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The role of miR-19b in the 
inhibition of endothelial cell 
apoptosis and its relationship with 
coronary artery disease
Yong Tang, Ya-chen Zhang, Yu Chen, Yin Xiang, Cheng-xing Shen & Yi-gang Li

The biological effects of microRNAs (miRNAs) and TNF-α in atherosclerosis have been widely 
studied. The circulating miR-17-92 cluster has been recently shown to be significantly downregulated 
in patients with injured vascular endothelium. However, it remains unclear whether the miR-17-92 
cluster plays a significant role in vascular endothelial repair. The aim of this study was to investigate 
the relationship between the miR-17-92 cluster and TNF-α-induced endothelial cell apoptosis. 
We determined that the down-regulation of miR-19b level among patients with coronary artery 
disease was consistent with miRNA expression changes in endothelial cells following 24 h of TNF-α 
treatment. In vitro, the overexpression of miR-19b significantly alleviated the endothelial cells 
apoptosis, whereas the inhibition of miR-19b significantly enhanced apoptosis. The increased levels 
of Afap1 and caspase7 observed in our apoptosis model could be reduced by miR-19b, and this effect 
could be due to miR-19b binding 3′-UTRs of Afap1 and caspase7 mRNA. Therefore our results indicate 
that miR-19b plays a key role in the attenuation of TNF-α-induced endothelial cell apoptosis and that 
this function is closely linked to the Apaf1/caspase-dependent pathway.

Inflammatory factors can destroy the integrity of the endothelium, triggering the development of ath-
erosclerosis. Tumor necrosis factor-α  (TNF-α ), an important inflammatory factor, induces endothelial 
cell injury, which results in endothelial dysfunction1,2. The caspase family members, including initia-
tor caspases (e.g., caspase-8, -9, and -10) and effector caspases (e.g., caspase-3 and -7), are essential 
to the apoptotic process3. Numerous risk factors related to coronary artery diseases (CAD) contribute 
to increases in circulating TNF-α  concentrations, resulting in higher caspase expression3. Therefore, 
reducing caspase levels may be helpful in attenuating both the development and the progression of CAD.

MicroRNAs (miRNAs), which consist of 18 to 24 nucleotides, can negatively regulate gene expres-
sion by binding to sites in the 3′  untranslated region (3′ -UTR) of a target mRNA. Approximately 1000 
miRNAs have been identified in humans4. Each miRNA can regulate hundreds of target mRNAs, as well 
as nearly one-third of proteins4,5. As a result, the biological effects of miRNAs are extensive and include 
cell growth, differentiation, and apoptosis.

In recent years, circulating miRNAs have been widely recognized as biomarkers of coronary heart dis-
ease6,7. Researchers have noted that the miR-17-92 cluster is significantly downregulated among patients 
with atherosclerosis8. The miR-17-92 cluster, which includes miR-17, miR-18a, miR-19a/b, miR-20a 
and miR-92a, has been extensively studied in different types of cancers9,10 (Table 1). Research has also 
demonstrated that miR-19 and miR-92 act to maintain an intricate balance between the pathways that 
promote and suppress cancer11. miR-17 and miR-20a influence cellular proliferation via the E2F fam-
ily of transcription factors12. Additionally, miR-17-92 is highly expressed in normal human endothelial 
cells13. Researchers have noted that inhibiting miR-92a results in enhanced blood vessel growth and the 
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functional recovery of damaged tissues13. miR-17/20 exhibits cell-intrinsic anti-angiogenic activity in 
endothelial cells14. These findings suggest that a specific miR-17-92 family member may be involved in 
the development of cardiovascular disease. However, whether the miR-17-92 cluster regulates apoptotic 
gene expression in endothelial cells needs to be further studied.

PTEN ( a phosphatase and tensin homolog deleted from chromosome 10) is regulated by TNF-α  
and plays a crucial role in apoptosis15,16. Additionally, PTEN is a target gene of miR-17-9217, which 
suggestes that PTEN contributes to TNF-α  induced apoptosis in endothelial cells. However, it remains 
unclear whether the miR-17-92 cluster is associated with endothelial dysfunction; therefore, the aim of 
this study was to analyze the changes in the levels of the miR-17-92 cluster in clinical patient sample and 
determine the role that the miR-17-92 cluster may play in various signaling pathways associated with 
TNF-α -induced endothelial cell apoptosis.

Results
Apoptosis of HUVECs is induced by TNF-α. Apoptosis of endothelial cells treated with 0, 1, 10, 50 
or 100 ng/ml of TNF-α  for 24 h was measured by flow cytometry (Fig. 1A) and TUNEL/DAPI-stained 
cell photomicrography (Fig.  1B). The two methods demonstrated that TNF-α  induces endothelial cell 
apoptosis in a dose-dependent manner, and that the lowest effective dose of 24 h TNF-α  treatment was 
10 ng/ml.

Changes in miRNA expression in TNF-α-treated HUVECs. Recent studies have demonstrated that 
dozens of miRNAs are highly expressed in normal human umbilical vein endothelial cells (HUVECs)13,18. 
However, little is known about which miRNAs play a key role in TNF-α -induced endothelial cell apop-
tosis. Accordingly, we used a microarray chip to analyze changes in miRNA expression in endothe-
lial cells in an apoptosis model. The heat map revealed that 18 miRNAs (6 of which were upregulated 
and 12 of which were downregulated) exhibited a significant change compared with the control group 
(Fig.  2). The real-time PCR results were consistent with the microarray chip results. In the miR-17-92 
cluster, miR-19b, which has a relatively high expression level in normal endothelial cells, was significantly 
downregulated following 24 h of TNF-α  treatment. The overexpression of miR-19b did not influence the 
expression of other miRNAs, which exhibited expression patterns similar to that of miR-19b induced by 
TNF-α  treatment (Supplementary Fig. S1).

Apaf1 and Casp7 are target genes of miR-19b. According to several publicly available bioinfor-
matics web sites (TargetScan, miRanda and miRBase), both Apaf1 and Casp7 may be direct targets of 
miR-19b in endothelial cells. The 3′ -UTRs of Apaf1 and Casp7 mRNA have binding sites for miR-19b 
(Fig.  3). The minimum free energy values of miR-19b-Apaf1 and Casp7 hybridization via RNAhybrid 
software were both − 20.9 kcal/mol. To verify this finding, the 3′ -UTRs of these potential target genes 
were cloned into luciferase reporter plasmids. miR-19b significantly the decreased luciferase activity of 
the wild type reporter plasmids, but no suppression of activity was observed with respect to the mutant 
reporter plasmids. In conclusion, these results demonstrated that both Afap1 and Casp7 are target genes 
of miR-19b.

miR-19b modulates both Apaf1 and Casp7 expression in TNF-α-treated HUVECs. An miR-
19b mimic and inhibitor were each transfected into endothelial cells (Fig.  4A). The miR-19b mimic 
upregulated, whereas the miR-19b inhibitor downregulated miR-19b expression in a dose-dependent 
manner. RT-PCR and fluorescence microscopy demonstrated a relatively high transfection efficiency 
(approximately 90%) of both the mimic and the inhibitor at 50 nM concentration into HUVECs. By 
contrast, the oligo controls had no effect on miR-19b levels, either at high or low concentrations (data not 
shown). The protein levels of Apaf1, Casp7 and PTEN in the endothelial cells increased following 24 h of 
TNF-α  treatment (Fig. 4B). We attempted to investigate the role of miR-19b in TNF-α -induced apoptosis 
by over- and under-expressing miR-19b in endothelial cells. After 24 h, flow cytometry demonstrated 
that the miR-19b mimic significantly alleviated apoptosis (12.6% vs 9.3%), whereas the miR-19b inhibi-
tor significantly enhanced apoptosis (12.6% vs 21.0%, Fig. 4C). The miR-19b mimics, which upregulate 

microRNA Seed sequence Mature miRNA sequence(5′ —3′ )

has-miR-17 AAAGUG CAAAGUGCUUACAGUGCAGGUAG

has-miR-18a AAGGUG UAAGGUGCAUCUAGUGCAGAUAG

has-miR-19a GUGCAA UGUGCAAAUCUAUGCAAAACUGA

has-miR-19b GUGCAA UGUGCAAAUCCAUGCAAAACUGA

has-miR-20a AAAGUG UAAAGUGCUUAUAGUGCAGGUAG

has-miR-92a AUUGCA UAUUGCACUUGUCCCGGCCUGU

Table 1.  Overview of the miR-17–92 cluster.
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miR-19b expression, significantly reduced the expression levels of Apaf1 (by approximately 30%) and 
Casp7 (by approximately 70%). However, the miR-19b inhibitors, which decrease miR-19b expression, 
increased the expression levels of both Apaf1 (by approximately 20%) and Casp7 (by approximately 2.5 
times) (Fig. 4D,E). Therefore, miR-19b might directly regulate both Apaf1 and Casp7 expression at the 
post-transcriptional level in HUVECs.

Effects of Apaf1-siRNA, Casp3-siRNA, Casp7-siRNA and PTEN-siRNA on TNF-α-induced 
apoptosis in HUVECs. The 3′ -UTRs of PTEN mRNA have several binding sites for miR-19b 
(Fig. 5A). The tumor suppressor gene, PTEN induces apoptosis via the inhibition of PI3K-mediated sig-
naling19. When cytochrome c binds to Apaf1, the complex recruits and activates Casp9. The apoptosome 
activates downstream effector caspases (Casp3 and Casp7), causing cell apoptosis20,21. We investigated 

Figure 1. Effects of TNF-α on HUVEC apoptosis. Cells were treated with 0, 1, 10, 50 or 100 ng/ml  
of TNF-α  for 24 hours. (A) Cells were stained with FITC Annexin V and propidium iodide (PI) for flow 
cytometry (FC) analysis. (B) Photomicrographs of the TUNEL –stained, DAPI-stained and an overlay of 
both TUNEL and DAPI stained cells treated with different concentrations of TNF-α . *p <0.05.
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the role of both PTEN and Apaf-1 in HUVECs apoptosis induced by TNF-α . We transfected HUVECs 
with Apaf1-siRNA, Casp7-siRNA and PTEN-siRNA for 24 h before adding TNF-α  (10 ng/ml) for an 
additional 24 h. Compared with the negative control, the Apaf1-siRNA reduced Apaf1 levels by more 
than 50%; the Casp7-siRNA reduced Casp7 expression levels by more than 60%; and the PTEN-siRNA 
reduced PTEN levels by approximately 40% (Fig.  5B). The silencing effects of the Apaf1-siRNA inhib-
ited both Casp3 (approximately 40% decreased) and Casp7 (approximately 55% decreased) protein 
expression, but did not influence the expression of PTEN. The silencing effects of PTEN-siRNA also 
decreased the levels of Casp7 (by approximately 55%) and Casp3 (by approximately 60%), whereas the 
expression of Apaf1 was not affected (Fig. 5C), which suggests that the Apaf1/caspase pathway functions 

Figure 2. Changes in miRNA expression in TNF-α-treated (10 ng/ml, P1 P2 P3) or vehicle-treated (C1 
C2 C3) HUVECs. (A) The log2 value of each miRNA signal was displayed on a heat map generated using 
Cluster 3.0 software. Red represents upregulation, green represents downregulation and black represents 
no change. The top bar code represents the color scale of the log2 values. (B) The signal values of the three 
upregulated miRNAs. (C) The signal values of the five downregulated miRNAs. *p <0.05 **p < 0.01.

Figure 3. (A,C) Wild type and mutant binding sites for miR-19b in the 3′ -UTR of Apaf1 or Casp7.  
(B,D) The relative luciferase value of the interaction between miR-19b and the 3′ -UTR of Apaf1 or Casp7. 
WT, wild type; NC, negative control; Mut, mutant. *p < 0.05.
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Figure 4. Effects of miR-19b on TNF-α-induced HUVEC apoptosis. (A) Changes in miRNA-19b levels of 
the HUVECs at 24 h following transfection with the vehicle, the miR-19b mimic, the mimic control,  
the miR-19b inhibitor or the inhibitor control under different conditions (in the presence or absence of 
TNF-α  at 10 ng/ml). (B) Protein levels of Apaf1, Casp7 and PTEN in endothelial cells increased following 
24 h of TNF-α  (10 ng/ml) treatment. (C) Cells were stained with FITC Annexin V and PI for FC analysis. 
(D,E) The miR-19b mimic decreased both the mRNA and protein expression levels of Apaf1 and Casp7, 
whereas the miR-19b inhibitor increased the mRNA and protein levels of these proteins. Mimic miR-19b 
mimic; MC mimic control; Inhibitor miR-19b inhibitor; IC inhibitor control. *p < 0.05 **p < 0.01. The full-
length blots are presented in Supplementary Figs S3 and S4.
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Figure 5. Effects of Apaf1-siRNA, PTEN-siRNA and miR-19b on TNF-α-induced HUVECs apoptosis. 
(A) The binding sites for miR-19b in the 3′ -UTR of PTEN. (B) Effects of the knockdown of Apaf1, PTEN 
or Casp7 by specific siRNA on the mRNA levels. (C) Relationship between the Apaf-1/caspase pathway and 
the PTEN signaling pathway. (D) Cells transfected with siRNA or the miR-19b inhibitor were stained with 
FITC Annexin V and PI for FC analysis. (E) Cells transfected with siRNA/miR-19b inhibitor were stained 
by TUNEL. (F) Apoptosis after transfecting Casp7-siRNA and Casp3-siRNA. (G) Protein levels of Casp3 in 
the endothelial cells increased following 24 h of TNF-α  (10 ng/ml) treatment. (H) Effects of the knockdown 
of Casp3 by specific siRNA on the mRNA and protein levels. (I) Casp3 levels following the downregulation 
of Casp7. (J) The Casp7 levels following the downregulation of Casp3. *p< 0.05. The full-length blots are 
presented in Supplementary Figure S5 to S9.
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independently of apoptosis. TNF-α  induced HUVECs apoptosis was enhanced by the miR-19b inhibitor 
(Fig. 5D,E), which indicates that miR-19b regulates both Apaf1 and PTEN in TNF-α -induced HUVECs 
apoptosis. Furthermore, separate transfections with either Casp7-siRNA or Casp3-siRNA did not reduce 
TNF-α -induced apoptosis, whereas the combined transfection of the two siRNAs reduced apoptosis 
significantly (Fig. 5F). The protein expression levels of Casp3 in the endothelial cells increased approxi-
mately 2.5 times following 24 h of TNF-α treatment (Fig. 5G). The Casp3-siRNA decreased Casp3 protein 
expression levels by 65% (Fig. 5H). We also observed that the silencing of one increased the expression of 
the other in the TNF-α -treated HUVECs (Fig. 5I,J). This finding demonstrated that not only do Casp3 
and Casp7 work together but also compete with each other22.

The level of circulating miR-19b is lower in patients with CAD. The plasma levels of the miR-
17-92 family of miRNAs were measured in twelve patients with CAD and twelve healthy subjects. There 
were no significant differences in the baseline characteristics of the two groups (Supplementary Table S1). 
Among the miR-17-92 family of miRNAs (Table 1), the levels of miR-19b and miR-92a were significantly 
lower in patients with CAD than in healthy subjects, as determined via RT-PCR (Fig. 6A). However, no 
differences were observed with respect to the levels of the other miRNAs between the two groups. These 
results indicated that a specific miRNA signature for CAD exists.

The RT-PCR results demonstrated that the expression levels of TNF-α , Apaf-1 and Casp7 were higher 
in the specimens obtained from the patients with CAD (Fig. 6B). The Spearman correlation coefficients 
revealed that there was an inverse relationship, at least in part, between the levels of miR-19b and TNF-α , 
Apaf1 and Casp7 protein in the patients analyzed (Fig. 6C–E) (miR-19b and TNF-α , r =  − 0.93, p < 0.01; 
miR-19b and Apaf1, r =  − 0.95, p < 0.01; miR-19b and Casp7, r =  − 0.88, p < 0.01).

Discussion
In the pathological process of atherosclerosis, the inflammatory cytokine TNF-α  plays a vital role in the 
disruption of the endothelial barrier and initiates apoptosis1,2,23. Numerous risk factors, such as advanced 
age, smoking, and over-nutrition, contribute to TNF-α  concentration increases in the circulation. Elevated 
TNF-α  exerts apoptotic effects via binding to TNF-α  receptor type 1, which participates in caspase 
recruitment and activation24,25. The initiator caspases (e.g., caspase-8, -9, and -10) activate the effector 
caspases (e.g., caspase-3 and -7). The apoptosome which is composed of apoptotic protease-activating 
factor (Apaf-1), dATP, and procaspase-9, plays a key role in this progress. Apaf1 consists of three primary 
protein domains: a caspase recruitment domain, a nucleotide-binding oligomerization domain and mul-
tiple WD40 repeats. When cytochrome c binds to Apaf1, the complex recruits and activates caspase-9. 
The apoptosome activates the downstream effector caspases, triggering cell apoptosis20,21. Therefore, we 
selected TNF-α  as the agent with which to induce endothelial cell apoptosis.

Figure 6. The levels of circulating miRNAs from the miR-17-92 cluster in healthy volunteers (n = 12) 
and patients with CAD (n = 12) (A). RT-PCR results demonstrate that the levels of TNF-α , Apaf1 
and Casp7 mRNA were elevated in the specimens obtained from the patients with CAD (B). Spearman 
correlation coefficients revealed an inverse relationship between the levels of miR-19b and TNF-α , Apaf1 
and Casp 7 protein in patients. (C) miR-19b and TNF-α , r =  − 0.93, p < 0.01; (D) miR-19b and Apaf1, 
r =  − 0.95, p < 0.01; (E) miR-19b and Casp 7, r =  − 0.88, p < 0.01) *p < 0.05 **p < 0.01.
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Several studies have reported that circulating miRNAs are linked to cardiovascular disease6,7,26,27. 
miR-1, miR-133, miR-208a and miR-499 levels are immediately upregulated in the plasma following an 
acute myocardial infarction28,29. Mature miR-423-5p molecules are strongly associated with the clinical 
diagnosis of heart failure30. As the first discovered oncogenic miRNA, the circulating miR-17-92 cluster 
is significantly downregulated in patients with coronary artery disease8. This finding was supported by 
our data, which demonstrated that within the miR-17-92 cluster, the levels of circulating miRNA-19b 
and miRNA-92a were significantly lower in patients with CAD compared with healthy control subjects. 
However, it remains unclear that how miRNAs are released into circulation. Accumulating evidence has 
demonstrated that circulating miRNAs are partially derived from microvesicles31. Therefore, it is neces-
sary to understand role of the miR-17-92 cluster in atherosclerosis.

However, the effects and mechanisms underlying the effects of the miR-17-92 cluster on atheroscle-
rosis remain unclear. As the miR-17-92 cluster is significantly downregulated in patients with CAD, 
and TNF-α  is important with respect to the development of atherosclerosis, we hypothesized that the 
miR-17-92 cluster is closely associated with TNF-α -induced apoptosis in endothelial cells. Our miRNA 
microarray chip results supported this hypothesis. Following 24 h of TNF-α  treatment at a concentration 
of 10 ng/ml, we observed a significant change in the expression of 18 miRNAs (including miR-19b) in 
the treated HUVECs compared with the control group. Furthermore, the miR-19b mimic upregulated 
miR-19b expression in the HUVECs and promoted cell survival, whereas the miR-19b inhibitor inhibited 
miR-19b expression and enhanced cell apoptosis. These results suggested that miR-19b plays a role in 
regulating the signaling pathways associated with TNF-α -induced HUVEC apoptosis.

miRNAs function by binding to the 3′ - UTRs of target mRNAs. In our study, the expression of miR-
19b was lower in the TNF-α -treated endothelial cells, a finding accompanied by upregulation of Apaf1, 
Casp7, Casp3, and PTEN, which suggested that Apaf1/caspase and PTEN signaling pathway contribute 
to the anti-apoptotic effects of miR-19b in HUVECs treated with TNF-α . Then we tested the interaction 
between them (Fig. 5C), and concluded that miR-19b inhibits TNF-α -induced endothelial cell apoptosis 
via the Apaf1/caspase pathway, which is independent for apoptosis. Additionally, TNF was also a poten-
tial target gene of miR-19b32,33. The down-regulation of miR-19b alleviated its inhibition of TNF mRNA, 
resulting increased TNF-α  expression, which subsequently resulted in reduced miR-19b expression. It 
appears that a form of positive feedback regulates this process (Fig. 7).

The miR-17-92 cluster contains 6 members containing a highly conserved 5′  seed region, including 
miR-17/20a (seed sequence: AAAGUG), miR-18a (AAGGUG), miR-19a/b (GUGCAA) and miR-92a 
(AUUGCA). The miR-17-92 family is highly expressed in human endothelial cells13; miR-19 is regarded 
as the primary oncogenic component of this family34,35. Olive V et al.34 observed that miR-19 promoted 
c-myc-induced lymphomagenesis by repressing apoptosis. In our study, we observed a significant change 
in miR-19b expression in HUVECs following 24 h of TNF-α  treatment, as well as anti-apoptotic effects 
of miR-19b in vitro. However, miR-19a and miR-19b differ by only a single nucleotide at position 11 
(Table 1). We therefore also studied the function of miR-19a with respect to the TNF-α -induced apoptosis 
of HUVECs and observed that miR-19a exereted similar anti-apoptotic effects (Supplementary Fig. S2).  
However, the reasons for the differences in the expression levels of miR-19a and miR-19b remain unclear. 
Although our research also demonstrated that the plasma levels of miR-92a were lower among patients 
with CAD than among healthy control subjects, Loyer X et al.36 recently observed that upregulation of 
miR-92a by ox-LDL in atheroprone areas promotes both endothelial cell activation and the develop-
ment of atherosclerotic lesions. These findings indicated that miR-19 and miR-92a may exert opposing 
effects with respect to endothelial cell apoptosis. Regarding the other members of the miR-17-92 cluster, 
miR-17/20 exhibits cell-intrinsic anti-angiogenic activity in endothelial cells14, and miR-18a is the most 
strongly repressed miRNA in aged cardiomyocytes37.

Increasing evidence suggests that the biological functions of miRNAs may be either cell-type or 
microenvironment dependent. For example, miR-23a promotes apoptosis in human embryonic kidney 
cells38, but inhibits apoptosis in HUVECs39. The inhibition of miR-17/20a in vivo via antagomirs signif-
icantly increases the number of perfused vessels in Matrigel plugs, whereas the systemic inhibition of 

Figure 7. The mechanism diagram. Positive feedback was noted between miR-19b and TNF-α . miR-
19b was significantly downregulated following 24 h of TNF-α  treatment. The down-regulation of miR-
19b alleviated its inhibition of TNF, which is the target gene of miR-19b, resulting in increased TNF-α  
expression. miR-19b plays a significant role in the attenuation of TNF-α -induced HUVEC apoptosis via the 
Apaf1/caspase pathway, which functions independently of apoptosis.
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miR-17-20a does not affect tumor angiogenesis14. Accordingly, to minimize the effects of confounding 
variables, we selected patients with CAD and age/sex-matched healthy controls. We also used several 
different methods of testing the effects of the miRNAs in vitro to improve the reliability of our results. 
Although many research studies regarding atherosclerosis focus on HUVECs, the physiological charac-
teristics of HUVECs are not completely consistent with those of coronary artery endothelial cells. The 
in vivo and in vitro environments are also different. Therefore, the effects of miR-19 with respect to 
endothelial cell apoptosis in vivo warrant further investigation. More studies are also necessary to clarify 
the in vivo effects exerted by the deletion of the miR-19 gene. Although more research is necessary, the 
findings of our study indicate that miR-19b exerts anti-apoptotic effects in endothelial cells, which may 
broaden the scope of the research regarding the role of miRNAs in atherosclerosis.

In conclusion, our findings demonstrated that miR-19b plays a significant role in the attenuation of 
TNF-α -induced HUVEC apoptosis, which is closely linked to the Apaf1/caspase-dependent pathway. 
These results could provide new insight into the clinical applications of endothelial repair in the setting 
of atherosclerosis.

Methods
The experiments were conducted in accordance with approved guidelines: this study was approved by the 
ethics committee of Xinhua Hospital School of Medicine, Shanghai Jiaotong University, and informed 
consent was obtained from all patients before the study.

Patient population and blood collection. Twelve patients diagnosed with CAD by our Division of 
Cardiology were recruited. Their diagnoses were based on a history of chest pain, coronary angiography 
results and characteristic ECG changes. In addition, twelve healthy subjects were enrolled to serve as a 
control group. Age, gender, BMI, and other baseline characteristics of the two groups were compared. 
A 10 ml sample of peripheral blood was collected in an EDTA-containing vacutainer tube from each 
individual for further analysis.

Isolation and identification of HUVECs. Primary human umbilical vein endothelial cells (HUVECs) 
were cultured following a previously described protocol40. The cord, which was separated from the pla-
centa, was stored in a sterile container filled with cord buffer. The blood in the umbilical vein was washed 
out using cord buffer. Ten milliliters of cord buffer containing 0.2% collagenase type II (Sigma, USA) 
was subsequently infused into the umbilical vein, which was clamped shut using hemostats. Following 
incubation at 37 °C for 15 min, the solution containing the endothelial cells was rinsed with an appro-
priate amount of cord buffer. The cells obtained from the solution were cultured in DMEM medium 
containing 10% fetal bovine serum and 1% penicillin–streptomycin at 37 °C in a 5% CO2 incubator. This 
entire operation used sterile techniques and was completed within three hours. Endothelial cells passages 
from three to five were used for this study.

Flow cytometry and TUNEL staining analysis of cells treated with TNF-α. Endothelial cells 
were treated with 0, 1, 10, 50 or 100 ng/ml of TNF-α  (Proptech) in 6-well plates for 24 hours. The effects 
of TNF-α  on HUVEC apoptosis were evaluated by flow cytometry and TUNEL/DAPI-stained cell pho-
tomicrography. Flow cytometry was performed using a FITC Annexin V apoptosis detection kit I (BD). 
HUVECs were washed twice with cold PBS, resuspended in a 1X binding buffer, incubated in a 5 μ l 
FITC-Annexin V solution for 10 min and then incubated with PI for 5 min at 25 °C in the dark. The cells 
were subsequently analyzed within 1 h before being analyzed a second time using a Beckman Coulter 
FC500 (Beckman). An in situ cell death detection kit (Roche) that involves TUNEL staining was used. 
TUNEL stained only the apoptotic cells, but when it was combined with DAPI, all of the cells were 
stained.

miRNA microarray. To detect changes in miRNA expression in the TNF-α -treated HUVECs, a 
miRNA microarray was performed. HUVECs were treated with either vehicle (n =  3) or TNF-α  (10 ng/ml)  
(n =  3) for 24 h. The total RNA from each group was isolated and hybridized using a microRNA microar-
ray chip (Agilent). Locally weighted scatterplot smoothing (LOWESS) was utilized for background sub-
traction and signal normalization.

Assessment of miRNA and mRNA levels. Total RNA was isolated using a RNA Isolation 
Kit (Ambion), and levels of the miR-17-92 cluster were measured using a mirVana qRT–PCR 
miRNA Detection Kit (Ambion). Reverse transcription reactions were specific for each miR-17-
92 cluster miRNA, and U6 was used as the endogenous control. Expression levels of apoptotic 
protease-activating factor (Afap1) and caspase-7 (Casp7) were measured using a qRT-PCR mRNA 
detection kit (Roche) following the manufacturer’s instructions, ß-actin was used for normalization. 
The 2_DDCt method was used to quantify the relative expression levels between the groups. The for-
ward (F) and reverse (R) primers were as follows: has-miR-19b F: 5′ - TGTTGCATGGATTTGCACA-3′ , 
and R: 5′ - GTGCAGGGTCCGAGGT-3′ ; Afap1 F: 5′ - GATGATGTTTGGGACTCTTGG-3′ , and R: 
5′ - AAGGAACTCTCCACAGGGACT-3′ ; Casp7 F: 5′ - AGTGACAGGTATGGGCGTTC-3′ , and R:  
5′ - GGCATTTGTATGGTCCTCT-3′ ; U6 F: 5′ - CGCTTCGGCAGCACATATACTAAAATTGGAAC-3′ , 
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and R: 5′ - GCTTCACGAATTTGCGTGTCATCCT-3′ ; β -actin F: 5′ -AGAGCCTCGCCTTTGCCGAT-3′ , 
and R: 5′ -TGCCAGATTTTCTCCATGTCGT-3′ .

Assessment of protein levels. Western blots were performed in according to standard procedures. 
HUVECs were seeded in 6-well plates and lysed with 100 μ l of a cell lysis solution containing 2 μ l of phe-
nylmethanesulfonyl fluoride buffer. Equal amounts of protein (40 μ g) were loaded onto 12% SDS–PAGE 
gels (Millipore). Primary antibodies for Casp7 (1:1000 dilution; Cell Signaling), Casp3 (1:1000 dilution; 
Cell Signaling), Apaf1 (1:1000 dilution; Cell Signaling) and PTEN (1:1000 dilution; Cell Signaling) were 
used. The antibody for β -actin (1:1000 dilution; Cell Signaling) was used as the endogenous control. The 
gels were run under the same experimental conditions and the original whole gel blots were included in 
the supplementary data. The levels of TNF-α , Apaf-1 and Casp7 protein in the serum samples obtained 
from the patients with CAD were measured by Enzyme-Linked Immunosorbent Assay Kits (Elabscience).

Transfection in vitro. miR-19b mimics and inhibitors (Dharmacon, Inc. 50 nM) were added to the 
culture media when the cells reached 50-60% confluence. The cells were transfected with the vehicle 
alone, an oligo control for the miR-19b mimic or an oligo control for the miR-19b inhibitor. Transfection 
efficiency was assessed using a GFP-labeled oligo control. Changes in miRNA expression were deter-
mined by qRT-PCR at 24 h following transfection. The Apaf1-siRNA, PTEN-siRNA, Casp3-siRNA and 
Casp7-siRNA were obtained from Santa Cruz Biotechnology.

Luciferase activity assay. The 3′ -UTR of Apaf1, which contains binding sites for miR-19b, was ampli-
fied by PCR using the following primers: F: 5′ -GGCGGCTCGAGTAATGAGAAGAATTTGGAAGAAAT
-3′ ; and R:5′  –AATGCGGCCGCCTAGACAACATAGTGAGACC-3′ . We subsequently introduced  
point mutations at the seed binding sites of the 3′ -UTR of Apaf1, using the following primers:  
F:5′  –AGAGGTTTAAACGTGTCTTTAAATTTGCTTTAA-3′ ; and R:5′ - TTTAAAGACACGTTTAAACC 
TCTAAGATTGTAT-3′ . Either the wild type or the mutant fragment was inserted into the 
pmiR-RB-REPORTTM vector (Ribobio, China) at the same site. Either the miR-19b mimic or mimic 
control was subsequently transfected into the HEK 293 cells in the presence of either the wild type or 
the mutant reporter plasmid. Luciferase activity was measured at 24 h following transfection using the 
dual-Luciferase Reporter Assay System (Promega).

Similarly, either the wild type or the mutant 3′ -UTR of Casp7 was transfected and evalu-
ated using the same methods as described above. The primers of the wild type Casp7 were as  
follows: F: 5′  –GGCGGCTCGAGCCATATCAGGGGTACATTCT 3′ , and R: 5′ -AATGCGGCCGCAATTA 
AGCAA CCACATTTTT-3′ . The primers of the mutant Casp7 were as follows: F: 5′ -AGAGTCATG 
AAACGAGTTGG-3′ , and R: 5′ -CCAACTCGTTTCATGACTCT-3′ .

Statistical analysis. Statistical analysis was performed using SPSS 18 software (SPSS Inc., USA). For 
the normally distributed variables, comparisons between the two groups were performed using a t-test. 
The statistical significance of the variables in proportions was determined using the chi-squared test. 
The association between the levels of miR-19b and TNF-α , Apaf-1 and Casp7 was described using the 
Spearman correlation coefficient. A P-value <  0.05 was considered statistically significant.
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