

















PM, MIRNA PROFILING, AND MRNA EXPRESSION
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FIG. 2. Network analysis showing the pathways linking (A) let-7g and NF-KB1 and (B) miR-421 and IFNAR2.

FIG. 3. Network analysis showing the pathways linking miR-146a and TGFB1.

versus blood leukocytes, and the different types of investigated
exposures. Both diesel exhausts (Edling ez al., 1987) and metal-
rich PM particles (Cavallari er al., 2008) have been related
to cardiovascular and respiratory effects in humans but are
different in chemical compositions and physical properties.
Our results suggest that miRNAs may show exposure-specific
responses to different environmental triggers.

We characterized the functionality of differentially expressed
miRNAs by measuring mRNA expression of a panel of
inflammatory genes. The changes in miRNA expression might
be the result of systemic inflammation or direct effects of PM.

The in silico network analysis identified biological interactions
for the 11 miRNA-mRNA pairs, ranging from direct miRNA
targeting of mRNA to complex interactions. We found direct
targeting as the determinant of the negative association between
miR-29a and PTEN expression. PTEN is a phosphoinositide
phosphatase that was originally identified as a tumor suppressor
frequently mutated or deleted in various human cancers to
promote tumorigenesis (Li et al., 1997). PTEN overexpression
decreases inflammatory cytokine levels, whereas a reduced
PTEN activity promotes a proinflammatory response (Furgeson
et al., 2010; Koide et al., 2007). A previous study in Hep G2
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cells showed that miR-29a directly inhibits the expression of
PTEN by binding the 3'UTR of PTEN mRNA (Kong et al.,
2011). Assuming a total context score (TCS) < —0.2 (Sualp and
Can, 2011), TargetScan also predicts PTEN as a target for miR-
29a (TCS = -0.55).

The in silico network analysis on the remaining miRNA-
mRNA correlated pairs revealed no direct targeting but indirect
interactions with different degrees of complexity. Three miRNA-
mRNA pairs, i.e., miR-146a and CCL2; miR-146a and CCLS5;
and let-7g and NF-kB1, were connected through a one-step
interaction. For instance, miR-146a can directly suppress the
expression of signal transducer and activator of transcription
1 (STAT1), a transcription factor that enhances CCL2
proinflammatory gene transcription, thus resulting in reduced
CCL2 mRNA levels (Supplementary fig. S2, panel A). Yang et al.
(2011) have shown that in oxLDL-stimulated macrophages the
secretion of CCL2 is dramatically inhibited by overexpression
of miR-146a. A recent functional study confirmed that STAT1
is an miR-146a target in human peripheral blood mononuclear
cells (Tang et al., 2009). An additional six pathways—Iinking
miR-421 and IFNAR2; miR-421 and NOS2; miR-421 and
PDGFRB; let-7g and ITGAX; let-7g and TGFB1; and miR-
146a and CDKN1C—connected miRNAs to the corresponding
mRNAs through two-step interactions. Also, those correlations
are consistent with previous evidence that support our in silico
network analysis. For instance, targeting of SMAD4 (SMAD
family member 4) by miR-421, which was found as the initial
step in the pathways linking miR-421 with IFNAR2 and miR-421
with PDGFRB, has been previously demonstrated by induction
of ectopic expression of miR-421 in pancreatic cancer cell lines
and consequent reduction of SMAD4 expression (Hao et al.,
2011). The remaining pathway linking miR-146a and TGFB1
showed a high degree of complexity, with multiple intermediates
and hubs of interactions between the miRNAs and the mRNAs.

Our study design allows for capturing variations in miRNA
expression that are rapidly induced during the 4 days of expo-
sure between the two time points at which blood samples were
drawn and disappear or wane during the 2 days off work.
Because of the limited number of study participants, it is possi-
ble that some of the findings in our study were due to chance. To
limit false positives in the detection of differentially expressed
miRNAs, we used a widely accepted strategy based on both
effect-size and statistical significance cutoffs to reduce type II
error (Patterson et al., 2006). The combination of a level of sta-
tistical significance of p < 0.05 and an FC with a cutoff of 2 has
been previously shown to improve agreement among microar-
ray platforms in the discovery of differentially expressed tran-
scripts than the p-value alone (McCarthy and Smyth, 2009).

In this study, the high levels of exposures, coupled with the
matched study design, provided us with a unique combination
to efficiently study the PM acute effects in humans. The study
design is suited to reflect the conditions of most workers, as
well as of individuals exposed to outdoor PM, who are cus-
tomarily exposed to variable levels of PM exposure over time.

The levels of PM exposure in the steel production facility were
substantially higher than the expected outdoor exposures to
ambient PM. The mean level of PM,  exposure observed in our
study, which was equal to 169.29 pg/m®, was approximately
three times higher than the ambient PM, | levels measured in
the geographic area where the plant is located (average annual
ambient PM,  levels between 41 and 57 pg/m’) (Anselmi and
Patelli, 2006). Although the study participants were in a modern
facility with state-of-the-art systems for exposure reduction, we
cannot exclude that exposures other than PM might have con-
tributed to the observed effects. In addition to PM, workers may
have additional exposures, including heat, PAHs, carbon mon-
oxide, and nonionizing radiations. In order to avoid the pos-
sible confounding such as smoke, we selected only nonsmoker
participants. We address that our study was design to mimic the
real life exposure of a human population to outdoor pollution.
It is worth noting that limiting our investigation to individuals
who have all been working in the same facility avoided poten-
tial concerns related to the selection of external referents who
might have differed from the exposed population in terms of
socioeconomic factors and other characteristics determining
hiring into the plant (Pearce et al., 2007).

In this integrative analysis, the data potentially provide novel
insights into molecular processes that regulate cellular responses,
such as proinflammatory signaling, to a representative particu-
late material abundant in certain forms of metal. Our results pro-
vide further evidence on the impact of acute PM exposure on
gene regulation mechanisms and identify novel PM-responsive
miRNAs that may control inflammatory gene expression. We
acknowledge that this study is generating hypothesis in terms
of mechanistic knowledge. However, future studies, using other
approaches, are warranted to validate either the functional regula-
tory significance of the specific miRNA-gene target associations
or the effects of the individual PM components on the observed
responses. In vitro studies may test miRNA-gene interference,
which would be expected to result in loss of miRNA-mediated
gene expression (Vasudevan, 2012) and the specific mechanisms
activated by single metal component in order to identify the
metal with the most dramatic health effects.
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