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Abstract
Background—Ambient particulate matter (PM) has been associated with mortality and
morbidity for cardiovascular disease (CVD). MicroRNAs control gene expression at a post-
transcriptional level. Altered microRNA expression has been reported in processes related to CVD
and PM exposure, e.g. systemic inflammation, endothelial dysfunction and atherosclerosis.
Polymorphisms in microRNA-related genes could influence response to PM.

Methods—We investigated the association of exposure to ambient particles in several time
windows (4-hours to 28-days moving averages) and blood-leukocyte expression changes in
fourteen candidate microRNAs, in 153 elderly males from the Normative Aging Study (examined
2005–2009). Potential effect modification by six single nucleotide polymorphisms (SNPs) in three
microRNA-related genes was investigated. Fine PM (PM2.5), black carbon, organic carbon and
sulfates were measured at a stationary ambient monitoring site. Linear regression models, adjusted
for potential confounders, were used to assess effects of particles and SNP-by-pollutant
interaction. An in silico pathways analysis was performed on target genes of miRNAs associated
with the pollutants.

Results—We found a negative association for pollutants in all moving averages and miR-1,
-126, -135a, -146a, -155, -21, -222 and -9. The strongest associations were observed with the 7-
day moving averages for PM2.5 and black carbon and with the 48-hour moving averages for
organic carbon. The association with sulfates was stable across the moving averages. The in silico
pathway analysis identified 18 pathways related to immune response shared by at least two
miRNAs; in particular, the “HMGB1/RAGE signaling pathway” was shared by miR-126, -146a,
-155, -21 and -222.
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No important associations were observed for miR-125a-5p, -125b, -128, -147, -218 and -96. We
found significant SNP-by-pollutant interactions for rs7813, rs910925 and rs1062923 in GEMIN4
and black carbon and PM2.5 for miR-1, -126, -146a, -222 and -9, and for rs1640299 in DGCR8
and SO4

2− for miR-1 and -135a.

Conclusions—Exposure to ambient particles could cause a downregulation of microRNAs
involved in processes related to PM exposure. Polymorphisms in GEMIN4 and DGCR8 could
modify these associations.

Exposure to ambient particulate matter (PM) has been associated with increased mortality
and morbidity for cardiovascular disease (CVD).1 Although some biological mechanisms
have been identified (including systemic inflammation, endothelial dysfunction and
atherosclerosis2), the underlying mechanisms for ambient particles toxicity are not
completely understood. Moreover, particles are a complex mixture of primary particles (e.g.
black carbon) as well as secondary particles (e.g. various organic carbon particles and
sulfates [SO4

2−]) that may act through different mechanisms.

MicroRNAs (miRNAs) are small endogenous 20 to 23 nucleotide non-coding RNAs that
can pair to sites in specific messenger RNAs (mRNAs) of protein-coding genes and control
gene expression at a post-transcriptional level by degrading or repressing mRNAs.3 Altered
expression of several miRNAs have been reported in processes related to inflammation (e.g.
miR-1, -128, -135a, -146a, -147, -155, -21, and -94–8), endothelial dysfunction (e.g.
miR-126 and -2189,10), and atherosclerosis (e.g. miR-125a-5p, -125b, -155, -222, -9611–14).

Few studies have investigated changes in miRNAs expression in response to environmental
stressors, including PM.15 A dysregulation of miRNAs has been found associated with
exposure to PM, diesel exhaust particles and carbon black nanoparticles in vitro16,17 and in
animal studies.18,19 Expression changes in miRNAs related to inflammation and oxidative
stress following exposure to metal-rich PM in foundry workers has been reported.20,21

Several genes are involved in miRNAs biogenesis and processing, including Gem-associated
protein 4 (GEMIN4) and DiGeorge critical region-8 (DGCR8) genes.22 Polymorphisms in
these genes may affect miRNA expression. Our group recently observed a modification of
pollutant effects on health outcomes by a number of single nucleotide polymorphisms
(SNPs) in miRNA processing genes,23,24 indicating that miRNA expression may represent a
biological mechanism linked to PM effects.

In the present study, we investigated whether exposure to overall fine particulate matter
(PM2.5), as well as particles from mobile sources (black carbon) and secondary transported
particles (organic carbon and sulfates) in several time windows, was associated with
expression changes in selected candidate miRNAs in blood leukocytes. Furthermore, we
investigated whether the effects were modified by SNPs in a selection of miRNA-related
genes previously shown to modify particles effects.

Methods
Study population

Our study participants were members of the Veterans Normative Aging Study. This cohort,
established in 1963, enrolled men age 21–80 years from the Greater Boston area who were
free of known chronic medical conditions.25 Participants were reevaluated every 3–5 years
using on-site comprehensive clinical examinations. Residency was verified during each
visit. Buffy coat for miRNAs measurement were collected in 166 participants between
December 2005 and May 2009. Collection of blood samples for genetic analysis began in
the late 1990s; 149 participants provided blood samples for some or all miRNA-related
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SNPs. Participants reported to the study center on the morning of their scheduled
examinations. Lifestyle data were collected using a questionnaire. Written informed consent
from all participants and approval from the Institutional Review Boards of all participant
institutions were obtained.

Ambient air pollutants measurement
Measurements of pollutants were obtained from a stationary ambient monitoring site, < 1
km from the examination site where the participant visit took place. The median distance
from participants residence to monitor site was 23.9 (25th–75th percentiles= 11.2 – 58.3) km.
Ambient black carbon was measured hourly using an aethalometer (Magee Scientific,
Berkley, CA), and PM2.5 was measured continuously using a tapered element oscillating
microbalance (model 1400A, Rupprecht&Pataschnick Co, Albany, NY). Hourly averages
for PM2.5 were calculated based on the continuous measurements. Daily average of both
black carbon and PM2.5 were calculated in the 24-hr (0800 to 0800 hours) period preceding
examination. When data were missing for either black carbon or PM2.5, levels were imputed
through a linear regression model.26 Twenty-four-hour integrated sulfur was measured on
daily particulate filter samples using X-ray fluorescence spectroscopy and was multiplied by
3 to compute SO4

2− levels. After 2007 a continuous sulfate monitor was available to fill in
occasional missing values from X-ray fluorescence analyses. Twenty-four-hour integrated
organic carbon was measured using the Partisol model 2300 sequential sampler
(Rupprecht&Pataschnick Co). Particle-health associations have been reported for a range of
averaging times ranging from hours to a month or longer. To assess the most relevant
exposure windows for the associations with miRNAs, we evaluated several time windows of
exposure, using as the exposure index the average pollutant concentration taken from time
periods of 4-hour to 28-day moving averages before the time of blood draw.

MiRNAs selection and analysis
We selected 14 miRNAs that have been previously reported as involved in processes related
to inflammation,4–8 endothelial dysfunction,9,10 and atherosclerosis.11–14 Total RNA was
extracted from stored frozen buffy coat of whole blood, and RNA purity and concentration
were determined (for further details see eAppendix).

We used stem-loop quantitative real-time RT-PCR to detect and quantify 14 miRNAs. In the
reverse transcription step, we used TaqMan® MicroRNA Reverse Transcription Kit
(Applied Biosystems) and custom 96 well plates pre-spotted with specific miRNA stem-loop
primers (Applied Biosystems). Real-time polymerase chain reaction (PCR) was performed
using TaqMan® custom 384 well plates (Applied Biosystems) and TaqMan® Universal PCR
Master Mix (Applied Biosystems). All PCR runs were performed in triplicate on a 7900HT
Fast Real-Time PCR System (Applied Biosystems) (see eAppendix). The relative gene
expression was calculated via a 2−ΔΔCt method. Blood samples for miRNAs were analyzed
in two batches (20 and 146 participants respectively). Data are presented as the relative
quantity of target miRNA, normalized to endogenous control miRNAs (i.e. RNU24 and
RNU48) and a calibrator built as a pool of random samples (see eAppendix). DataAssistTM

Software (Applied Biosystems) was employed to provide relative quantification analysis of
miRNAs expression.

SNPs selection and genotyping
SNPs were selected based on previously published works investigating modification of
effects of pollutants on health outcomes.23,24 Genotyping was performed using multiplex
PCR assays designed with Sequenom Spectro DESIGNER software (Sequenom, Inc., San
Diego, CA). The extension product was then spotted onto a 384-well spectroCHIP before
analysis in the MALDITOF mass spectrometer (Sequenom, Inc.). Duplication was
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performed on 5% of the samples. The 6 SNPs analyzed for this study were all successfully
genotyped. After genotyping, we excluded those SNPs for which fewer than 3 participants
were homozygous variant carriers (rs13078 in DICER, rs197414 in GEMIN3), leaving a
total of 4 SNPs in 2 genes (rs7813, rs910925 and rs1062923 in GEMIN4, rs1640299 in
DGCR8).

Statistical methods
We investigated the effect of exposure to PM2.5 on miRNAs levels within the population.
The effects of black carbon, organic carbon and SO4

2− were also assessed to determine
whether certain sources/types of particle pollution such as traffic and coal combustion
produced different effects. We also examined gene-by-environment interactions between
pollutants and selected SNPs in miRNA-related genes. We tested for nonlinearity using
penalized splines in generalized linear models. Linear regression multivariate models were
constructed to estimate the effects of each air pollutant. MiRNAs measurements were
natural-log-transformed to improve normality. The following adjusting variables were
selected a priori, based on previous work investigating associations between miRNAs and
particles in foundry workers20: age, body mass index (BMI), cigarette smoking (never,
former, current), and pack-years. We adjusted for percent of granulocytes (to control for
possible shifts in leukocyte differential count), date, and seasonality (using sine and cosine).
We first determined for each pollutant the most representative time window to be used in
our main analysis to examine the association of investigated pollutants with 14 miRNAs.
We then examined SNP-by-pollutant cross-product terms for the selected pollutants’ time
window to assess gene-by-environment interactions, only for those miRNAs that we found
associated with pollutants. To reduce the number of tested associations we examined only
the recessive model of inheritance.

All statistical analyses were carried out using R 2.12.1 (R Foundation for Statistical
Computing, Vienna, Austria). All effect estimates (β) and their 95% confidence intervals
(CI) are presented as percent changes per-interquartile-range (IQR) change of pollutant at
each averaging time period, using the formula (eβ*IQR−1) × 100.

Sensitivity analyses
Because blood samples for SNPs genotyping was available in a subset of participants, we
restricted our analysis of the association between miRNA and pollutants to participants with
some or all miRNA-related SNPs. Since blood samples for miRNAs were analyzed in two
batches, results from the two groups may differ. We therefore controlled for batch in joint
analyses and performed a sensitivity analysis restricting to the group with more participants.
To account for potential population stratification, we ran a sensitivity analysis by restricting
to persons of the most represented race based on self-report. Moreover, to take into account
differences in the distance from the monitoring site to the participant’s residence, we
performed a sensitivity analysis by restricting to the 95% of people living closest to the
monitoring site.

In silico pathway analysis
MiRNAs that were significantly associated with the pollutants were further investigated,
together with their target genes, with GeneGO pathways enrichment analysis (see
eAppendix) in MetaCore™ v6.9 (GeneGo Inc.), a web-based computational platform for
multiple applications in systems biology. MetaCore analyses are based on MetaBase, a
proprietary database of mammalian biology that contains over 6 million manually curated
experimental findings on protein-protein, protein-DNA and protein-compound interactions,
metabolic and signaling pathways, supported by proprietary ontologies and controlled
vocabulary.
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Experimentally validated target genes were obtained from miRTarBase v3.5, a database of
miRNA-target interactions that are collected by surveying pertinent literature, as well as on
predicted targets from TargetScan v6.2. TargetScan uses an algorithm to calculate the Total
Context Score for each predicted miRNA hit as a measure of targeting efficacy (see
eAppendix). To reduce the false-positive rate, predicted targets with a Total Context Score <
−0.2 were considered biologically relevant and acceptable for analysis.

MiRNA-target expression correlation
Since only small portions of validated target messenger RNAs (mRNAs) are known for each
miRNA and the prediction algorithm can provide false-positive results,27 we also tested the
expression correlation of miRNAs and predicted targets included in the pathways analysis,
using the data available in the MirGator v3.0, a public database that collects deep-
sequencing human data (see eAppendix). We considered inversely correlated miRNA/
mRNA couples with Spearman’s r < −0.5.

Results
All participants made one study visit between December 2005 and May 2009. MiRNA data
were available for 156 out of the 166 participants who provided a blood sample. Complete
covariate data were available on 153 participants. Organic carbon measurements were
available for a subset of 132 participants, with clinical characteristics similar to those with
all data available (results not shown). The clinical characteristics of the participants are
described in Table 1. Participants were non-Hispanic white (95%), elderly males, most of
whom were never (30%) or former (69%) smokers. eTable 1 summarizes daily pollutants
levels during the study period. PM2.5 was highly correlated with all other pollutants, in
particular SO4

2− (Spearman’s correlation coefficient [ρ] = 0.93). Daily concentrations of
black carbon and organic carbon were moderately correlated (ρ = 0.69) (eTable 1).

We first examined the association between exposure to particles for several moving
averages (4-hour, 24-hour, 48-hour, 7-day, 14-day and 28-day) and changes in miRNAs, to
determine for each pollutant the representative time window for our main analysis. We
excluded a non-linear relationship between metals and miRNA using penalized splines in
generalized additive models (eFigure 1). In our models adjusted for age, BMI, cigarette
smoking (never, former, current), pack-years of smoking, granulocytes (%), date,
seasonality and miRNA batch, we found an overall association in the negative direction for
pollutants in all the exposure windows and eight miRNAs (i.e. miR-1, -126, -135a, -146a,
-155, -21, -222 and -9) (eTable 2). No important associations were observed for the
miR-125a-5p, -125-b, -128, -147, -218 and -96 (eTable 2). The trend of associations through
the time-windows was similar for all the eight miRNAs; an example is reported in Figure 1,
showing results for miR-9.

For each pollutant we then selected a representative moving average, on the basis of this
trend. In general, the observed decrease in miRNAs levels in relation to PM2.5 and black
carbon was strongest for the 7-day moving average. The negative association between
organic carbon and miRNAs was generally strongest for the 48-hour moving average. The
negative association between sulfates and miRNAs was mostly stable across the moving
averages (eTable 2). In Table 2 we report the percentage change in miRNAs for an IQR
increase in pollutant in the selected exposure window for each pollutant, i.e. 7-days for
PM2.5 (IQR= 3.83 μg/m3) and black carbon (IQR= 0.26 μg/m3), 48-hours for organic carbon
(IQR= 1.56 μg/m3) and 48-hours for SO4

2− (IQR= 1.47μg/m3). The strongest associations in
relation to higher PM2.5 and black carbon were for miR-21 and -146a. An IQR increase in
the 7-day moving average of PM2.5 was associated with 34% (95% CI = −48% to −17%)
and 35% (−48% to −18%) lower miR-146a and miR-21, respectively. Similarly, an IQR
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increase in the 7-day moving average of black carbon was associated with a 28% (−45% to
−4%) and 35% (−51% to −15%) lower miR-146a and miR-21, respectively. MiR-1, -135a
and -21 showed the strongest associations in relation to organic carbon. An IQR increase in
the 48-hour moving average of organic carbon was associated with a 34% (−54% to −6%),
28% (−45% to −6%) and 26% (−45% to −1%) lower miR-1, miR-135a and miR-21,
respectively. The strongest associations with the 48-hour moving average of SO4

2− were for
miR-1 (−25% association [−38% to −8%]), miR-146a (−24% [−35% to −11%]) and miR-21
(−23% [−34% to −10%]).

The complete list of the 4 SNPs analyzed is described in Table 3. All or some of the
miRNA-related genotyping were available for 141 of 153 participants. Using the selected
exposure window for each pollutant we examined the gene-by-environment interactions
between pollutants and these four SNPs. We found significant SNP-by-pollutant interactions
for black carbon and PM2.5 in relation to SNPs in GEMIN4 for five microRNAs (i.e. miR-1,
-126, -146a, -222 and -9), and for SO4

2− and rs1640299 in DGCR8 for miR-135a and -21
(Table 4). There were no significant SNP-by-pollutant interaction for organic carbon and
miR-155 (results not shown). For wild-type persons and heterozygotes carriers of
rs1062923, an IQR change in the 7-day moving average of black carbon was associated with
a 32% decrease (−48% to −9%) in miR-146a levels, whereas in homozygous variant carriers
(n = 6) we observed a 768% increase (6% to 7043%) (P= 0.021 for interaction term).
Rs1062923 also modified in a similar fashion the effect of PM2.5 and black carbon on miR-1
and miR-126, and the effect of black carbon on miR-9. In homozygous variant carriers for
rs7813 and rs910925, we observed lower miR-146a and miR-222 in relation with higher
levels of black carbon, compared with wild-type and heterozygotes. For wild-type and
heterozygotes for rs1640299, an IQR change in the 48-hour moving average of SO4

2− was
associated with a 38% decrease (−52% to −19%) in miR-1 levels, whereas in homozygous
variant carriers no significant association was observed (test for interaction, P = 0.032).
Rs1640299 also modified in a similar fashion the effect of SO4

2− on miR-135a (Table 4).
We performed a number of sensitivity analyses to assess the robustness of our results.
Restricting to participants with some or all miRNA-related SNPs (n = 141) did not change
our results. Since blood samples for miRNAs were analyzed in two batches, results from the
two groups may differ; we then performed sensitivity analysis restricting to the group with
more participants with all covariates (n = 135), with no changes in findings. We ran a
sensitivity analysis by restricting our analyses to non-Hispanic white men (n = 145), to
account for potential population stratification, with no changes in the results. Restricting to
the 95% of participants living closest to the monitoring site did not have important effects on
our results. We included in our model multiple variables a priori based on previous work,20

we then ran a sensitivity analysis by removing the non-significant covariates in the subset of
models showing the strongest association in relation to higher PM2.5 (i.e. those investigating
miR-21 and miR-146a [eTable 3]), and we found no important changes in our results.

To explore the functional significance of the eight miRNAs associated with pollutants, we
performed an in silico pathway analysis on the validated and predicted target genes
identified for miR-1, -126, -135a, -146a, -155, -21, -222, and -9. We first determined the
putative downstreams (i.e. gene targets) for each miRNA. We found 1575 miRNA-target
interactions either validated or predicted with a Total Context Score < −0.20 (Table 5). The
total number of gene targets considered for analysis ranged from 33 (miR-126) to 407
(miR-1). We ran a pathway analysis for each miRNA. In addition to those related to general
functions, pathways related to immune response represented between 12% and 39% of the
noteworthy pathways (false discovery rate <0.05) in six out of eight miRNAs (namely,
miR-1, -126, -146a, -155, -21 and -222) (Table 6; for a complete pathway list, see eTables
5–12). We therefore identified those pathways shared by two or more miRNAs, to
investigate the potential cross-talk among the miRNAs in regulating pathways related to
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immune response. 18 out of 54 of these pathways related to immune response were shared
by at least two miRNAs (Table 7), in particular the “High-mobility group protein B1
(HMGB1)/Advanced glycosylation end product-specific receptor (RAGE) signaling
pathway” was shared by mir-126, -146a, -155, -21 and -222 (eFigure 2).

Since prediction algorithms can provide false-positives results,27 we also tested the
expression correlation of miRNAs and predicted targets included in the pathways analysis,
using data available in MirGator. The percentage of predicted targets that were inversely
correlated (Spearman’s r < −0.5) with miRNA in at least one deep-sequencing dataset in
MirGator ranged from 25% (miR-146a) to 55% (miR-9) (Table 5; for complete results see
eTable 4).

Discussion
In this study of elderly men, we investigated the effects of several exposure windows to
PM2.5, black carbon, organic carbon and SO4

2− on the expression of fourteen candidate
miRNAs involved in processes related to PM exposure (i.e. inflammation, endothelial
dysfunction and atherosclerosis).4,5,9,11–14 We observed an overall negative association
between the investigated pollutants in all exposure windows (4 hours to 28 days) and miR-1,
-126, -135a, -146a, -155, -21, -222, and -9, with similar trends of the associations through
the time windows in all miRNAs. Since higher levels of these miRNAs tend to be associated
with less expression of their target mRNAs, this negative association would be expected to
result in increased inflammation, endothelial dysfunction, and atherosclerosis. The strongest
effect for PM2.5 and black carbon was observed for seven-day exposure. The negative
association between organic carbon and miRNAs were generally strongest for the 48-hour
moving average. The association with sulfates was mostly stable across the moving
averages. Seven-day moving averages of PM2.5 and of black carbon (an indicator of traffic-
related particles) have also been reported to be relevant for several outcomes in the
Normative Aging Study study, including DNA methylation, another mechanism of
epigenetic regulation of gene expression.28 For PM2.5 the associations emerged as early as
the 4-hour exposure measure. We did not find meaningful associations for the miR-125a-5p,
-125b, -128, -147, -218, and -96. Moreover, we found three SNPs in GEMIN4 that modified
the observed association with PM2.5 and black carbon for miR-1, miR-126, miR-146a,
miR-222, and miR-9, and one SNP in DGCR8 that modified the observed association with
SO4

2− for miR-1 and miR-135a.

Few studies have investigated changes in miRNAs expression in response to environmental
stressors, and even fewer have addressed exposure to PM.15,29,30197 of 313 miRNAs were
up- or down-regulated ≥ 1.5-fold in human bronchial epithelial cells after treatment with
diesel exhaust particles.16 MiR-375 was found upregulated following diesel-exhaust-particle
exposure and ambient fine PM exposure in primary human bronchial epithelial cells.17 A
decrease of several miRNAs was demonstrated in the myocardium of PM exposed rats.18 In
a study of pulmonary global miRNA responses to carbon black nanoparticles in mice, the
authors found a marked increases in miR-135b and subtle changes in miR-21 and
miR-146b.19 In a study of foundry workers, an up-regulation of selected miRNA, measured
by real-time PCR (i.e. miR-222 and -21, but not miR-146a) was observed after short-term
occupational exposure (3 days) to metal-rich PM.20 In the same study, the authors
performed a microarray analysis of 847 human miRNAs and identified four differentially
expressed miRNAs post-exposure (namely, miR-421, -146a, -29a, and let-7g).21

Our study investigated the association in humans between ambient particles in different time
windows and in vivo expression of candidate miRNAs, and investigated the role of
polymorphisms in miRNA processing genes as effects modifiers in these associations. None
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of the fourteen miRNAs investigated in our study was upregulated. This is in keeping with
results in in vitro and in in vivo studies showing mainly downregulation of miRNAs in the
myocardium of PM-exposed rats18 and in cigarette-smoke exposed human airway epithelial
cells31 and murine lungs.32

We found miR-21, miR-146a, and miR-222 to be negatively associated with exposure to
pollutants. Two of these miRNAs (i.e. miR-146a and -21) have also been found to be
decreased in the myocardium of rats exposed to PM.18 In contrast, the expression of miR-21
was increased in a study on pulmonary global miRNA responses to carbon black
nanoparticles in mice.19 Moreover, the expression of these miRNAs, measured by real-time
PCR, was increased (miR-21 and -222) or not changed (miR-146a) in peripheral blood
leukocytes of foundry workers after three days of work, compared with baseline
measurements.20 The authors did not find any association with particle mass (PM10 and
PM1), but an association of miR-222 and miR-146a with specific metal components of
PM.20 In the same study, the authors performed a microarray analysis of 847 human
miRNAs and identified four differentially expressed miRNAs post-exposure (fold change > |
2|; p < 0.05), including miR-146a (fold change = 2.62; p = 0.007).21 The opposite results we
obtained could be due to differences in particle composition and in the characteristics of
studied participants.

In addition to databases of manually curated experimental findings on miRNA-target gene
interactions, (e.g. miRTarBase), bioinformatic strategies are now available to predict
potential miRNA targets, such as those implemented in TargetScan. We explored both
experimentally validated and predicted targets (with the understanding that the latter are
speculative) for those miRNAs associated with pollutants (namely, miR-1, -126, 135a,
-146a, -155, -21, -222, and -9). We examined whether these genes are overrepresented in
GeneGo pathways annotated in the MetaCore database. We understand that the predicted
targets are speculative, and we therefore investigated the expression correlation of miRNAs
and predicted targets included in the pathways analysis. We found the percentage of
negatively correlated miRNA/mRNA couples to be lower than expected based on the
estimated false-response rate for TargetScan.27 This might be due partially to the type of
tissues/cells included in MirGator (i.e. mostly cancer tissues and immortalized cell lines).

We identified several pathways involved in the immune response for all the miRNAs except
miR-135a and miR-9. In particular, the “HMGB1/RAGE signaling pathway” was shared by
mir-126, -146a, -155, -21, and -222. HMGB1 - a highly conserved, ubiquitous protein
present in the nuclei and cytoplasm of nearly different cell types, including activated
macrophages monocytes and dendritic cells - is a necessary and sufficient mediator of
inflammation during sterile and infection-associated responses.33 HMGB1 activates cells
through the differential engagement of multiple surface receptors including RAGE.34

HMGB1-induced intracellular signaling through RAGE can activate ERK1/2 and stress-
activated mitogen-activated protein kinases p38 mitogen-activated protein kinase (p38
MAPK) and c-Jun N-terminal kinases (JNK), leading to activation of transcription factors
such as NF-kappa-B (NF-kB), Cyclic AMP-responsive element-binding protein 1 (CREB1),
SP1, and Transcription factor AP-1 (c-Jun).35,36

The activation of these transcription factors leads to the enhanced expression of cytokines
and molecules thought to play a role in particle effects,2 including proinflammatory
cytokines (such as tumor necrosis factor alpha, interleukin [IL] 1-beta, IL-6 and IL-8),
adhesion molecules (i.e. vascular cell adhesion molecule 1 and intercellular adhesion
molecule 1), and coagulation factors (i.e. plasminogen activator inhibitor-1, tissue-type
plasminogen activator and tissue factor).37–40 Moreover, several miRNAs have been
reported to directly or indirectly inhibit the transcription factor NF-kB, including miR-146-a,
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-155, -21 and -9,4 and NF-kB can in turn regulate the expression of several miRNA (e.g.
miR-146a, -21).4 RAGE and HMGB1 mRNAs were found to be increased in rats exposed to
ozone plus diesel exhaust particulate,41 suggesting a role in PM mechanisms. Also, cellular
signaling through RAGE has been suggested to have a role in diesel-exhaust-particle-
induced NF-kB-activation and chemokine responses in a type-I-like epithelial cell line
(R3/1).42 Our results suggest that the “HMGB1/RAGE signaling pathway” may also be
involved in mechanisms related to PM2.5 and the investigated components, such as
inflammation, coagulation and endothelial dysfunction, and that miR-126, -146a, -155, -21,
and -222 can play a role in the regulation of this pathway in response to particles.

Expression of miRNAs can be controlled by several mechanisms, including epigenetic
mechanisms (e.g. DNA methylation), and SNPs in both the promoter region of miRNA or in
miRNA processing genes. Several findings suggest miRNA gene silencing by CpG island
methylation in the miRNA promoter region.43,44 On the other hand, SNPs in the promoter
region of some miRNA (e.g. miR-146a45) have been shown to regulate miRNA expression.
Moreover, SNPs in genes involved in miRNA biogenesis and processing may affect miRNA
expression. We focused on SNPs in two genes involved in miRNA processing - namely
GEMIN4 and DGCR8, which we recently found to modify the effect of black carbon and
PM2.5 on blood pressure and adhesion molecules.23,24 According to the current model for
miRNAs transcription and processing,22 miRNAs originate from longer precursor RNAs
called primary miRNAs (pri-miRNAs). Pri-miRNAs are cleaved in the nucleus into a 70- to
100-nucleotide hairpin-shaped precursor miRNA (pre-miRNA) by an enzymatic complex
consisting of the RNase III enzyme Drosha and its binding partner DGCR8. Pre-miRNAs
are transported from the nucleus and further processed into a 19- to 25-nucleotide double-
stranded duplex. The double-strand duplex is then separated by a helicase into the functional
guide strand and the passenger strand. Multiple helicases have been linked to the miRNA
pathway, including GEMIN4.46 The functional strand of the mature miRNA interact with
argonaute-2 to form a ribonucleoprotein, which guides the miRNA into the RNA-induced
silencing complex, where the miRNA strand anneals to the 3′ untranslated regions of target
mRNAs, promoting translational repression or mRNA degradation.22

We found a modification of effect of black carbon and PM2.5 for SNPs in GEMIN4 for
some but not all the miRNA that were found associated with pollutants. We can speculate
that helicases other than GEMIN4 could be more relevant for some of the investigated
miRNAs. We found that two SNPs in GEMIN4 (rs7813 and rs910925) that have previously
been found to be in high linkage disequilibrium,23 similarly predicted miR-146a and -222,
with the homozygous variant carrier showing lower miRNAs expression for exposure to
black carbon. Conversely, rs1062923 in GEMIN4 wild-type persons and heterozygous
variant carriers showed lower expression of all five miRNAs except for miR-222 in response
to black carbon and miR-1 and -126 in response to PM2.5. For rs1062923 there were only 6
homozygous variant carriers, and we cannot exclude that the observed results were due to
chance. The opposite direction in effect modification by these SNPs is consistent with the
results from a previous study by our group.23 We also found that rs1640299 in DGCR8
modified the association between SO4

2− and miR-1 and -135a. The downregulation of
DGCR8 in murine myoblast cells overexpressing heme-oxigenases (a cytoprotective
enzyme) was associated with lower expression of 50% of the investigated miRNA
(including miR-1) compared with control cells,47 suggesting that DGCR8 may be involved
in the biogenesis of specific miRNAs.

Our results are subject to a number of limitations. Generalizability of results to other
populations is limited, because we investigated predominantly non-Hispanic white elderly
males and because air pollutant composition and concentration of particles in the Greater
Boston area may differ from those in other urban environments.
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There may be some misclassification of exposure in our analysis. We have utilized
stationary measures of air pollution to represent personal exposures. Prior research indicates
that when examining longitudinal exposures to air pollution, most error is of the Berkson
type. Simulation studies indicate that this exposure misclassification may lead to an
underestimation of the health effects of air pollution.48 In addition, several studies, including
one conducted in the Greater Boston area, have found that longitudinal measures of ambient
particulate concentrations are representative of longitudinal variation in personal
exposures.49

Since expression levels of key target genes were not measured in this study, we were not
able to demonstrate that observed changes in the expression of miRNAs corresponded to
changes in the expression of their targets. Moreover, using data available in a public
database we found the percentage of negatively correlated miRNA/mRNA couples to be
lower than expected based on the estimated false-response rate for the software we used,27

although this might be due in part to the type of tissues/cells included in the database (i.e.
mostly cancer tissues and immortalized cell lines).

MiRNAs are tissue-specific, and tissue other than peripheral blood leukocytes could be more
representative for the investigated mechanisms; however, blood is an easily obtainable
biological medium. Whereas blood leukocytes have been linked to PM-related inflammatory
and coagulatory responses, our findings cannot be directly compared to experimental models
using other tissues. We cannot exclude the possibility that other miRNAs could be more
relevant for PM-related disease mechanisms.

We tested several pollutants and miRNAs, as well as several SNP-by-pollutant interactions,
and thus the possibility of chance findings due to multiple testing should be considered.
However, if one in 20 tests at the 95% confidence level are expected to be significant due to
chance, 26 significant findings out of 56 tests in our main analysis (4 pollutants * 14
miRNAs) and 12 significant findings out of 128 tests in the SNP-by-pollutant analysis (4
pollutants * 8 miRNA * 4 SNPs) exceeds this.

In conclusion, our results suggests that exposure to ambient air particles, in particular traffic-
related particles, causes a downregulation of candidate microRNAs involved in processed
related to PM exposure (such as inflammation, endothelial dysfunction and coagulation) in
elderly men. Polymorphisms in two microRNA-related genes, GEMIN4 and DGCR8, could
modify the observed associations. Further research is needed to replicate our findings in
different and larger cohorts, considering both a wider number of candidate miRNAs and the
expression of candidate target genes.
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Figure 1.
Estimated percentage change and 95% CI in miR-9 for an interquartile range increase in (A)
PM2.5, (B) black carbon, (C) organic carbon and (D) sulfates, in several exposure windows
(n = 153, except n=132 for organic carbon). Model adjusted for age, BMI, cigarette smoking
(never, former, current), pack-years, granulocytes (%), date, seasonality (using sine and
cosine of day) and miRNA batch.
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Table 1

Characteristicsa of Study Participants (n = 153).

Characteristics

Age (years) 77.4 (5.9)

BMI (kg/m2) 28.7 (4.7)

miR-1b 0.9 (1.6)

miR-125a-5pb 1.9 (2.3)

miR-125bb 1.4 (1.7)

miR-126b 1.4 (1.4)

miR-128b 2.1 (4.1)

miR-135ab 0.8 (0.8)

miR-146ab 1.5 (1.7)

miR-147b,c 5.8 (20.9)

miR-155b 2.4 (2.1)

miR-21b 1.7 (2.1)

miR-218b 2.4 (7.4)

miR-222b 1.6 (1.7)

miR-9b 1 (0.8)

miR-96b 2 (2.8)

Smoking status; no. (%)

 Never 46 (30.1)

 Current 2 (1.3)

 Former 105 (68.6)

No. packs years of smoking 18.1 (21.8)

Race; no. (%)

 Non-Hispanic white 145 (94.8)

 Hispanic white 4 (2.6)

 African American 4 (2.6)

a
Mean (SD), unless otherwise specified.

b
Expressed as 2−ΔΔCt.

c
n = 152.
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Table 2

Estimated Percentage Changea in MiRNAs for an Interquartile Range Increase in the Selected Exposure
Window for Each Air Pollutant (n = 153, Except n=132 for Organic Carbon).

Pollutant (IQR; moving average) MicroRNA % change (95% CI)

PM2.5 (3.83μg/m3, 7-d)

miR-1 −33 (−50.2 to −10.2)

miR-126 −25 (−38.1 to −8.1)

miR-135a −29 (−42.9 to −12.4)

miR-146a −34 (−47.6 to −17.4)

miR-155 −21 (−32.8 to −6.7)

miR-21 −35 (−48 to −18.1)

miR-222 −20 (−32.9 to −4.3)

miR-9 −22 (−34.4 to −7.6)

Black carbon (0.26μg/m3, 7-d)

miR-1 −20 (−44 to 14.8)

miR-126 −24 (−39.8 to −3)

miR-135a −26 (−43.1 to −4.4)

miR-146a −28 (−45.2 to −4.2)

miR-155 −13 (−28.8 to 6.1)

miR-21 −35 (−50.8 to −14.8)

miR-222 −17 (−32.9 to 2.9)

miR-9 −26 (−39.4 to −8.9)

Organic carbon (1.56μg/m3, 48-h)b

miR-1 −34 (−53.5 to −5.7)

miR-126 −24 (−41 to −3)

miR-135a −28 (−45.4 to −6.1)

miR-146a −14 (−35.2 to 14)

miR-155 −15 (−30.7 to 5.3)

miR-21 −26 (−44.5 to −0.7)

miR-222 −5 (−23.9 to 18.4)

miR-9 −22 (−36.5 to −4.6)

SO4
2− (1.47 μg/m3, 48-h)

miR-1 −25 (−38.2 to −8.4)

miR-126 −17 (−27.5 to −5.5)

miR-135a −18 (−29 to −5.2)

miR-146a −24 (−34.6 to −11.1)

miR-155 −15 (−23.4 to −4.5)

miR-21 −23 (−33.7 to −9.9)

miR-222 −13 (−23 to −2.3)

miR-9 −16 (−25.1 to −5.9)

a
Adjusted for age, BMI, cigarette smoking (never, former, current), pack-years, granulocytes (%), date, seasonality (using sine and cosine of day)

and miRNA batch.
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Table 6

GeneGo Pathways Significantly Enriched in Target Genes of the Investigated MiRNAs.

miRNA

No. Pathways

Total False Discovery Rate < 0.05
Total (Immune response-related)

miR-1 348 6 (1)

miR-126 184 60 (7)

miR-135a 334 16 (0)

miR-146a 296 52 (20)

miR-155 427 95 (17)

miR-21 295 48 (9)

miR-222 387 82 (25)

miR-9 304 15 (0)

Total 613 243 (54)
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