsistent with the previous 

study (16). Although different cell sources and ox-LDL 
concentrations were employed, these incongruous results 
cannot be well explained and require further investigation.

The MAPK pathway has a critical function in inflammatory 
diseases, including atherosclerosis (30). It has been reported 
that MAPK signaling contributes to the regulation of pro- and 
anti-inflammatory cytokines (TNF-α and IL-10) in macro-
phages by the activation of p38 and JNK (31). Jiang et al found 
that the induction of IL-10 in mice deficient in PDCD4 was 
blocked by the inhibition of the p38/ERK-c-Maf pathway (16) 
Consistently, in the present study, miR-16 markedly increased 
the phosphorylation of p38 and ERK, suggesting that the p38/
ERK-c-Maf pathway may be involved in the miR-16 mediated 
inflammatory response in atherosclerosis. Besides, miR-16 
suppressed the phosphorylation of JNK. JNK MAPK phos-
phorylation has been well-documented to activate NF-κB, 
which mediates vascular inflammation in the initiation and 
progression of atherosclerosis (1). Several miRNAs block or 
promote the activity or expression of NF-κB in atherosclerosis, 
such as miR-21 (32), miR-181b (33) and miR-29b (34). In this 
study, we also presented evidence that miR-16 inhibits the 
mRNA and protein expression of NF-κB in foam cells derived 
from ox-LDL-stimulated macrophages. The NF-κB pathway in 
endothelial cells leads to the elevated expression of downstream 
pro-inflammatory cytokines, including IL-6 and TNF-α (35). 
Hence, we assumed that our findings with regard to the effects 
of miR-16 and PDCD4 on IL-6 and TNF-α are a result of the 
altered phosphorylation levels of JNK and MAPK, as well as 
the expression level of NF-κB.

In conclusion, the findings of the present study suggest 
that miR-16 directly targets PDCD4 to suppress the activa-
tion of inflammatory macrophages in atherosclerosis via the 
MAPK and NF-κB pathways and downstream inflamma-
tory cytokines. Four potential mechanisms of miR-16 are 
indicated in atherosclerosis: i) the decreased expression of 
miR-16 upregulates the mRNA level of pro-inflammatory 
factors by binding to the AREs in their 3'UTR; the decreased 
expression of miR-16 weakens its translational prevention role 
on PDCD4, which ii) reduces the IL-10 level by inhibiting 
the p38/ERK-c-Maf pathway and enhancing the expression 
of IL-6 and TNF-α by iii) activating NF-κB by JNK MAPK 
or iv) increasing NF-κB expression. In addition to PDCD4, 
miR-16 may be used as a potential therapeutic target in the 
treatment of atherosclerosis.
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