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Abstract

Although environmental trace metals, such as copper (Cu), can disrupt normal olfactory function 

in fish, the underlying molecular mechanisms of metal-induced olfactory injury have not been 

elucidated. Current research has suggested the involvement of epigenetic modifications. To 

address this hypothesis, we analyzed microRNA (miRNA) profiles in the olfactory system of Cu-

exposed zebrafish. Our data revealed 2, 10, and 28 differentially expressed miRNAs in a dose-

response manner corresponding to three increasing Cu concentrations. Numerous deregulated 

miRNAs were involved in neurogenesis (e.g. let-7, miR-7a, miR-128 and miR-138), indicating a 

role for Cu-mediated toxicity via interference with neurogenesis processes. Putative gene targets 

of deregulated miRNAs were identified when interrogating our previously published microarray 

database, including those involved in cell growth and proliferation, cell death, and cell 

morphology. Moreover, several miRNAs (e.g. miR-203a, miR-199*, miR-16a, miR-16c, and 

miR-25) may contribute to decreased mRNA levels of their host genes involved in olfactory signal 

transduction pathways and other critical neurological processes via a post-transcriptional 

mechanism. Our findings provide novel insight into the epigenetic regulatory mechanisms of 

metal-induced neurotoxicity of the fish olfactory system, and identify novel miRNA biomarkers of 

metal exposures.

Introduction

Exposure to neurotoxic chemicals such as heavy metals has been linked to impaired 

chemosensory function and a loss of olfaction in vertebrates.1, 2 The olfactory system, a 

critically important component of the sensory system, transmits chemosensory signals from 

the peripherally located olfactory rosettes to the olfactory bulb and telencephalon.3 The fish 

peripheral olfactory system is in contact with the external environment leading to exposure 
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to dissolved contaminants which can impair peripheral neurological function.4, 5 Metal-

induced neurobehavioral injury in fish is especially problematic due to the loss of olfactory-

driven behaviors critical to survival such as homing, predator avoidance, prey selection, and 

reproduction.6–8

Copper (Cu) is a ubiquitously distributed olfactory toxicant and a pervasive contaminant in 

urban runoff at concentrations varying from 3 to 64 ppb.9 Accordingly, vehicle emissions, 

pesticide formulations, and other industrial usages are major sources of Cu in runoff.10, 11 

We previously reported that exposure to environmentally-relevant concentrations of Cu (6–

40 ppb) impairs the transcription of genes involved in olfactory signal transduction in 

zebrafish.12 However, the complex molecular mechanisms by which Cu alters gene 

expression and leads to olfactory injury are still poorly understood. Thus, an intriguing 

research direction supporting epigenetic modifications as a mechanism of metal toxicity has 

emerged to the forefront of toxicological research.

As one of the major epigenetic markers, microRNAs (miRNAs) have received considerable 

attention.13 These molecules are short (~22 nucleotides) noncoding RNAs regulating mRNA 

translation and stability,13–15 in most cases resulting in negative regulation of target genes at 

the post-transcriptional level.13, 16 The mechanism of miRNA-mediated translational 

suppression requires binding of miRNA “seed sequence” to the 3′-UTR of the target 

mRNA.13 Ultimately, miRNAs can control diverse biological processes, such as 

metabolism, development, cell differentiation, apoptosis and proliferation.

Environmental chemicals such as heavy metals can interfere with the biogenesis and 

expression of miRNAs, leading to toxicological consequences. 17, 18 For example, cadmium 

and aluminum exposures have been linked to the alteration of miR-146a expression in 

mammalian cells.19 Additionally, extensive studies of miRNAs in non-mammalian models 

(e.g. zebrafish) have indicated a possible conserved function of miRNAs through 

evolution.20, 21 As vertebrates, fish are among the most diverse species, and are relevant 

models to study gene- and epigene-environmental interactions.22 However, little is known 

about the effect of environmental chemicals on the expression of miRNAs and their 

regulatory roles in fish olfactory molecular network and signaling pathways.

In the current study we hypothesized that the alteration of miRNA expression by Cu 

contributes to the differential expression of olfactory gene expression. We investigated 

miRNA profiles in Cu-exposed adult zebrafish olfactory system to identify individual 

miRNAs or miRNA families that may mediate metal toxicity. The mRNA targets, which are 

also differentially expressed following Cu exposure,12 encompass a wide range of biological 

processes, including chromatin structures, transcription factor activity, G-protein coupled 

receptor signaling, regulation of apoptosis and cell cycle, metal ion binding, and antioxidant 

activity. The results of our study provide novel insight into the epigenetic mechanisms of 

heavy metal-induced neurotoxicity in the fish olfactory system, and have yielded novel 

miRNA biomarkers in response to environmental toxicant exposure.
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Materials and Methods

Animal Care and Maintenance

One-year-old adult AB strain zebrafish were housed in re-circulating aquaria maintained at 

28 ± 0.5 °C in a 14 h light/10 h dark cycle. Fish received 2% of their body weight in flake 

food per day and were provided with supplemental artemia once daily. Source water was 

city municipal water passed through a Siemens treatment system containing ionic- and 

mixed-bed media, activated carbon, and 0.2 μm filtration. The resulting conductivity and 

chlorine-devoid water at pH 5.5 was stored within a holding reservoir and accordingly 

heated to 28 °C, reconstituted to 1000 ± 100 μS using Instant Ocean® salt, and adjusted to 

pH 7.2 using Na2HCO3. Total hardness was 115 mg/L. Critical water quality parameters 

(ammonia, nitrite, pH, and temperature) were recorded at least once per day.

Cu exposure and tissue collection

All animal welfare and experimental procedures were carried out in strict accordance with 

the University of Washington Institutional Animal Care and Use Committee (IACUC) 

guidelines. Cu exposures were conducted as described previously.12 Briefly, adult zebrafish 

(n=15 per group, with a ratio of approximately 1:1 males/females) were exposed to the 

intended concentrations of 0, 6.3, 16 and 40 ppb Cu (as CuCl2, Alpha Aeser, Ward Hill, 

MA) for 24 h. These environmentally-relevant Cu concentrations are within the range of 

urban runoff concentrations,9 and which can inhibit the physiological responsiveness of 

olfactory receptor neurons in fish species.7, 23 All Cu exposures were spiked with 0.001% 

DMSO to equalize for carrier solvent effects.12 Exposures were conducted in 8 L of water in 

9 L tanks maintained at 28 °C with individual heaters and air stones. The targeted nominal 

Cu concentrations closely tracked the measured waterborne Cu concentrations 

(Supplemental Table 1). At the conclusion of exposures, fish were euthanized by cervical 

dislocation. We combined the olfactory rosettes, olfactory bulbs and telencephalons as 

pooled tissue, referred henceforth as the olfactory system, consistent with our previously 

published microarray study.12 The pooled tissue from 3 animals was placed in Trizol® 

(Invitrogen, Carlsbad, CA) prior to freezing in liquid nitrogen and storage at −80 °C until 

RNA isolation. A total of 5 replicate pools of RNA were generated for each experimental 

group.

MiRNA microarray analysis

Total RNA was extracted using Nucleo®Spin miRNA kit (MACHEREY-NAGEL Inc., 

Bethlehem, PA) according to the manufacturer’s protocol. Integrity of RNA samples was 

assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA). 

500 ng total RNA of each sample was processed for miRNA analysis. Processing of the 

RNA samples for the Affymetrix GeneChip miRNA 2.0 Array, which contains probesets 

designated for various species including 248 probes for zebrafish, was performed according 

to the standard protocol recommended by the manufacturer (www.affymetrix.com/). Raw 

GeneChip® miRNA array data was pre-processed with Affymetrix miRNA QCTool 

software (http://www.affymetrix.com/products_services/arrays/specific/mi_rna.affx#1_4). 

The pre-processing steps include: probe specific signal detection calls based on a Wilcoxon 

Rank-Sum test of the miRNA probe set signals compared to the distribution of signals from 
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GC content matched anti-genomic probes, background estimation and correction, constant 

variance stabilization on probes, probe level quantile normalization, and finally probe 

summarization using median polish. MiRNA arrays included oligo spike-in controls for 

monitoring array quality. Arrays were required to pass manufacturer’s quality control 

recommendations before further analysis. MiRNAs with significant evidence for differential 

expression were identified using the Bioconductor limma package.24 P-values were 

calculated with a modified t-test with in conjunction with an empirical Bayes method to 

moderate the standard errors of the estimated Log-fold changes. P-values were adjusted for 

multiplicity with the Bioconductor package q value,25 which allows for selecting statistically 

significant miRNAs at a chosen estimated false discovery rate. Only miRNAs expressed at a 

fairly robust level (log2 average expression level > 5) were further investigated. The 

microRNA array data have been submitted to the Gene Expression Omnibus (GEO); 

accession number GSE46891. The corresponding mRNA array expression data is also 

publicly available and can be accessed via the NCBI GEO database under accession number 

GSE47039.

Target genes prediction of the differentially expressed miRNAs

The web resource MicroCosm Targets (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/

targets/v5/) was used to determine the predicted mRNA targets of the differentially 

expressed miRNAs (>1.5-fold up/down-regulated, p<0.05). Given the number of biological 

replicates combined with the detection limit of the microRNA array platform used in this 

study, we chose a 1.5-fold change in expression cutoff as a reasonable choice to detect 

differential expression. We then identified a subset of the predicted targets that were also 

differentially expressed (>1.5-fold up/down-regulated, p<0.05) in our previously published 

mRNA array data set.12 This subset of the differentially expressed miRNA targets was 

uploaded into Ingenuity Pathway Analysis (IPA). The Core Analysis module of the IPA 

software (http://www.ingenuity.com/) was used to identify “Molecular and Cellular 

Function” and “Physiological System Development and Function” categories. IPA ranks 

each function using the right-tailed Fisher Exact Test and the top ranked (p<0.05) 

biofunctions for each Cu concentration was used for further analysis.

Validation of microarray data by real-time qPCR

MiRNA quantification was carried out using NCode miRNA cDNA Synthesis Kit and 

EXPRESS SYBR GreenER miRNA qRT-PCR Kits (Invitrogen, Carlsbad, CA) according to 

the manufacturer’s protocol. Briefly, first strand cDNA was synthesized from 500 ng of total 

RNA using a universal RT primer and Superscript III® reverse transcriptase and diluted 

before use in real-time qPCR. PCR amplifications were performed in a Bio-Rad IQ5 

thermocycler (Hercules, CA) with SYBR Green master mix (Finnzymes), 0.2 μM (final 

concentration) of universal RT primer, 0.2 μM miRNA-specific forward primers and 1 μL of 

diluted first strand cDNA (Supplemental Table 2). The PCR reaction began with template 

denaturation at 95 °C for 2 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. 

U6 small nuclear RNA (RNU6) was used as the internal control for normalization26 as there 

were no significant differences in expression of this gene across exposure groups.. For 

quality control purposes, no template controls, as well as melt curve analyses, were 
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completed for all reactions. Gene expression quantification was conducted as described 

previously.12

Results and Discussion

Identification of deregulated miRNAs by Cu exposure

We observed 2, 10, and 28 differentially expressed miRNAs in response to 6.3 ppb (Cu-L), 

16 ppb (Cu-M) and 40 ppb Cu (Cu-H), respectively (Figure 1A), that were > 1.5-fold up or 

down-regulated with a statistical significance of p<0.05. Among the altered miRNAs, 1, 7 

and 23 miRNAs were up-regulated, and 1, 3, and 5 miRNAs were down-regulated in Cu-L, 

Cu-M, and Cu-H groups, respectively. Table 1 provides detailed data for the differentially 

expressed miRNAs, including levels of expression. Two miRNAs (miR-187 and miR-140*) 

were altered in all Cu exposure groups, and 7 miRNAs were differentially expressed in both 

Cu-M and Cu-H groups (Figure 1B). In addition, there were 1 and 19 significantly altered 

miRNAs unique to the Cu-M and Cu-H exposure groups, respectively. To validate the 

miRNA microarray data, we confirmed six differentially expressed miRNAs using real-time 

qPCR (Figure 2).

Biological significance of differentially expressed miRNAs

Previous studies have reported the conserved seed sequence among CNS-specific vertebrate 

miRNAs,27 such as miR-128, miR-138, miR-25, miR-199*. However, the expression pattern 

of these miRNAs appears to be heterogeneously distributed in CNS tissue.27, 28 To better 

understand the biological significance of the deregulated miRNAs in zebrafish, we 

summarized their expression patterns and functional roles as reported in the literature 

(Supplemental Table 3). Our investigation revealed numerous deregulated miRNAs with 

known restricted expression in neuronal cells, implying important regulatory roles in 

neurons. For example, miR-724, miR-458, miR-16 (a, c), miR-30c, miR-193b, let-7 family 

members (a, f, i), miR-187, miR-128, miR-138, and miR-7a were found in brain; whereas 

miR-187, miR-128, miR-138, miR-183 and miR-7a have been shown to be specifically 

expressed in the olfactory system (Supplemental Table 3). In particular, miR-183 family 

members (miR-183, miR-182 and miR-96) are abundantly expressed in neurosensory organs 

of zebrafish, including olfactory sensory cells and hair cells in the lateral line.29 Knockdown 

of miR-183 family in zebrafish causes hair cell loss in the inner ear, suggesting an essential 

role in the development and function of sensory organs.30 In the current study, miR-183 

showed a significant decrease in both Cu-M and Cu-H concentrations (52% and 45% 

decreases, respectively). Other studies have reported increased apoptosis and loss of sensory 

neurons in fish olfactory epithelium following low-dose Cu exposures.31, 32 Therefore, the 

decreased miR183 expression is potentially related to the loss of olfactory sensory neurons 

caused by Cu.

Predicted mRNA targets of differentially expressed miRNAs

Because the biological significance of altered miRNA expression by environmental stressors 

is intimately associated with their gene targets, we identified a subset of the predicted targets 

that were also differentially expressed in our previously published mRNA array data set 

derived from the olfactory system of zebrafish exposed to the same Cu concentrations 
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(Supplemental Table 4).12 In addition, we listed putative target genes regulated by multiple 

miRNAs, as well as highlighted miRNA seed sequences, which illustrate the relationship 

between miRNAs and host mRNAs (Supplemental Table 5). The majority of the miRNAs 

under study and their target mRNAs originate from different regions of the genome, 

suggesting that they are derived from independent transcription units.16 MiRNAs from the 

same family (also known as homo-clusters), such as let-7a and f, miR-16a and c, usually 

target a similar set of genes.33 In contrast, miRNAs clustered from different families (also 

known as hetero-clusters), such as miR-199* and miR-214 (Supplemental Table 5), may 

share functional similarity even with different seed regions.

MiRNA regulatory network and Cu-induced cellular response

To gain a better understanding about the function of the target genes for each deregulated 

miRNA, we summarized the Top Molecular Function and Biological Process Gene 

Ontology annotations (GO Terms) based on the ZFIN database (http://zfin.org/) for each of 

the target genes (Supplemental Table 4). In addition, we used Ingenuity Pathway Analysis 

(IPA) software to analyze the significantly differentially expressed target genes and 

categorize them based upon functional similarity using the “Molecular and Cellular 

Function” (MCF) and “Physiological System Development and Function” (PSDF) 

categories (Supplemental Table 6). The results from the IPA analysis, which were based on 

mapping the zebrafish genes to their human orthologs, were similar to the results obtained 

with the aforementioned “GO Term” analysis which was based on the ZFIN database (see 

Supplemental Table 6, worksheet titled “gene list”). Supplemental Table 7 summarizes the 

deregulated miRNAs and their differentially expressed targets according to functional 

categories for each Cu dose.

Our incorporation of both IPA and ZFIN analysis revealed conserved biochemical pathways 

impacted by Cu exposure among vertebrates. As the exposure levels of Cu increased, so did 

the number of altered zebrafish genes associated with cellular functions such as Cellular 

Growth and Proliferation, Cell Death, Cell Morphology, and Cellular Movement 

(Supplemental Table 6), suggesting that increased Cu levels exert a greater impact on 

cellular response. A closer examination indicated that a host of biological processes were 

significantly altered at every Cu concentration, such as chromatin/nucleosome assembly, 

cell cycle process, ion binding and transport (Supplemental Table 7). Furthermore, IPA 

analysis revealed the “Oxidative Stress” pathway as the top “Tox List” at all three Cu 

exposure concentrations (p=6.69×10−04 in Cu-L; p=6.67×10−03 in Cu-M; p=6.47×10−07 in 

Cu-H) (IPA data not shown). The deregulated miRNA target genes included those involved 

in protecting against oxidative stress (e.g. peroxiredoxin 1, NAD(P)H dehydrogenase, 

quinone 1), and other stress-induced factors such as NF-κB, Supplemental Table 4). Thus, 

cellular antioxidant pathways in the olfactory system appear to be an important defense 

mechanism against metal-induced olfactory injury at environmentally-relevant 

concentrations. This hypothesis is also supported by several recent studies from our 

laboratory.34–37
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Effect of Cu on miRNAs in the context of olfactory signal transduction (OST)

One of the significant PSDF categories IPA identified was “Nervous System Development 

and Function” and its sub-categories are shown in more detail in Supplemental Table 6 

(worksheet: Nervous system development; Figure 3). Many of these transcripts are essential 

for odorant binding, as well as signaling cascades in the OST pathway, including olfactory 

marker protein, olfactory receptors, and S100 calcium binding proteins. These findings 

suggest a role of miRNAs in the molecular mechanism of metal-induced loss of olfactory 

signaling.

To address this hypothesis, we compared the target genes with gene clusters representing 

transcript trends in the zebrafish olfactory system in response to Cu exposures previously 

conducted under identical experimental conditions.12 In our previous study, we used 

principal components analysis to identify 12 gene clusters, encompassing altered transcripts 

in response to increasing Cu concentrations.12 The overwhelming majority of gene clusters 

(75%) showed a downward trend of mRNA expression with increasing Cu concentration, 

which was associated with deregulated miRNAs and their target genes. In order to conduct a 

valid comparison to our previous study, we selected six miRNA target genes using RNA 

samples from the current study, and compared with the microarray data12 (Supplemental 

Figure 1).

The gene regulatory process comprises multiple stages through a host of complex networks, 

including miRNAs, their target genes, and other classes of regulatory proteins, such as 

transcription factors.38 Previous computational analyses identified the coupling between 

transcription and post-transcriptional level regulation via forming regulatory feed-back and 

feed-forward loops.39 For example, an increase in miRNA expression often coincides with a 

decrease in their target gene transcripts.40, 41 This negative correlation between miRNA and 

their respective target genes was observed in our current study. For instance, several overall 

down-regulated gene clusters (Cluster 3 & 10, Cluster 4 & 11, see Table 2) contain genes 

putatively targeted by miRNAs that were inversely correlated in the present study. In 

particular, the up-regulated miR-203a, miR-199*, miR-16a, miR-16c, and miR-25 may 

contribute to decreased mRNA levels of their host genes in calcium signaling (e.g. 

parvalbumin 8, calbindin 2-like and s100 calcium binding protein z) via a post-

transcriptional mechanism. Functionally, calcium is an intracellular ion that plays an 

essential role in regulating the sensitivity of ion channels during olfactory signal 

transduction.42, 43 Thus, the strong impact on ion homeostasis in neuronal cells by Cu may 

be an important mechanism of disruption in olfactory signaling pathways and olfactory-

driven behaviors.

On the other hand, a few miRNAs (miR-193b, miR-214, miR-183 and miR-140*) showed a 

similar downward trend with their predicted target genes (e.g. olfactory marker protein b, 

odorant receptors, and dual specificity phosphatase 1). While expression levels of the 

majority of microRNAs are inversely correlated with their corresponding target mRNAs, 

exceptions have been reported.40, 41, 44, 45 MicroRNAs represent an important mechanism of 

regulating gene expression post-transcriptionally, but there are other epigenetic (e.g. 

methylation), as well as non-epigenetic transcriptional mechanisms mediated by 

transcription factors, that also regulate gene expression. All of these mechanisms can work 
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in concert, forming a complex overall regulatory network.45 Other factors affecting net 

mRNA levels of microRNA targets include temporal aspects such as duration of chemical 

exposure, turnover of the target mRNAs, and stability of the microRNA-mRNA complex. 

Any of the aforementioned aspects may explain, at least in part, the parallel downward trend 

of the aforementioned microRNAs and their mRNA targets.

Role of miRNAs in regulating neurogenesis

Neurogenesis appears to be a universal phenomenon in the olfactory system of vertebrates 

and plays a critical role in modulating regeneration capacity in response to injury.46 Recent 

studies have shown that miRNAs function as key epigenetic regulators for maintenance and 

fate specification of neural stem/progenitor cells.47–50 Similarly, we observed that exposure 

to Cu deregulated the expression of certain miRNAs involved in regulating neural stem cells 

and neuronal fate, indicating a role for Cu-mediated toxicity via interference with 

neurogenesis. For example, our microarray profile indicated that 9 of 11 currently identified 

zebrafish let-7 isoforms51 were differentially expressed (all up-regulated). The let-7 family 

has been studied in various species and others have suggested a conserved function 

involving developmental regulation and neural cell differentiation in the CNS.52, 53 Recent 

studies in mammalian neural stem cells have revealed the mechanisms underlying the 

regulatory mechanism of let-7 in promoting neuronal differentiation.54–56 The conserved 

seed regions among multiple let-7 members suggests a similar regulatory function during 

adult neurogenesis.51

Likewise, another highly conserved miRNA, miR-7, appears to play an important role in 

neurite outgrowth and synapse formation during human neural stem cell-driven 

neurogenesis.57 A study in Drosophila melanogaster has proposed miR-7 is involved in 

photoreceptor neuron differentiation via the regulation of YAN expression in the progenitor 

cells.58 In zebrafish, miR-7a is highly enriched in vasotocinergic and RFamidergic neuron 

populations, both of which are components of the neurosecretory brain centers during early 

development.59 Our data suggests that up-regulation of miR-7a could stimulate neurogenesis 

by down-regulating its target gene, the suppressor of cytokine signaling 1 (socs1, 

Supplemental Table 4). A recent study has identified another suppressor of cytokine 

signaling family member, socs3, which shares extensive homology with socs160 and is a key 

regulator of hair cell regeneration in adult zebrafish.61

In addition to miR-7 and let-7 isoforms, we observed up-regulation of miR-128 and down-

regulation of miR-138, two miRNAs highly expressed in the zebrafish olfactory bulb and 

other brain regions.62, 63 Others have demonstrated a role of miR-128 in promoting neuronal 

differentiation,64 and for miR-138 in inhibiting dendritic spine morphogenesis.65 When 

viewed collectively, our findings indicate that the observed Cu-induced modulation of the 

neurogenesis-related miRNAs and their putative targets may be associated with regeneration 

of olfactory sensory neurons under higher Cu concentrations (16 and 40 ppb exposure). 

Furthermore, our data suggest miR-724, miR-187, miR-126, miR-30c, miR-16c and 

miR-203 (a, b) may also be associated with neurogenesis processes. Therefore, in future 

studies, we will focus on in vivo validation of the target genes of these deregulated miRNAs 

and further explore their roles in determining neuronal identity under metal exposure.
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In summary, our studies have led to a better understanding of the epigenetic mechanisms of 

metal-induced olfactory injury. To our knowledge, this is the first study, or one of the select 

few to investigate miRNA regulation as an underlying mechanism of metal-induced 

olfactory impairment. Our results provide mechanistic insight to our previous report of Cu-

mediated transcriptional depression of key gene elements comprising the zebrafish olfactory 

signal transduction pathway. Of note is that environmentally-relevant Cu concentrations 

alter the expression of a diverse number of miRNAs in the olfactory system of zebrafish 

with predicted gene targets preferentially involved in olfactory signal transduction and other 

critical neurological processes. This observation provides a basis for extending the use of 

miRNAs as biomarkers to environmental applications involving metal exposures. 

Collectively, our results support Cu modulation of miRNA biogenesis, expression, and key 

miRNA-regulated genes in the olfactory signaling pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Hierarchical clustering of significantly altered miRNAs (>1.5-fold up/down-regulated, 

p<0.05) relative to vehicle controls; red indicates up-regulation and green indicates down-

regulation. (B) Venn diagram analysis of the miRNA expression changes following Cu 

exposures. The numbers of transcripts meeting the cutoff (>1.5-fold up/down-regulated, 

p<0.05) for each Cu concentration are contained within each section of the labeled circle. 

The expression of 2 miRNAs was commonly altered in all three Cu concentrations, and 7 

miRNAs were differentially expressed in both Cu-M and Cu-H groups. An additional 1 and 

19 miRNAs were significantly and uniquely altered in the Cu-M and Cu-H groups, 

respectively.
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Figure 2. 
Validation of miRNA microarray data by quantitative real-time PCR. MiRNA fold-change 

from the controls (0 ppb Cu) detected in microarray (grey bars) and qPCR (white bars). The 

qPCR results were normalized using RNU6 as internal control (details see Materials and 

Methods). qPCR data represent the mean ± SEM of n= 5 individual pools.
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Figure 3. 
IPA analysis of significantly differentially expressed miRNA target genes related to 

“Nervous system Development and Function” (details see Supplemental Table 6). The sub-

function cluster that associated with olfactory function is presented here (red indicates up-

regulation and green indicates down-regulation).
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Table 1

Cu-induced differential expression of miRNAs ranked by p-value a.

Cu exposure miRNA name FC p-value Log2 AE

Cu-L miR-187 1.80 0.017 9.16

miR-140* 0.50 0.045 8.80

Cu-M miR-183 0.48 0.004 8.73

miR-187 1.87 0.013 9.16

miR-724 2.23 0.019 9.09

let-7g 2.04 0.023 6.86

let-7i 1.98 0.025 9.25

miR-140* 0.45 0.025 8.80

miR-214 0.48 0.029 11.51

miR-458 3.01 0.040 5.75

miR-126 2.24 0.048 7.51

miR-7a 4.68 0.049 6.39

Cu-H miR-31 4.53 0.002 5.13

miR-203b 2.47 0.002 9.76

let-7g 2.92 0.002 6.86

miR-724 3.06 0.003 9.09

miR-140* 0.34 0.005 8.80

let-7f 3.10 0.006 7.61

miR-16a 2.50 0.007 5.98

let-7i 2.36 0.008 9.25

miR-214 0.41 0.011 11.51

miR-183 0.55 0.013 8.73

miR-128 1.52 0.013 13.24

miR-458 4.08 0.013 5.75

miR-25 2.27 0.014 8.22

miR-126 2.85 0.015 7.51

miR-187 1.78 0.019 9.16

let-7e 3.22 0.021 6.64

miR-199* 2.63 0.022 8.84

let-7a 1.64 0.023 12.99

miR-203a 3.91 0.023 5.54

miR-138 0.60 0.024 12.93

miR-23a 1.60 0.024 10.10

miR-146a 5.14 0.029 5.33

let-7h 1.90 0.030 7.30

miR-16c 2.03 0.031 7.63
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Cu exposure miRNA name FC p-value Log2 AE

miR-30c 2.88 0.035 5.34

miR-27b 1.57 0.036 8.67

miR-150 1.72 0.045 9.02

miR-193b 0.36 0.049 10.12

a
Data represents only those miRNAs >1.5-fold up-regulated (red), or down-regulated (green) with a statistical significance of p<0.05 and Log2 

average expression >5. Down-regulation is indicated as percent of control. FC=fold-change; AE=average expression.
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Table 2

Deregulated miRNAs and their target genes identified in Cluster 3 & 10 and Cluster 4 & 11 that were down-

regulated at all Cu treatment groups (>1.5-fold up/down-regulated, p<0.05) a. These clusters are derived from 

our previous study.10

Cluster 3 & 10

Gene targets Gene target FC (Cu dose) miRNA miRNA FC

parvalbumin 8 0.09 (high) miR-203a 3.91

miR-199* 2.63

s100 calcium binding protein z (zgc:110464) 0.11 (high) miR-16a 2.50

miR-16c 2.03

similar to protein phosphatase 1, regulatory (inhibitor) subunit 3C like 0.18 (high) miR-16c 2.03

olfactory marker protein b 0.18 (high) miR-193b 0.36

calbindin 2, like 0.21 (high) miR-25 2.27

similar genes:

ATPase, Na+/K+ transporting, beta 1a polypeptide 0.60 (med) miR-126 2.24

0.62 (high) miR-126 2.85

miR-25 2.27

Suppressor of cytokine signaling 1 (zgc:91868) b 0.35; 0.31 (med) miR-7a 4.68

0.11; 0.08 (high) miR-203a 3.91

miR-30c 2.88

miR-203b 2.47

miR-16c 2.03

Cluster 4 & 11

dopey family member 2 (zgc:63622) b 0.29; 0.27; 0.18 (med) miR-458 3.01

0.28; 0.25; 0.16 (high) miR-458 4.08

zona pellucida glycoprotein 2.2 0.47 (high) miR-16a 2.50

miR-128 1.52

miR-193b 0.36

zona pellucida glycoprotein 3a.1 0.56 (med) miR-214 0.48

0.53 (high) miR-214 0.41

sulfotransferase family 2, cytosolic sulfotransferase 1 0.20 (high) miR-27b 1.57

odorant receptor, family 5, member 1 0.26 (med) miR-183 0.48

0.25 (high) miR-183 0.55

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha a 0.62 (med) let-7g 2.04

0.47 (high) let-7g 2.92

let-7h 1.90

growth arrest and DNA-damage-inducible, beta b 0.45;0.36 (high) miR-16a 2.50

miR-25 2.27

miR-16c 2.03

claudin d 0.41 (med) miR-214 0.48
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Cluster 3 & 10

Gene targets Gene target FC (Cu dose) miRNA miRNA FC

0.40 (high)

miR-16a 2.50

miR-16c 2.03

miR-214 0.41

MpV17 transgene, murine homolog, glomerulosclerosis b 0.62; 0.55; 0.40 (med) let-7i 1.98

0.56; 0.54; 0.40 (high) miR-146a 5.14

let-7f 3.10

let-7i 2.36

let-7h 1.90

dual specificity phosphatase 1 0.62 (low) miR-140* 0.50

0.47 (med) miR-140* 0.45

0.44 (high) miR-140* 0.34

cyclin-dependent kinase inhibitor 3 0.41 (med) miR-140* 0.45

0.44 (high) miR-16c 2.03

miR-23a 1.60

miR-140* 0.34

fatty acid binding protein 10, liver basic 0.39 (med) miR-183 0.48

0.45 (high) miR-183 0.55

miR-193b 0.36

odorant receptor, family 2, member 10 0.54 (med) miR-214 0.48

0.47 (high) miR-199* 2.63

miR-214 0.41

a
Data represents only those miRNAs >1.5-fold up-regulated (red), or down-regulated (green) with a statistical significance of p<0.05 and Log2 

average expression >5. Down-regulation is indicated as present of control. FC=fold-change.

b
More than one probe were used for the same gene target.
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