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Abstract

Background

Coronary collateral arteries function as natural bypasses in the event of coronary obstruc-

tion. The degree of collateral network development significantly impacts the outcome of

patients after an acute myocardial infarction (AMI). MicroRNAs (miRNAs, miRs) have arisen

as biomarkers to identify heterogeneous patients, as well as new therapeutic targets in car-

diovascular disease. We sought to identify miRNAs that are differentially expressed in

chronic total occlusion (CTO) patients with well or poorly developed collateral arteries.

Methods and Results

Forty-one CTO patients undergoing coronary angiography and invasive assessment of

their coronary collateralization were dichotomized based on their collateral flow index (CFI).

After miRNA profiling was conducted on aortic plasma, four miRNAs were selected for vali-

dation by real-time quantitative reverse transcription polymerase chain reaction in patients

with low (CFI<0.39) and high (CFI>0.39) collateral artery capacity. We confirmed signifi-

cantly elevated levels of miR423-5p (p<0.05), miR10b (p<0.05), miR30d (p<0.05) and

miR126 (p<0.001) in patients with insufficient collateral network development. We further

demonstrated that each of these miRNAs could serve as circulating biomarkers to discrimi-

nate patients with low collateral capacity (p<0.01 for each miRNA). We also determined sig-

nificantly greater expression of miR30d (p<0.05) and miR126 (p<0.001) in CTO patients

relative to healthy controls.
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Conclusion

The present study identifies differentially expressed miRNAs in patients with high versus low

coronary collateral capacity. We have shown that thesemiRNAs can function as circulating

biomarkers to discriminate between patients with insufficient or sufficient collateralization. This

is the first study to identify miRNAs linked to coronary collateral vessel function in humans.

Introduction
Collateral artery growth, a process known as arteriogenesis [1], provides an alternative route
for blood perfusion in the event of obstructive coronary artery disease. Coronary artery disease
(CAD) patients with a well-developed collateral network exhibit better preservation of myocar-
dial function and are less vulnerable to adverse cardiac events, with reduced mortality [2–4].

Previous studies have shown differences in gene expression at messenger RNA (mRNA)
level between CAD patients with poor versus well-developed coronary collateral arteries [5, 6].
However, there is currently limited information on microRNA (miRNA) expression in CAD
patients with varying degree of collateral artery formation.

In recent years, miRNAs have been identified as new targets for pharmaceutical interven-
tion. MiRNAs are small non-coding RNAs (~22 nucleotides in length) that suppress transla-
tion or induce degradation of downstream mRNA targets, thereby modulating gene expression
at a post-transcriptional level [7]. Currently, there is limited knowledge about miRNAs that
play a role in arteriogenesis and vascular remodeling [8, 9]. Recent studies have identified miR-
NAs as suitable biomarkers to discriminate patients with cardiovascular diseases, including
heart failure, stable CAD, as well as acute myocardial infarction (AMI) [10]. In this study, we
sought to identify circulating miRNAs that are differentially expressed in chronic total occlu-
sion (CTO) patients with poor and well-developed coronary collateral arteries. In addition,
we aimed to determine which miRNAs would be suitable biomarkers to discriminate CTO
patients with either high or low collateral artery capacity.

Methods

Patient Population
This study was conducted in accordance with the Declaration of Helsinki. The institutional
medical ethics committee of the Academic Medical Center of the University of Amsterdam
approved the study protocol, and all patients gave written informed consent. The patient study
population and protocol have been described previously [6, 11]. Briefly, 41 Caucasian patients
that underwent successful elective percutaneous coronary intervention (PCI) of a CTO were
included. Patients were deemed an eligible candidate for the study if they had symptoms of
angina pectoris for�4 weeks and a CTO of a coronary artery. Exclusion criteria included pre-
vious myocardial infarction, cardiac surgery, depressed left ventricular function, diabetes melli-
tus and inflammatory or neoplastic disease. Due to the potential influence of diabetes mellitus
on collateral vessel formation [12] and miRNA expression patterns [13], patients with diabetes
mellitus were excluded such that the expression level of miRNAs associated with collateral ves-
sel capacity could be examined independently. Laboratory values collected for each patient
included leukocyte counts (109/L) as well as leukocyte subset counts (thrombocytes, neutro-
phils, eosinophils, basophils, lymphocytes, monocytes). Collateral flow index (CFI) was mea-
sured as described previously [6, 11].
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Plasma collection and storage
Aortic blood (7mL) was withdrawn from the aortic root from all patients at the beginning of
the cardiac catheterization protocol. Blood was transferred into sterile citrate tubes (Vacutai-
nerTM, Beckton Dickinson), placed on ice and centrifuged (1500g, 20 minutes). Plasma was
stored in RNase free vials at -80°C until usage.

Real Time-PCRmultiplex
Expression profiling of nearly 750 different miRNAs was conducted by a real time polymerase
chain reaction (RT-PCR) multiplex assay. For this plasma samples from 3 patients with either
high CFI (CFI>0.37) or low CFI (CFI<0.31) were pooled together into one sample. Six pooled
samples from patients with high collateral capacity, and 6 pooled samples from those with low
collateral capacity were included.

RT-PCR multiplex analysis was conducted by Exiqon Services, Denmark. Total RNA was
extracted from plasma using the Qiagen miRNeasy Mini Kit, according to the manufacturer’s
protocol. Isolated RNA was reverse transcribed, complementary DNA (cDNA) synthesized
and assayed in PCR reactions using the miRCURY LNA Universal RT miRNA PCR, Polyade-
nylation and cDNA synthesis kit (Exiqon) based on the manufacturer’s protocols. Each
miRNA was assayed once by quantitative PCR (qPCR) on the miRNA Ready-to-Use PCR,
Human panel I and panel II. Negative controls excluding template from the reverse transcrip-
tion reaction were also included. Amplification was performed in a LightCycler 480 RT-PCR
System (Roche). Amplification curves were analyzed using the Roche LC software. Amplifica-
tion efficiency was determined using algorithms similar to the LinReg software. Using Norm-
Finder software the best normalizer was found to be the average of assays detected in all
samples. All data was normalized to the average of assays detected in all samples (average–
assay Cp).

Validation of RT-PCRmultiplex results
Total RNA was isolated from plasma samples of all 41 patients using the mirVana PARIS kit
(Life Technologies) according to the manufacturer’s protocol. Patients were dichotomized into
low (CFI<0.39) and high (CFI>0.39) collateral capacity. This value was chosen based on the
study of van der Hoeven et al., whereby 0.39 was the mean CFI value in a large CTO patient
population (n = 295)[12]. Total RNA was also isolated from plasma acquired by venous punc-
ture from 19 healthy volunteers using TRIzol (Ambion), in line with the manufacturer’s
instructions.

MiRNA quantification was performed on all individual samples (in triplicate) using Taq-
Man microRNA assays (Applied Biosystems), according to manufacturer's protocol. QPCRs
were run on a 7900HT Fast RT-PCR System (Applied Biosystems), and amplification efficien-
cies were checked by standard curves. Based on the data collected from the RT-PCR multiplex,
three miRNAs were selected to be validated as stably expressed controls (mir15a, mir16,
mir223). Normalization of data was performed with the most stably expressed endogenous
control.

Statistical analyses
Values are expressed as mean ± standard deviation (SD). Statistically significant outliers in
miRNA RT-PCR data were identified using a Grubb’s test, and subsequently excluded. As
the validation experiments generated values that were derived from individual RT-PCR reac-
tions and each of the miRNAs are transcribed from different genes and therefore they are
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independently regulated, expression level of each respective miRNA was treated as an indepen-
dent variable. As a result, in the event that an outlier was identified for one miRNA, the data
for this patient was not excluded for all other miRNAs examined. MiRNAmeasurements in a
few patient samples were omitted for select miRNAs as there were undetectable plasma levels
of the respective miRNAs. Student’s unpaired two-tailed t-test analysis was used to compare
two groups with a normal distribution, and the Mann-Whitney U-test was used for data with a
non-normal distribution. Where applicable, Welch’s correction was used to consider unequal
variances. Fisher’s exact test was used to determine statistical differences in categorical groups.
Correlations were calculated with a Pearson correlation for normally distributed data, and the
Spearman correlation was used for non-normally distributed data. Receiver operator character-
istic (ROC) curves were analyzed to assess sensitivity and specificity of each miRNA. This sta-
tistical test depicts the sensitivity and specificity of a variable (individual miRNA) to
discriminate between one of two outcomes, these outcomes being either high or low collateral
capacity. To consider multiple parameters, a multivariate logistic regression was performed
with each individual miRNA together with age and gender. The predicted probabilities from
the multivariate logistic regression model were used to generate ROC curves. Where applicable,
the optimal diagnostic point to discriminate patients with a CFI>0.39 was determined at a cut-
off value with the largest Youden’s index (Sensitivity+Specificity–1). A likelihood ratio (LR)
was also used to examine the clinical impact to assess the likelihood that a patient with the
respective cut-off value has low (CFI<0.39; LR-) or high (CFI>0.39; LR+) collateral capacity.
Statistical analysis was conducted using GraphPad Prism 5 and IBM SPSS Statistics 20,
whereby a p-value<0.05 was considered statistically significant.

Results

Patient characteristics
The mean age of the patients included in this study was 59±11 years and 30 (71%) were male
(see Table 1 for patient characteristics). All patients underwent invasive CFI measurements,
whereby a mean CFI of 0.36±0.016 was calculated. The frequency distribution of CFI values is
displayed in Fig 1.

MiRNA RT-PCRMultiplex Results
The expression profiles of ~750 miRNAs were assessed in plasma from patients with high and
low collateral capacity. Fig 2 displays a heat map showing the top 28 miRNAs with highest dif-
ferential expression. Significantly greater miR126, miR30d, miR423-5p and miR10b expression
(p-value of 0.011, 0.029, 0.050 and 0.051, respectively) were seen in the plasma of patients with
low collateral capacity compared to those with high collateral capacity. We sought to validate
the expression pattern of these select miRNAs by qPCR.

Validation of differential microRNA expression
Based on the miRNA profiling data from the RT-PCR multiplex, three miRNAs were selected
as potential reference miRNA candidates because of their stable expression in patients with low
and high collateral capacity (miR15a, miR16 and miR223). These were selected based on their
low coefficient of variation (Cv) and non-significant difference in expression levels between
both patient groups. We verified stable expression levels of miR15a, miR16 and miR223 by
qPCR based on their cycle threshold (Ct) values and determined the lowest Cv in miR223 (S1
Fig). Thus, miR223 was used as a reference miRNA.
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Using miR223 for normalization of miRNA expression levels, we confirmed significantly
greater miR423-5p (p<0.05), miR30d (p<0.05), miR10b (p<0.05) and miR126 (p<0.001)
expression in patients with low collateral capacity (Fig 3). There was no significant correlation
between the expression levels of these miRNAs (miR423-5p, miR10b, miR30d or miR126) with
CFI (S2 Fig).

MicroRNAs for discrimination of patients with high or low collateral capacity
To determine if these selected miRNAs could be used to discriminate between patients with
high or low collateral capacity, we conducted ROC curve analysis. MiR126 was a significant

Table 1. Patient characteristics.

Characteristic CFI <0.39 (n = 27) CFI >0.39(n = 14) p-value

CFI, mean ± SD 0.31 ± 0.059 0.46 ± 0.080 < 0.0001

Age (years), mean ± SD 58 ± 12 60 ± 9 0.58

Male gender, n (%) 22 (81) 8 (57) 0.14

BMI (kg/m2), mean ± SD 26.9 ± 3.33 27.8 ± 2.58 0.35

Coronary Risk Factors
Hypertension, n (%) 14 (52) 10 (71) 0.32

Family history of CAD, n (%) 14 (52) 8 (57) 1.00

Hypercholesterolemia, n (%) 8 (30) 9 (64) <0.05

Current smoker, n (%) 4 (15) 1 (7.1) 0.64

Past smoker, n (%) 16 (59) 7 (50) 0.74

Target vessel
LAD, n (%) 7 (26) 5 (36) 0.72

RCA, n (%) 18 (66) 6 (43) 0.19

RCX, n (%) 2 (7.4) 3 (21) 0.32

Duration of anginal symptoms
< 3 months, n (%) 7 (26) 3 (21) 1.00

3 months to 1 year, n (%) 11 (41) 7 (50) 0.74

> 1 year, n (%) 8 (30) 3 (21) 0.72

Medication
Aspirin, n (%) 24 (89) 13 (93) 1.00

ACE-inhibitors/ARBs, n (%) 10 (37) 7 (50) 0.51

β - blockers, n (%) 22 (81) 12 (86) 1.00

Statins, n (%) 25 (93) 13 (93) 0.60

Clopidogrel, n (%) 19 (70) 8 (57) 0.49

Calcium Antagonists, n (%) 5 (18.5) 4 (29) 0.69

Nitrates, n (%) 15 (56) 7 (50) 0.75

Leukocytes

WBC (109/L ± SD) 7.0 ± 1.8 6.9 ± 1.3 0.9

Thrombocytes (109/L ± SD) 220 ± 53 249 ± 71 0.1

Neutrophils (109/L ± SD) 4.4 ± 1.4 4.5 ± 0.95 0.8

Eosinophils (109/L ± SD) 0.17 ± 0.10 0.17 ± 0.14 0.8

Basophils (109/L ± SD) 0.035 ± 0.031 0.031 ± 0.012 0.7

Lymphocytes (109/L ± SD) 1.9 ± 0.57 1.7 ± 0.61 0.4

Monocytes (106/L ± SD) 525 ± 147 462 ± 148 0.2

Patient characteristics were comparable in patients with low (CFI<0.39) and high (CFI>0.39) collateral capacity, with the exception of a greater incidence

of hypercholesterolemia in the high collateral capacity group. ACE, Angiotensin converting enzyme; ARBs, angiotensin receptor blockers; BMI, body mass

index; CAD, coronary artery disease; CFI, collateral flow index; LAD, left anterior descending; RCA, right coronary artery; RCX, right circumflex.

doi:10.1371/journal.pone.0137035.t001
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predictor of collateral capacity with an AUC of 0.81 (Fig 4A–4D, Table 2). The cut-off value of
miR126 to discriminate between patients with high or low collateral capacity was determined
to be<0.037, with a LR+ of 4.3. Nonetheless, recent studies have shown that age and gender
can also influence miRNA expression levels and collateral artery formation [14–17]. Thus,
using a multivariate logistic regression model with age and gender, we found that all miRNAs
showed AUC greater than 0.8 (Fig 4E–4H, Table 2).

Association of microRNAs and circulating leukocyte subsets
Circulating leukocytes play an important role in collateral vessel formation [18]. Previous stud-
ies have shown that good collateral development is associated with low levels of circulating leu-
kocytes [12], and higher levels of circulating monocytes in CAD patients [19]. Thus, we
examined whether there were correlations between the levels of each respective miRNA to cir-
culating leukocyte subsets. We found significant correlations between the level of miR10b and
lymphocytes (p<0.05), as well as between the level of miR10b and monocytes (p<0.05) (S1
Table).

Basal expression of microRNAs in healthy individuals relative to CTO
patients
We also sought to compare the expression level of these miRNAs (miR423-5p, miR30d,
miR10b and miR126) between healthy individuals (n = 19) relative to our CTO patient popula-
tion (n = 41). The mean age of our healthy population was 51±4, and all participants were
male. We compared the expression of the select miRNAs in healthy individuals to all CTO
patients without dichotomization based on their CFI value, due to lack of CFI measurements

Fig 1. Frequency distribution of collateral flow index (CFI) in patient group (n = 41). Patients were
dichotomized into two groups, low (CFI <0.39) and high (CFI>0.39) collateral capacity

doi:10.1371/journal.pone.0137035.g001
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in healthy volunteers. Interestingly, miR30d and miR126 showed significantly greater expres-
sion in CTO patients relative to healthy individuals (p<0.01 and p<0.001, respectively; Fig 5),
wherebymiR126 showed over two-fold greater expression in CTO patients.

Discussion
The present study shows that miR423-5p, miR30d, miR10b and miR126 are up-regulated in
plasma of CTO patients with low coronary collateral artery capacity. We have also determined
that these miRNAs can be used as circulating biomarkers to discriminate between patients with
insufficient collateral arteries relative to patients with sufficient collateral artery capacity. Com-
pared to healthy individuals, miR30d and miR126 show elevated expression in CTO patients.

Previous studies have shown that patients with sufficient versus insufficient coronary collat-
eral artery development display distinctively different gene expression profiles at mRNA level.
Transcriptional profiling of peripheral blood monocytes revealed 244 differentially expressed
genes in patients with poor versus well-developed collateral networks [5, 6, 11]. Patients with
low collateral capacity displayed heightened activation of inhibitory pathways, based on
increased interferon-β [5] and galectin-2 [11] mRNA expression in peripheral blood mono-
cytes. In addition, it was shown that patients with diminished collateral capacity displayed a
distinct genetic polymorphism associated with galectin-2 mRNA expression in peripheral
blood monocytes [11].

Fig 2. Differential microRNA expression in patients with high versus low CFI. Heat map and supervised
hierarchical clustering of the top 28 microRNAs with the lowest p-value across all samples. Each row
represents one microRNA and each column represents one sample. Each sample consists of pooled plasma
samples from 3 patients with either high CFI or low CFI, resulting in a total of 12 samples. The color scale
shows the relative expression level of a microRNA across samples, where red color depicts an expression
level above mean and blue color represents down regulated expression. CFI: collateral flow index.

doi:10.1371/journal.pone.0137035.g002
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Based on these previous findings, we hypothesized that patients with varying degrees of col-
lateral artery capacity also display distinct miRNA expression profiles. Interestingly, there was
no linear correlation between the expression levels of these miRNAs with CFI. This is support-
ive of previous findings demonstrating distinct gene expression profiles in CAD and CTO
patients dichotomized based on their CFI value [5, 6, 11], suggesting the presence of two dis-
tinct patient groups. The miRNAs we have identified to be linked with low collateral artery
capacity have never been previously linked with collateral vessel function. It is unclear if these
miRNAs play a direct role in collateral vessel growth, or perhaps are up-regulated as a result of
other active pathways that in turn impede collateral vessel growth. MiR423-5p and miR126
have been previously linked to heart failure [17] and atherosclerosis progression [20]. MiR423
is part of the let-7 family of miRNAs which have been suggested to suppress expression of their
downstream target hepatic nuclear factor 4 alpha (HFN4A), and thereby promote stem cell
self-renewal [21]. MiR126 has also been shown to prevent atherosclerosis formation by pro-
moting endothelial cell proliferation and turnover, through the suppression of the Notch1
inhibitor delta-like 1 homolog (Dlk1) [20]. There is limited information directly linking
miR10b and miR30d to heart disease. MiR10b has been validated as a circulating biomarker to

Fig 3. Elevated expression of select microRNAs in patients with low collateral capacity. Values are based on qPCRmeasurements. Data are
presented as mean ± SD. CFI: collateral flow index.

doi:10.1371/journal.pone.0137035.g003
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identify patients with primary and metastatic breast cancer [22]. More recently miR10b has
been identified as a novel regulator of brain-derived neurotrophic factor (BDNF) [23]. BDNF
is important for angiogenesis in the myocardium [24], and has been associated with cardiovas-
cular risk factors [25]. MiR30d is known to promote cardiomyocyte pyroptosis through the
suppression of foxo3a; cardiomyocyte pyroptosis is pro-inflammatory programmed cell death
of cardiomyocytes [26].

Fig 4. Diagnostic potential of miRNAs.Receiver operator characteristic curve analysis of individual miRNAs (A: miR423-5p; B: miR30d; C: miR10b; D:
miR126) and multivariate logistic regression models of individual microRNAs together with age and gender (E: miR423-5p; F: miR30d; G: miR10b; H:
miR126) to discriminate between high or low collateral capacity patients. Red line depicts sensitivity (%) as a function of 1- specificity (%). The black line
depicts the identity line. The greater the area between the ROC curve (red) and identity line (black), the more accurate the test and the larger the
discriminatory power of the test. Multivariate logistic regression models with age and gender increase the area under the curve (AUC) of each miRNA, and
thus improve their power to discriminate between patients with either high or low collateral capacity.

doi:10.1371/journal.pone.0137035.g004

Table 2. Receiver operating characteristic curves.

miRNA AUC 95% CI P-value Cut-off Sensitivity (%) 95% CI Specificity (%) 95% CI LR+ LR-

miR423-5p 0.67 0.52 to 0.87 0.05 N/A N/A N/A N/A N/A N/A N/A

miR30d 0.67 0.49 to 0.84 0.09 N/A N/A N/A N/A N/A N/A N/A

miR10b 0.69 0.50 to 0.87 0.09 N/A N/A N/A N/A N/A N/A N/A

miR126 0.81 0.68 to 0.95 <0.01 <0.037 69 39–91 84 64–95 4.3 2.7

miR423-5p + Age + Gender* 0.80 0.65 to 0.95 <0.01 <0.57 77 46–95 87 68–97 6.1 3.8

miR30d + Age + Gender* 0.81 0.68 to 0.95 <0.01 <0.52 64 35–87 87 68–97 5.1 2.4

miR10b + Age + Gender* 0.86 0.72 to 0.99 <0.01 <0.77 90 55–100 70 47–87 3.0 7.0

miR126 + Age + Gender* 0.80 0.66 to 0.94 <0.01 <0.56 85 55–98 72 51–88 3.0 4.7

Properties of receiver operator characteristic curves shows that miR126 levels can significantly discriminate between patients with low CFI (<0.39) versus

high CFI (>0.39), with a p-value <0.01. In addition, in a multivariate logistic regression model with age and gender, each of the select miRNAs show

significant predictive power to discriminate between patients with high or low collateral capacity.

*Multivariate logistic regression model. AUC, area under curve; CI, confidence interval; CFI: collateral flow index; LR, likelihood ratio; miRNA, microRNA;

N/A, not applicable.

doi:10.1371/journal.pone.0137035.t002
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In this study we have identified miR423-5p, miR30d, miR10b and miR126 as circulating bio-
markers to discriminate between patients with low versus high collateral artery capacity. This
may be valuable for identifying patients at higher risk of complications in the occurrence of acute
coronary events. The beneficial effect of a vast collateral network is known to improve survival of
patients suffering from CAD [2–4, 27]. Currently there are no known circulating biomarkers to
distinguish between these patient groups. As a result, it is not possible to compare the discrimina-
tory power of these miRNAs to other biomarkers. Clinical parameters associated with collateral
vessel function have been recently described [12]. However, identification of miRNAs associated
with high or low collateral vessel function in humans has never been previously described.

With the exception of miR126, the other miRNAs described in this study (miR423-5p,
miR10b, miR30d), displayed significant discriminatory power only in a multivariate logistic
regression model with age and gender. Consistent with other studies, age and gender depen-
dent intrinsic differences in miRNA expression have been shown previously [16, 17, 28]. Simi-
larly patients with older age also show diminished collateral artery capacity relative to their
younger counterparts [14, 15].

Fig 5. Expression of microRNAs in healthy individuals and CTO patients. Values are based on qPCRmeasurements. Data are presented as
mean ± SD. CTO: chronic total occlusion.

doi:10.1371/journal.pone.0137035.g005
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Circulating leukocytes, particularly monocytes, play a crucial role in modulating collateral
vessel growth [18]. Thus, we sought to determine if there was an association between the level
of circulating leukocyte subsets and the selected miRNAs. We noted an association between
miR10b and circulating monocytes along with lymphocytes. However, no other associations
were found between the level of miR423-5p, miR30d or miR126 and the level of circulating leu-
kocyte subsets. This can likely be attributed to the lack of secretion of these miRNAs by circu-
lating leukocytes. MiR30d has shown to be secreted by cardiomyocytes [26], while miR423-5p
has been linked to cardiac origin [29]. It is well known that miR126 is abundantly expressed by
endothelial cells and is not generated by smooth muscle cells or cardiomyocytes [30]. Platelets
have been deemed as a major source of circulating miR126, whereby aspirin treatment has
been shown to reduce circulating levels of miR126 [31]. Interestingly, in the current study pop-
ulation 90% of patients were being treated with aspirin and yet patients with poor collateral
network displayed elevated levels of miR126 relative to patients with well-developed collateral
vessels. This suggests an alternative source for miR126. Previous studies have shown that
miR126 is enriched in tissues with a large vascular component, with highest expression in the
heart and lung [30].

Although miR126 is perhaps the most extensively studied microRNA in relation to angio-
genic vascular growth, this is the first study to link miR126 to the extent of collateral vessel
function in humans. MiR126 has been identified as having pro-angiogenic effects and is impor-
tant for maintaining vascular integrity [30, 32, 33]. Van Solingen et al. investigated the effects
of antagomir silencing of miR126 on arteriogenesis and angiogenesis by femoral artery ligation
in mice [33]. However, no change in collateral vessel growth was seen in antagomir-126 treated
mice relative to controls. Nonetheless, in CTO patients we have noted significantly greater lev-
els of miR126 in patients with insufficient collateralization.

Clinical Implications
Currently the discrimination between patients with sufficient versus insufficient collateral net-
work relies on invasive intracoronary CFI measurements. Angiography grading can also pro-
vide semi-quantitative evaluation of the presence of recruitable collateral vessels [18].
However, angiography is limited to the detection of collateral vessels above 100μm in diameter
[34]. In addition, both CFI measurements and angiography require intracoronary catheteriza-
tion. The use of circulating biomarkers, such as the ones identified in this study, could prove to
be immensely valuable in providing a simple and less invasive means of characterizing the cor-
onary collateral capacity of patients. Identification of patients with low collateral capacity is
important as these patients are more vulnerable to mortality and have a higher risk of compli-
cations in the incident of an acute coronary event.

Study Limitations
Although we have identified 4 miRNAs associated with coronary collateral vessel capacity, we
are limited by a lack of mechanistic insight as to whether these miRNAs are directly involved
in collateral vessel growth. We cannot exclude the possibility that these miRNAs are detected
in elevated levels in patients with low collateral capacity due to other active pathways that
inhibit collateral vessel growth. Nonetheless, this study provokes future work in a larger patient
cohort, investigating the source of these miRNAs, as well as examining their exact involvement
in collateral vessel growth. Furthermore, as dichotomization of patients into low versus high
collateral capacity is entirely dependent on intracoronary measurements of CFI, it is not feasi-
ble to examine the level of these miRNAs in healthy control groups with high or low collateral
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capacity. However, we did note significantly elevated levels of miR30d and mir126 in CTO
patients relative to healthy individuals.

Conclusions
In conclusion, we have identified circulating miRNAs associated with insufficient collateral
artery function (miR423-5p, miR10b, miR30d and miR126) in CTO patients. We have also
determined that these select miRNAs are suitable circulating biomarkers to discriminate
between patients with well versus poorly developed collateral arteries, prompting future studies
with a larger patient cohort.
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(n = 41). Correlation of circulating miRNAs with circulating leukocyte groups. Significant cor-
relation was noted between miR10b and lymphocyte levels as well as between miR10b and
monocytes.
(DOCX)

Author Contributions
Conceived and designed the experiments: NH AYN AMvdL SHS NvR PHAQ IEH JJP. Per-
formed the experiments: NH AYN SHS JJP. Analyzed the data: NH AYN SHS. Contributed
reagents/materials/analysis tools: MWJdR SJPS AYN PHAQ IEH. Wrote the paper: NH AYN
AMvdL SHS NvR PHAQ IEH JJP.

References
1. Faber JE, ChilianWM, Deindl E, van Royen N, Simons M. A brief etymology of the collateral circulation.

Arteriosclerosis, thrombosis, and vascular biology. 2014; 34(9):1854–9. doi: 10.1161/ATVBAHA.114.
303929 PMID: 25012127

2. Elsman P, van 't Hof AW, de Boer MJ, Hoorntje JC, Suryapranata H, Dambrink JH, et al. Role of collat-
eral circulation in the acute phase of ST-segment-elevation myocardial infarction treated with primary
coronary intervention. Eur Heart J. 2004; 25(10):854–8. PMID: 15140533

3. Meier P, Gloekler S, Zbinden R, Beckh S, de Marchi SF, Zbinden S, et al. Beneficial effect of recruitable
collaterals: a 10-year follow-up study in patients with stable coronary artery disease undergoing quanti-
tative collateral measurements. Circulation. 2007; 116(9):975–83. PMID: 17679611

4. Pijls NH, Bech GJ, el Gamal MI, Bonnier HJ, De Bruyne B, Van Gelder B, et al. Quantification of recrui-
table coronary collateral blood flow in conscious humans and its potential to predict future ischemic
events. J Am Coll Cardiol. 1995; 25(7):1522–8. PMID: 7759702

5. Schirmer SH, Fledderus JO, Bot PT, Moerland PD, Hoefer IE, Baan J Jr, et al. Interferon-beta signaling
is enhanced in patients with insufficient coronary collateral artery development and inhibits

MicroRNAs and Coronary Collateral Artery Function

PLOS ONE | DOI:10.1371/journal.pone.0137035 September 2, 2015 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137035.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137035.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137035.s003
http://dx.doi.org/10.1161/ATVBAHA.114.303929
http://dx.doi.org/10.1161/ATVBAHA.114.303929
http://www.ncbi.nlm.nih.gov/pubmed/25012127
http://www.ncbi.nlm.nih.gov/pubmed/15140533
http://www.ncbi.nlm.nih.gov/pubmed/17679611
http://www.ncbi.nlm.nih.gov/pubmed/7759702


arteriogenesis in mice. Circ Res. 2008; 102(10):1286–94. doi: 10.1161/CIRCRESAHA.108.171827
PMID: 18420941

6. Schirmer SH, Bot PT, Fledderus JO, van der Laan AM, Volger OL, Laufs U, et al. Blocking interferon
{beta} stimulates vascular smooth muscle cell proliferation and arteriogenesis. J Biol Chem. 2010; 285
(45):34677–85. doi: 10.1074/jbc.M110.164350 PMID: 20736166

7. Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of translational repression and
mRNA decay. Nat Rev Genet. 2011; 12(2):99–110. doi: 10.1038/nrg2936 PMID: 21245828

8. Nazari-Jahantigh M, Wei Y, Schober A. The role of microRNAs in arterial remodelling. Thromb Hae-
most. 2012; 107(4):611–8. doi: 10.1160/TH11-12-0826 PMID: 22371089

9. Welten SM, Bastiaansen AJ, de Jong RC, de Vries MR, Peters EA, Boonstra MC, et al. Inhibition of
14q32 MicroRNAs miR-329, miR-487b, miR-494, and miR-495 Increases Neovascularization and
Blood Flow Recovery After Ischemia. Circ Res. 2014; 115(8):696–708. doi: 10.1161/CIRCRESAHA.
114.304747 PMID: 25085941

10. Condorelli G, Latronico MV, Cavarretta E. microRNAs in cardiovascular diseases: current knowledge
and the road ahead. J Am Coll Cardiol. 2014; 63(21):2177–87. doi: 10.1016/j.jacc.2014.01.050 PMID:
24583309

11. van der Laan AM, Schirmer SH, de Vries MR, Koning JJ, Volger OL, Fledderus JO, et al. Galectin-2
expression is dependent on the rs7291467 polymorphism and acts as an inhibitor of arteriogenesis.
Eur Heart J. 2012; 33(9):1076–84. doi: 10.1093/eurheartj/ehr220 PMID: 21831908

12. van der Hoeven NW, Teunissen PF, Werner GS, Delewi R, Schirmer SH, Traupe T, et al. Clinical
parameters associated with collateral development in patients with chronic total coronary occlusion.
Heart. 2013; 99(15):1100–5. doi: 10.1136/heartjnl-2013-304006 PMID: 23716567

13. Raffort J, Hinault C, Dumortier O, Van Obberghen E. Circulating microRNAs and diabetes: potential
applications in medical practice. Diabetologia. 2015.

14. Epstein SE, Lassance-Soares RM, Faber JE, Burnett MS. Effects of aging on the collateral circulation,
and therapeutic implications. Circulation. 2012; 125(25):3211–9. doi: 10.1161/CIRCULATIONAHA.
111.079038 PMID: 22733335

15. Kurotobi T, Sato H, Kinjo K, Nakatani D, Mizuno H, Shimizu M, et al. Reduced collateral circulation to
the infarct-related artery in elderly patients with acute myocardial infarction. J Am Coll Cardiol. 2004; 44
(1):28–34. PMID: 15234401

16. Fichtlscherer S, De Rosa S, Fox H, Schwietz T, Fischer A, Liebetrau C, et al. Circulating microRNAs in
patients with coronary artery disease. Circ Res. 2010; 107(5):677–84. doi: 10.1161/CIRCRESAHA.
109.215566 PMID: 20595655

17. Tijsen AJ, Creemers EE, Moerland PD, deWindt LJ, van der Wal AC, KokWE, et al. MiR423-5p as a
circulating biomarker for heart failure. Circ Res. 2010; 106(6):1035–9. doi: 10.1161/CIRCRESAHA.
110.218297 PMID: 20185794

18. Hakimzadeh N, Verberne HJ, Siebes M, Piek JJ. The Future of Collateral Artery Research. Curr Cardiol
Rev. 2013.

19. Kocaman SA, Arslan U, Tavil Y, Okuyan H, Abaci A, Cengel A. Increased circulating monocyte count is
related to good collateral development in coronary artery disease. Atherosclerosis. 2008; 197(2):753–
6. PMID: 17707383

20. Schober A, Nazari-Jahantigh M, Wei Y, Bidzhekov K, Gremse F, Grommes J, et al. MicroRNA-126-5p
promotes endothelial proliferation and limits atherosclerosis by suppressing Dlk1. Nat Med. 2014; 20
(4):368–76. doi: 10.1038/nm.3487 PMID: 24584117

21. KohW, Sheng CT, Tan B, Lee QY, Kuznetsov V, Kiang LS, et al. Analysis of deep sequencing micro-
RNA expression profile from human embryonic stem cells derived mesenchymal stem cells reveals
possible role of let-7 microRNA family in downstream targeting of hepatic nuclear factor 4 alpha. BMC
Genomics. 2010; 11 Suppl 1:S6. doi: 10.1186/1471-2164-11-S1-S6 PMID: 20158877

22. Roth C, Rack B, Muller V, Janni W, Pantel K, Schwarzenbach H. Circulating microRNAs as blood-
based markers for patients with primary and metastatic breast cancer. Breast Cancer Res. 2010; 12(6):
R90. doi: 10.1186/bcr2766 PMID: 21047409

23. Varendi K, Kumar A, Harma MA, Andressoo JO. miR-1, miR-10b, miR-155, and miR-191 are novel reg-
ulators of BDNF. Cell Mol Life Sci. 2014.

24. Donovan MJ, Lin MI, Wiegn P, Ringstedt T, Kraemer R, Hahn R, et al. Brain derived neurotrophic factor
is an endothelial cell survival factor required for intramyocardial vessel stabilization. Development.
2000; 127(21):4531–40. PMID: 11023857

25. Jiang H, Liu Y, Zhang Y, Chen ZY. Association of plasma brain-derived neurotrophic factor and cardio-
vascular risk factors and prognosis in angina pectoris. Biochemical and biophysical research communi-
cations. 2011; 415(1):99–103. doi: 10.1016/j.bbrc.2011.10.020 PMID: 22020095

MicroRNAs and Coronary Collateral Artery Function

PLOS ONE | DOI:10.1371/journal.pone.0137035 September 2, 2015 13 / 14

http://dx.doi.org/10.1161/CIRCRESAHA.108.171827
http://www.ncbi.nlm.nih.gov/pubmed/18420941
http://dx.doi.org/10.1074/jbc.M110.164350
http://www.ncbi.nlm.nih.gov/pubmed/20736166
http://dx.doi.org/10.1038/nrg2936
http://www.ncbi.nlm.nih.gov/pubmed/21245828
http://dx.doi.org/10.1160/TH11-12-0826
http://www.ncbi.nlm.nih.gov/pubmed/22371089
http://dx.doi.org/10.1161/CIRCRESAHA.114.304747
http://dx.doi.org/10.1161/CIRCRESAHA.114.304747
http://www.ncbi.nlm.nih.gov/pubmed/25085941
http://dx.doi.org/10.1016/j.jacc.2014.01.050
http://www.ncbi.nlm.nih.gov/pubmed/24583309
http://dx.doi.org/10.1093/eurheartj/ehr220
http://www.ncbi.nlm.nih.gov/pubmed/21831908
http://dx.doi.org/10.1136/heartjnl-2013-304006
http://www.ncbi.nlm.nih.gov/pubmed/23716567
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.079038
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.079038
http://www.ncbi.nlm.nih.gov/pubmed/22733335
http://www.ncbi.nlm.nih.gov/pubmed/15234401
http://dx.doi.org/10.1161/CIRCRESAHA.109.215566
http://dx.doi.org/10.1161/CIRCRESAHA.109.215566
http://www.ncbi.nlm.nih.gov/pubmed/20595655
http://dx.doi.org/10.1161/CIRCRESAHA.110.218297
http://dx.doi.org/10.1161/CIRCRESAHA.110.218297
http://www.ncbi.nlm.nih.gov/pubmed/20185794
http://www.ncbi.nlm.nih.gov/pubmed/17707383
http://dx.doi.org/10.1038/nm.3487
http://www.ncbi.nlm.nih.gov/pubmed/24584117
http://dx.doi.org/10.1186/1471-2164-11-S1-S6
http://www.ncbi.nlm.nih.gov/pubmed/20158877
http://dx.doi.org/10.1186/bcr2766
http://www.ncbi.nlm.nih.gov/pubmed/21047409
http://www.ncbi.nlm.nih.gov/pubmed/11023857
http://dx.doi.org/10.1016/j.bbrc.2011.10.020
http://www.ncbi.nlm.nih.gov/pubmed/22020095


26. Li X, Du N, Zhang Q, Li J, Chen X, Liu X, et al. MicroRNA-30d regulates cardiomyocyte pyroptosis by
directly targeting foxo3a in diabetic cardiomyopathy. Cell Death Dis. 2014; 5:e1479. doi: 10.1038/cddis.
2014.430 PMID: 25341033

27. Hakimzadeh N, Piek JJ. The coronary collateral circulation revisited. Neth Heart J. 2013; 21(3):144–5.
doi: 10.1007/s12471-013-0376-0 PMID: 23359113

28. Dimmeler S, Nicotera P. MicroRNAs in age-related diseases. EMBOMol Med. 2013; 5(2):180–90. doi:
10.1002/emmm.201201986 PMID: 23339066

29. Goldraich LA, Martinelli NC, Matte U, Cohen C, Andrades M, Pimentel M, et al. Transcoronary gradient
of plasmamicroRNA 423-5p in heart failure: evidence of altered myocardial expression. Biomarkers.
2014; 19(2):135–41. doi: 10.3109/1354750X.2013.870605 PMID: 24506564

30. Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, Hill JA, et al. The endothelial-specific microRNA
miR-126 governs vascular integrity and angiogenesis. Dev Cell. 2008; 15(2):261–71. doi: 10.1016/j.
devcel.2008.07.002 PMID: 18694565

31. van Solingen C, Bijkerk R, de Boer HC, Rabelink TJ, van Zonneveld AJ. The Role of microRNA-126 in
Vascular Homeostasis. Curr Vasc Pharmacol. 2013.

32. Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, Wythe JD, et al. miR-126 regulates angiogenic signal-
ing and vascular integrity. Dev Cell. 2008; 15(2):272–84. doi: 10.1016/j.devcel.2008.07.008 PMID:
18694566

33. van Solingen C, Seghers L, Bijkerk R, Duijs JM, Roeten MK, van Oeveren-Rietdijk AM, et al. Antago-
mir-mediated silencing of endothelial cell specific microRNA-126 impairs ischemia-induced angiogene-
sis. J Cell Mol Med. 2009; 13(8A):1577–85. doi: 10.1111/j.1582-4934.2008.00613.x PMID: 19120690

34. Kolibash AJ, Bush CA, Wepsic RA, Schroeder DP, Tetalman MR, Lewis RP. Coronary collateral ves-
sels: spectrum of physiologic capabilities with respect to providing rest and stress myocardial perfusion,
maintenance of left ventricular function and protection against infarction. Am J Cardiol. 1982; 50
(2):230–8. PMID: 7102555

MicroRNAs and Coronary Collateral Artery Function

PLOS ONE | DOI:10.1371/journal.pone.0137035 September 2, 2015 14 / 14

http://dx.doi.org/10.1038/cddis.2014.430
http://dx.doi.org/10.1038/cddis.2014.430
http://www.ncbi.nlm.nih.gov/pubmed/25341033
http://dx.doi.org/10.1007/s12471-013-0376-0
http://www.ncbi.nlm.nih.gov/pubmed/23359113
http://dx.doi.org/10.1002/emmm.201201986
http://www.ncbi.nlm.nih.gov/pubmed/23339066
http://dx.doi.org/10.3109/1354750X.2013.870605
http://www.ncbi.nlm.nih.gov/pubmed/24506564
http://dx.doi.org/10.1016/j.devcel.2008.07.002
http://dx.doi.org/10.1016/j.devcel.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18694565
http://dx.doi.org/10.1016/j.devcel.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18694566
http://dx.doi.org/10.1111/j.1582-4934.2008.00613.x
http://www.ncbi.nlm.nih.gov/pubmed/19120690
http://www.ncbi.nlm.nih.gov/pubmed/7102555

