












versus blood leukocytes, and the different types of investigated 
exposures. Both diesel exhausts (Edling et al., 1987) and metal-
rich PM particles (Cavallari et  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 

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.
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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 CCL5; 
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—linking 
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

10
 exposure observed in our 

study, which was equal to 169.29  μg/m3, was approximately 
three times higher than the ambient PM

10
 levels measured in 

the geographic area where the plant is located (average annual 
ambient PM

10
 levels between 41 and 57 μg/m3) (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.

sUPPleMeNtARy dAtA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.

FUNdING

National Institute of Environmental Health Sciences 
(R21ES020010, R01ES020268, R21ES019773, and R01ES00 
0002); TOSCA (2010-1607); ESSIA Regione Lombardia 
(DGR VIII/10462); Ministero dell’Istruzione, dell’Università e 
della Ricerca (PRIN 2007Y84HTJ).

314 MOTTA ET AL.

 at T
echnical U

niversity M
unich on M

ay 22, 2013
http://toxsci.oxfordjournals.org/

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kft013/-/DC1
http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kft013/-/DC1
http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kft013/-/DC1
http://toxsci.oxfordjournals.org/


ReFeReNCes

Anselmi, U., Patelli, R. (2006). Rapporto sulla qualità dell’aria di Brescia e 
provincia. ARPA Lombardia, Milan (in Italian).

Bianchi, F., Nicassio, F., Marzi, M., Belloni, E., Dall’olio, V., Bernard, 
L., Pelosi, G., Maisonneuve, P., Veronesi, G., and Di Fiore, P. P. (2011). 
A serum circulating miRNA diagnostic test to identify asymptomatic 
high-risk individuals with early stage lung cancer. EMBO Mol. Med. 3, 
495–503.

Bollati, V., Marinelli, B., Apostoli, P., Bonzini, M., Nordio, F., Hoxha, M., 
Pegoraro, V., Motta, V., Tarantini, L., Cantone, L., et al. (2010). Exposure 
to metal-rich particulate matter modifies the expression of candidate micro-
RNAs in peripheral blood leukocytes. Environ. Health Perspect. 118, 
763–768.

Cavallari, J. M., Fang, S. C., Eisen, E. A., Schwartz, J., Hauser, R., Herrick, R. 
F., and Christiani, D. C. (2008). Time course of heart rate variability decline 
following particulate matter exposures in an occupational cohort. Inhal. 
Toxicol. 20, 415–422.

Chan, G. C., Fish, J. E., Mawji, I. A., Leung, D. D., Rachlis, A. C., and Marsden, 
P. A. (2005). Epigenetic basis for the transcriptional hyporesponsiveness of 
the human inducible nitric oxide synthase gene in vascular endothelial cells. 
J. Immunol. 175, 3846–3861.

Chang, C. C., Hwang, J. S., Chan, C. C., Wang, P. Y., Hu, T. H., and Cheng, T. 
J. (2005). Effects of concentrated ambient particles on heart rate variability 
in spontaneously hypertensive rats. J. Occup. Health 47, 471–480.

Chen, S. J., and Chen, H. C. (2011). Analysis of targets and functions coregu-
lated by microRNAs. Methods Mol. Biol. 676, 225–241.

Chen, T., Li, Z., Tu, J., Zhu, W., Ge, J., Zheng, X., Yang, L., Pan, X., Yan, 
H., and Zhu, J. (2011). MicroRNA-29a regulates pro-inflammatory cytokine 
secretion and scavenger receptor expression by targeting LPL in oxLDL-
stimulated dendritic cells. FEBS Lett. 585, 657–663.

Corey, L. M., Baker, C., and Luchtel, D. L. (2006). Heart-rate variability in the 
apolipoprotein E knockout transgenic mouse following exposure to Seattle 
particulate matter. J. Toxicol. Environ. Health Part A 69, 953–965.

Dockery, D. W., Pope, C. A., 3rd, Xu, X., Spengler, J. D., Ware, J. H., 
Fay, M. E., Ferris, B. G., Jr., and Speizer, F. E. (1993). An association 
between air pollution and mortality in six U.S.  cities. N. Engl. J.  Med. 
329, 1753–1759.

Edling, C., Anjou, C. G., Axelson, O., and Kling, H. (1987). Mortality among 
personnel exposed to diesel exhaust. Int. Arch. Occup. Environ. Health 59, 
559–565.

Fichtlscherer, S., Zeiher, A. M., and Dimmeler, S. (2011). Circulating micro-
RNAs: Biomarkers or mediators of cardiovascular diseases? Arterioscler. 
Thromb. Vasc. Biol. 31, 2383–2390.

Furgeson, S. B., Simpson, P. A., Park, I., Vanputten, V., Horita, H., Kontos, 
C. D., Nemenoff, R. A., and Weiser-Evans, M. C. (2010). Inactivation of 
the tumour suppressor, PTEN, in smooth muscle promotes a pro-inflam-
matory phenotype and enhances neointima formation. Cardiovasc. Res. 86, 
274–282.

Guo, H., Ingolia, N. T., Weissman, J. S., and Bartel, D. P. (2010). Mammalian 
microRNAs predominantly act to decrease target mRNA levels. Nature 466, 
835–840.

Hao, J., Zhang, S., Zhou, Y., Liu, C., Hu, X., and Shao, C. (2011). MicroRNA 
421 suppresses DPC4/Smad4 in pancreatic cancer. Biochem. Biophys. Res. 
Commun. 406, 552–557.

Hesterberg, T. W., Long, C. M., Bunn, W. B., Sax, S. N., Lapin, C. A., and 
Valberg, P. A. (2009). Non-cancer health effects of diesel exhaust: A critical 
assessment of recent human and animal toxicological literature. Crit. Rev. 
Toxicol. 39, 195–227.

Izzotti, A., Larghero, P., Longobardi, M., Cartiglia, C., Camoirano, A., Steele, 
V. E., and De Flora, S. (2011). Dose-responsiveness and persistence of 

microRNA expression alterations induced by cigarette smoke in mouse lung. 
Mutat. Res. 717, 9–16.

Jardim, M. J., Fry, R. C., Jaspers, I., Dailey, L., and Diaz-Sanchez, D. (2009). 
Disruption of microRNA expression in human airway cells by diesel exhaust 
particles is linked to tumorigenesis-associated pathways. Environ. Health 
Perspect. 117, 1745–1751.

Kasinski, A. L., and Slack, F. J. (2011). Epigenetics and genetics. MicroRNAs 
en route to the clinic: Progress in validating and targeting microRNAs for 
cancer therapy. Nat. Rev. Cancer 11, 849–864.

Kim, V. N. (2005). MicroRNA biogenesis: Coordinated cropping and dicing. 
Nat. Rev. Mol. Cell Biol. 6, 376–385.

Koide, S., Okazaki, M., Tamura, M., Ozumi, K., Takatsu, H., Kamezaki, F., 
Tanimoto, A., Tasaki, H., Sasaguri, Y., Nakashima, Y., et al. (2007). PTEN 
reduces cuff-induced neointima formation and proinflammatory cytokines. 
Am. J. Physiol. Heart Circ. Physiol. 292, H2824–H2831.

Kong, G., Zhang, J., Zhang, S., Shan, C., Ye, L., and Zhang, X. (2011). 
Upregulated microRNA-29a by hepatitis B virus X protein enhances hepatoma 
cell migration by targeting PTEN in cell culture model. PLoS ONE 6, e19518.

Kumar, M., Ahmad, T., Sharma, A., Mabalirajan, U., Kulshreshtha, A., 
Agrawal, A., et al. (2011). Let-7 microRNA-mediated regulation of IL-13 
and allergic airway inflammation. J. Allergy Clin. Immunol. 128, 1077–1085.

Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S. I., Puc, J., 
Miliaresis, C., Rodgers, L., McCombie, R., et al. (1997). PTEN, a putative 
protein tyrosine phosphatase gene mutated in human brain, breast, and pros-
tate cancer. Science 275, 1943–1947.

McCarthy, D. J., and Smyth, G. K. (2009). Testing significance relative to a 
fold-change threshold is a TREAT. Bioinformatics 25, 765–771.

Mitchell, P. S., Parkin, R. K., Kroh, E. M., Fritz, B. R., Wyman, S. K., 
Pogosova-Agadjanyan, E. L., Peterson, A., Noteboom, J., O’Briant, 
K. C., Allen, A., et  al. (2008). Circulating microRNAs as stable blood-
based markers for cancer detection. Proc. Natl. Acad. Sci. U.S.A. 105, 
10513–10518.

Patterson, T. A., Lobenhofer, E. K., Fulmer-Smentek, S. B., Collins, P. J., Chu, 
T. M., Bao, W., Fang, H., Kawasaki, E. S., Hager, J., Tikhonova, I. R., et al. 
(2006). Performance comparison of one-color and two-color platforms 
within the MicroArray Quality Control (MAQC) project. Nat. Biotechnol. 
24, 1140–1150.

Pearce, N., Checkoway, H., and Kriebel, D. (2007). Bias in occupational epide-
miology studies. Occup. Environ. Med. 64, 562–568.

Polikepahad, S., Knight, J. M., Naghavi, A. O., Oplt, T., Creighton, C. J., 
Shaw, C., Benham, A. L., Kim, J., Soibam, B., Harris, R. A., et al. (2010). 
Proinflammatory role for let-7 microRNAS in experimental asthma. J. Biol. 
Chem. 285, 30139–30149.

Pradervand, S., Weber, J., Lemoine, F., Consales, F., Paillusson, A., Dupasquier, 
M., Thomas, J., Richter, H., Kaessmann, H., Beaudoing, E., et  al. (2010). 
Concordance among digital gene expression, microarrays, and qPCR 
when measuring differential expression of microRNAs. BioTechniques 48, 
219–222.

Samet, J. M., Dominici, F., Curriero, F. C., Coursac, I., and Zeger, S. L. (2000). 
Fine particulate air pollution and mortality in 20 U.S. cities, 1987-1994. N. 
Engl. J. Med. 343, 1742–1749.

Sonkoly, E., and Pivarcsi, A. (2009a). Advances in microRNAs: Implications 
for immunity and inflammatory diseases. J. Cell. Mol. Med. 13, 24–38.

Sonkoly, E., and Pivarcsi, A. (2009b). microRNAs in inflammation. Int. Rev. 
Immunol. 28, 535–561.

Sualp, M., and Can, T. (2011). Using network context as a filter for miRNA 
target prediction. BioSystems. 105, 201–209.

Takahashi, N., Nakaoka, T., and Yamashita, N. (2012). Profiling of immune-
related microRNA expression in human cord blood and adult peripheral 
blood cells upon proinflammatory stimulation. Eur. J.  Haematol. 88, 
31–38.

 PM, miRNA PROFILING, AND mRNA EXPRESSION 315

 at T
echnical U

niversity M
unich on M

ay 22, 2013
http://toxsci.oxfordjournals.org/

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/


Tang, Y., Luo, X., Cui, H., Ni, X., Yuan, M., Guo, Y., Huang, X., Zhou, H., de 
Vries, N., Tak, P. P., et al. (2009). MicroRNA-146A contributes to abnormal 
activation of the type I interferon pathway in human lupus by targeting the 
key signaling proteins. Arthritis Rheum. 60, 1065–1075.

Tarantini, L., Bonzini, M., Apostoli, P., Pegoraro, V., Bollati, V., Marinelli, B., 
Cantone, L., Rizzo, G., Hou, L., Schwartz, J., et al. (2009). Effects of par-
ticulate matter on genomic DNA methylation content and iNOS promoter 
methylation. Environ. Health Perspect. 117, 217–222.

Vasudevan, S. (2012). Functional validation of microRNA-target RNA interac-
tions. Methods 58, 126–134.

Wang, Z., Neuburg, D., Li, C., Su, L., Kim, J. Y., Chen, J. C., and Christiani, 
D. C. (2005). Global gene expression profiling in whole-blood samples from 
individuals exposed to metal fumes. Environ. Health Perspect. 113, 233–241.

Yang, K., He, Y. S., Wang, X. Q., Lu, L., Chen, Q. J., Liu, J., Sun, Z., and Shen, 
W. F. (2011). MiR-146a inhibits oxidized low-density lipoprotein-induced 
lipid accumulation and inflammatory response via targeting toll-like receptor 
4. FEBS Lett. 585, 854–860.

Zhao, H., Shen, J., Medico, L., Wang, D., Ambrosone, CB., Liu, S. (2010). 
A pilot study of circulating miRNAs as potential biomarkers of early stage 
breast cancer. PLoS One 5(10): e13735.

316 MOTTA ET AL.

 at T
echnical U

niversity M
unich on M

ay 22, 2013
http://toxsci.oxfordjournals.org/

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/

