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ABSTRACT: Manganese (Mn) is an essential nutri-
ent; nonetheless, excessive amounts can accumulate
in brain tissues causing manganism, a severe neu-
rological condition. Previous studies have suggested
oxidative stress, mitochondria dysfunction, and im-
paired metabolism pathways as routes for Mn toxicity.
Here, we used the nematode Caenorhabditis elegans to
analyze gene expression changes after acute Mn expo-
sure using RNA-Seq. L1 stage animals were exposed to
50 mM MnCl, for 30 min and analyzed at L4. We iden-
tified 746 up- and 1828 downregulated genes (FDR cor-
rected p < 0.05; two-fold change) that included endo-
plasmic reticulum related abu and fkb family genes,
as well as six of seven lipocalin-related (Ipr) family
members. These were also verified by qRT-PCR. RNA
interference of Ipr-5 showed a dramatic increase in
whole body vulnerability to Mn exposure. Our studies
demonstrate that Mn exposure alters gene transcrip-
tional levels in different cell stress pathways that may
ultimately contribute to its toxic effects. © 2015 The
Authors Journal of Biochemical and Molecular Toxicol-
ogy Published Wiley Periodicals, Inc. J. Biochem. Mol.
Toxicol. 30:97-105, 2016; View this article online at wi-
leyonlinelibrary.com. DOI 10.1002/jbt.21768
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INTRODUCTION

Manganese (Mn) is an essential nutrient that takes
part in biological reactions, plays a role in metabolism,
and is required as a cofactor in a variety of enzymes.
Exposure to Mn occurs most commonly via oral di-
etary administration or inhalation during occupational
activities. Overexposure to Mn, however, may cause a
neurological disorder termed manganism. Inhaled Mn
can enter the blood-brain barrier and reach the central
nervous system accumulating in the brain [1, 2]. As a
result of neurological impairment, individuals overex-
posed to Mn experience weight loss, altered behavior,
and decreased fertility [3, 4].

Studies in rodents [3, 5-7], nematodes [8, 9], cell
cultures [10], and humans [2] have shown manganese
to be neurotoxic. Mn causes apoptotic cell death, and
both endoplasmic reticulum (ER) stress and mitochon-
dria function have been implicated as mediator path-
ways [7, 11]. Within the ER, misfolded or unfolded
proteins activate the unfolded protein response (UPR)
[12,13], whereas prolonged UPR may induce apoptosis
[14]. Mn can accumulate in mitochondria [5], increase
reactive oxygen species and glutathione production,
disrupt mitochondria membrane potential [8, 15, 16],
increase mitochondria permeability, and inhibit ATP-
production [16]. Mn-induced oxidative stress and mito-
chondrial dysfunction can cause mtDNA single-strand
breaks [6] and can also lead to disruption of neurotrans-
mitter release and apoptotic neuron death [17].

RNA-Seq is a recently developed global transcrip-
tomic approach to identify genes that are present,
their abundance levels, and their dynamic fluctua-
tions during development, aging, and pharmacologi-
cal and toxicological conditions [18]. As an approach in
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next-generation sequencing technologies, RNA-Seq
can provide highly sensitive and specific data regard-
ing the levels of RNA transcripts from biological sam-
ples that may reflect eventual protein levels. It has also
been used in a variety of model systems to gain in-
sight into toxicologic processes of heavy metals such as
copper, methylmercury, and lead [19-21].

While the individual molecular pathways medi-
ating Mn toxicity are being teased apart, the effects
of Mn at a global transcriptomic level are poorly un-
derstood. Here, we incorporate RNA-Seq to identify
the gene expression alterations following acute Mn ex-
posure to understand changes effected by acute Mn
exposure in a whole animal model. Our results are
consistent with prior studies that indicate dysfunc-
tional oxidative stress- and mitochondria-associated
pathways play a role in the toxicity but also show en-
doplasmic reticulum- and lipocalin-related pathways
are altered via activated in blocked UPR (abu), FK506-
binding protein family (fkb), and lipocalin-related (I/pr)
gene families.

MATERIALS AND METHODS

C. elegans Maintenance and Treatment

C. elegans strains wild-type (WT) Bristol N2 and
RNAi-sensitive mutant NL2099 (rrf-3(pk1426)) were
obtained from the Caenorhabditis Genetics Center
(St. Paul, MA) and maintained at 20°C temperature
on nematode growth media (NGM) plates containing
OP-50 bacteria according to standard protocols [22].
Synchronization of the worms was carried out using
potassium hypochlorite solution to bleach the gravid
adults and washing embryos 4x in M9 buffer after-
wards. Embryos were incubated in M9 buffer for 18 h
at room temperature to obtain fully synchronized pop-
ulation. L1 larvae were exposed to MnCl, (50 mM for
30 min) or potassium gluconate (75 mM for 30 min) for
an osmotic control. Worms were washed 3x with M9
buffer and placed onto NGM plates seeded with OP-50
bacteria. Animals were allowed to grow at 20°C until
reaching L4 stage just before adulthood for RNA isola-
tion. For chronic MnCl, treatment, minimal agar plates
(1.7% agar, 5 ug/mL cholesterol) were used to avoid
MnCl, precipitation.

RNA Isolation and Sequencing

Both control and MnCl,-treated worms were col-
lected from agar plates at L4 stage, washed 4x with
sterile water and placed immediately into a Trizol so-
lution (Gibco-BRL, Gaithersburg, MD). Total RNA was
isolated according to manufacturer’s protocol. Quan-
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tification of RNA samples were performed using Nan-
odrop device (Thermo Scientific, Wilmington, DE). To
avoid DNA contamination, samples were treated with
the Turbo DN A-free DN Ase kit (Ambion, Austin, TX).
DNA-free total RNA samples were sequenced using
the Illumina library sample kit (Illumina, San Diego,
CA). Samples were run in duplicate on the Illumina
HiSeq 2500 instrument at the Millard and Muriel Jacobs
Genetics and Genomics Laboratory of California Insti-
tute of Technology (Pasadena, CA). Sequences were
obtained in a single-read 50 mode.

RNA-Seq Analysis

The number of reads obtained from duplicate sam-
ples was 30.9M/33.9M and 32.1M/28.4M from the os-
motic control and MnCl,-treated samples, respectively.
Reads were aligned to the C. elegans genome (WS220)
using TopHat implementation 2.0.13 of Bowtie 2.2.4.0
[23] using parameters previously described [20]. The
percentage of mapped reads exceeded 94.0% for all
samples. Toidentify differential gene expression, analy-
sis was performed using Cuffdiff program of Cufflinks
2.2.1 [23] with false discovery rate—corrected p values
(g values) of <0.05 and fold change > 2 or < 0.5. Gene
enrichment analysis was performed for up- and down-
regulated genes using DAVID Functional Annotation
Tool 6.7 [24].

Quantitative Real-Time PCR (qRT-PCR)

Based on RNA-Seq results, 17 genes were selected
and regulated expression verified using the qRT-PCR
method. Total RNA from MnCl,-treated and osmotic
control C. elegans were isolated from L4 stage worms as
described above. cDNA synthesis was performed using
the Revert-Aid kit (Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s instructions us-
ing 0.5 ug of total RNA as a template. Gene-specific
oligonucleotide primers for qRT-PCR were designed
using Primer- BLAST [25] and obtained from Oligomer
QY (Helsinki, Finland). The Maxima SYBR green qPCR
Master mix (Thermo Fisher Scientific) was used for am-
plification reactions according to the manufacturer’s
protocol. Reactions were performed in iCycler 1.0 sys-
tem (Bio-Rad, Hercules, CA). Four independent biolog-
ical replicates were used for this analysis. Each of four
biological replicates was performed in technical du-
plicates. Gene expression differences were calculated
using delta-deltaCT method [26] normalized to act-1.
Oligonucleotide sequences for PCR were as follows:act-
1-5"-TCGGTATGGGACAGAAGGAC; act-1-3'-
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CATCCCAGTTGGTGACGATA; Ipr-1-5'-
GTATGGAGTTTGAAGTACCA; Ipr-3-5'-
TGGAGAGGGCATCGCTCACT; Ipr-4-5'-
TCGTATTGCTTGTACTCATT; lpr-5-5'-
TCATTGACAACTGGTTCGTA; Ipr-6-5'-
GGTCCAGCTCCGATAATGTA; lpr-7-5'-
ATACTGGTTGTGTTGCTTAT; abu-7-5'-
TTCTGGTTGGTGTTGGTATT; abu-9-5'-
TGAACCTGTTGGCAAGAGCA; egl-46-5'-
GACTCCTCGGTGACCTCTACG; lad-2-5'-
TCATCAGGCACATCTTCTCC, ham-1-5'-
CGTCTGCCGAACCATTTCAA; ant-1.3-"-
CCTCTGTAGAGTCCGATTGG; ant-1.4-5'-
AGAAACCTCTGTAGAGTCCG; fkb-3-5'-
GTTGCTTCCAATCACCTTAC; fkb-4-5'-
AGTCGAGTCTTTCGCAAATC; fkb-5-5"-
CCATTCCCTTGATGACTTCATT; fkb-7-5"-
ATTCCTTTCAGACCCTTATC.

RNA Interference and Whole Body
Vulnerability Assay

RNA-mediated interference (RNAi) was per-
formed on NGM and minimal agar plates contain-
ing isopropyl B-D-thiogalactoside (IPTG, 1 mM) and
ampicillin (100 pg/mL). Plates were seeded with
RNase IlI-deficient Escherichia colibacteria strain HT115
(DE3), carrying 14440 vector with the gene fragment
(Ipr-5) (GeneService, Source BioScience, PLC, Notting-
ham, UK) or empty vector (Addgene, Cambridge, MA).
Bacteria cultures for the RNAi-feeding plates were
grown for 17 h in liquid LB medium with 100 png/mL
ampicillin. IPTG (1 mM) was added, and cultures were
grown for 1 h more and spread onto plates. Synchro-
nized L1 stage worms were transferred onto RN A, 5)
bacteria containing plates to knock down the Ipr-5 gene
expression or plates containing empty L4440 vector for
a wildtype control and incubated at 20°C for 48 h. L4
animals were transferred onto minimal agar RNAi
plates containing MnCl, (10 mM) and exposed for 24 h.
The number of dead worms was counted. Worms were
considered dead if a touch on the nose with a wire
pick did not cause any movement. At least 50 worms
were counted for each experiment and the experiment
was repeated three times. Results are presented as an
average £ SD.

RESULTS

RNA-Seq Analysis of Mn-Exposed C.
Elegans

We observed 2574 genes to be regulated, of which
746 were up- and 1828 were downregulated. Detailed
analysis of the data showed that environmental stress
responsive genes were modestly regulated. Heat shock
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TGGTACACAGTTGTTGATTC; Ipr-1-3'-
TCTTATCGGACTTCTATCTA; Ipr-3-3'-
CTCCAATTCTGCTGATGCCG; Ipr-4-3'-
ATGTATTTGCAAGAGATACT; Ipr-5-3'-
CAAAGTTGGACCAGGACAAT; Ipr-6-3'-
ATATGCAGGATGATCCGTGT; Ipr-7-3'-
GCCAGTCCTCATGTGTCCAG; abu-7-3'-
TTCATCACACTCGCTGTATT; abu-9-3’-
CATAAAGGAGGAGGCGGATG; egl-46-3'-
GACTCGTTGGCGAACTTTAG; lad-2-3’-
ACTTCTTTGGGTGACTTGGG; ham-1-3'-
ATGACTGGAGGAGGAGATTC; ant-1.3-3'-
ATGTCTGGAGGTGGAGATTC; ant-1.4-3'-
AATGACCGTTCATGGACCACG; fkb-3-3'-
AGAGCTGGAAGGAAGATGACG; fkb-4-3’-
GAAGCCATACACCTTCACCCG; fkb-5-3'-
CCATTACAAGGTGTTCACAG; fkb-7-3'-

protein family members hsp-16.41 (1.8 fold), hsp-16.2
(1.7 fold), and hsp-16.11 (1.5 fold) were slightly up-
regulated. In contrast to a prior study [27], our data
did not show any significant transcriptional changes
to mitochondrion-specific chaperones hsp-6 and hsp-60
that participate in the mitochondrial UPR [28] or in ER
stress—related chaperone hsp-4. Furthermore, we could
not observe a significant increase in expression of UPR
pathways regulators atf-6, ire-1, or pek-1. However, mi-
tochondrion function-related genes ant-1.3 and ant-1.4
were found to be downregulated 3.5 fold and 2.5 fold,
respectively. A number of cytochrome P450 (CYP) fam-
ily genes were also observed to be modulated: cyp-13B1
(two fold), cyp-34A1 (2.7 fold), and cyp-31A2 (4.2 fold).
The complete list of the regulated genes can be found
in Supplementary Table 1 in the Supporting Informa-
tion. The biggest fold changes in the downregulated
list belong to the COL family (col-81 (9.7 fold), col-
129 (-8.7 fold), col-178 (-8.5 fold)). The genes with the
20 largest fold changes up and down and their FPKM
values (fragments per kilobase of exon per million frag-
ments mapped) are presented in Table 1.

qRT-PCR Confirms LPR and
ER-Related Genes

Four independent MnCl,-treated and osmotic con-
trol samples from L4 animals were used for verifica-
tion (Figure 1). Seventeen genes were selected from
LPR and ER-related gene families FKB and ABU (abu-
7, abu-9). We also performed PCR with neurogenesis
and neuron development related genes egl-46, lad-2,
ham-1, and mitochondrion function-related genes (data
not shown). The LPR (LiPocalin-Related protein) genes
selected were Ipr-1, Ipr-3, lpr-4, Ipr-5, lpr-6, and Ipr-7
from a total of seven family members. FKB (FK506-
binding protein) family members were found to be
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FIGURE 1. gRT-PCR and RNA-Seq analysis of specific genes. Transcriptional changes in LPR family genes (A) and endoplasmic reticulum-
related genes (B) observed using RNA-Seq and qRT-PCR were performed as described in Methods. Filled black bars represent qRT-PCR results
as the average from four independent samples & SD. Filled gray bars represent RNA-Seq fold changes for the indicated genes comparing osmotic
control (potassium gluconate, 75 mM for 30 min) to MnCl,-treated animals (acute treatment 50 mM for 30 min). Fold changes were calculated
using the AACT method. Negative fold changes were calculated based on -1 treated /control. p < 0.05.

regulated including fkb-3, fkb-4, fkb-5, and fkb-7 from
a total of eight family members. The five LPR family
members and all four FKB family members were con-
firmed to be upregulated (more than two-fold change, p
< 0.05), as well as neurodevelopment-related genes egl-
46 (1.7 fold) and lad-2 (1.64 fold; data not shown). ABU
and ANT (ant-1.3 (-1.45 fold) and ant-1.4 (-1.29 fold);
data not shown) genes were confirmed to be downreg-
ulated. The most highly increased Ipr gene-based on
qRT-PCR results was Ipr-4 (11 fold). The most highly
upregulated fkb gene was found to be fkb-4 (5.5 fold).

Functional Annotation and Gene Ontology
Enrichment Analysis of Regulated Genes

Gene-set enrichment analysis was performed us-
ing a functional annotation tool. Biological themes
of genes regulated by MnCl, were uncovered using
DAVID that provided annotation and analysis for sta-
tistical enrichment of Gene Ontology (GO) biological
processes, cell compartments, and molecular functions
(Table 2). Enriched biological processes for upregulated
genes were related to positive regulation of multicellu-
lar organism growth (31 genes), neuron development
(11 genes), neurogenesis (13 genes), and cuticle devel-
opment (13 genes).

Two hundred seventy-six of the regulated genes
were found to belong to cellular compartment integral
and/or intrinsic to membrane GO category. Twelve
regulated genes were associated with the ER. The
most over represented upregulated genes in the ER
(Table 2) belong to the FK506-binding protein family
(fkb-3, fkb-4, fkb-5, fkb-7). The most over represented
downregulated genes were genes involved in protein

] Biochem Molecular Toxicology 1DOI10.1002/jbt

modification (155), meiosis (56), and mitosis (24). A sig-
nificant amount of genes are also associated with DNA
repair (20).

The Lipocalin-Related Protein Ipr-5 Inhibits
MnCl,-Induced Animal Death

To determine whether lipocalin-related protein Ipr-
5 expression plays a role in Mn-induced toxicity, an
RNAIi experiment was performed to knock down its
mRNA expression. Our study showed that decreased
expression of Ipr-5 resulted in increased Mn-induced
animal death. After 24 h of Mn exposure, 99% of Ipr-5
knockdown animals were found dead, whereas in the
WT group only 27% of the animals were dead. These
results suggest that Ipr-5 inhibits Mn-induced animal
death (Figure 2).

DISCUSSION

We observed up- and downregulation of two
ER-related protein families (FKB, ABU, respectively)
that support prior biochemical and cellular studies
implicating the ER stress response pathway in Mn toxi-
city. ABU proteins are related to the apoptosis pathway
protein CED-1 that is an integral component of the ER
stress pathway that responds to misfolded proteins
[29-31]. ABU has previously been shown to be
activated when the UPR is blocked genetically or
pharmacologically. In our case, ABU gene expression
has been found to be downregulated, suggesting UPR
impairment. A reason other UPR regulators were
not found may be due to protein translocation as
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TABLE 2. Enriched GO Biological Process, Molecular Function, and Cellular Compartment Terms among Differentially

Expressed Genes in Response to MnCl, Treatment

Term Number of Genes Per Cent p Value
Enriched biological process for upregulated genes
Positive regulation of multicellular organism growth 31 42 8.4 x 107°
Neuron development 11 15 3.1x 107
Neurogenesis 13 1.8 42 x 107
Collagen and cuticulin-based cuticle development 13 1.8 5.2 x 107
Neuron projection development 8 1.1 49 x 1073
Cell morphogenesis involved in neuron differentiation 7 0.9 8.9 x 1073
Axonogenesis 7 0.9 8.9 x 1073
Proteolysis 35 4.7 1.4 x 1072
Enriched biological process for downregulated genes
Protein modification process 155 8.8 1.6 x 10733
Meiosis 56 3.2 6.0 x 10722
Mitosis 24 14 3.8 x 10710
Regulation of cell cycle process 15 0.8 7.8 x 1077
DNA repair 20 1.1 2.0 x107°
DNA damage response, signal transduction 7 0.4 4.6 x 107°
Regulation of translation 10 0.6 9.5 x 107>
Enriched cellular component for upregulated genes
Endoplasmic reticulum 12 1.6 1.3 x 1072
Intrinsic to membrane 276 37.2 1.4 x 1072
Cell—cell junction 5 0.7 2.2 x 1072
Integral to membrane 274 36.9 23 x 1072
Enriched cellular component for downregulated genes
Chromosome 28 1.6 24 x107°
Intracellular non-membrane-bounded organelle 73 41 29 x 1077
Cytoskeleton 38 2.1 5.9 x 107
Chromatin 12 0.7 7.9 x 107
Nucleosome 8 0.5 2.8 x 1073
Chromosome, centromeric region 5 0.3 1.4 x 1072
Nuclear chromosome 4 0.2 4.0 x 1072
Enriched molecular function for upregulated genes
Calcium ion binding 28 3.8 1.9 x 1077
Metallopeptidase activity 18 24 1.1 x 1073
Enriched molecular function for downregulated genes
Phosphatase activity 84 47 3.5 x 1073
Protein kinase activity 95 5.4 29 x 10715
Adenyl ribonucleotide binding 148 8.4 5.2 x 10712
Endonuclease activity 9 0.5 1.6 x 1072
Double-stranded DNA binding 4 0.2 2.1 x 1072

Genes and percent correspond to the number and percentage of the regulated genes that have the GO term annotation indicated.
p Value is a measure of enrichment (Fisher exact test) of the GO term among the genes.

a means of rapid stress response rather than tran-
scriptional change. We also identified four regulated
FK506-binding protein (FKB) genes that suggest ER
involvement in Mn-induced toxicity. These genes were
found to be interacting with daf-16 and daf-2 in direct
and nondirect pathways [32]. Also, FKB genes were
reported to be histone chaperones involved in the
regulation of rDNA silencing [33]. This result suggests
a potential novel Mn-induced toxicity mechanism.

We also observed mitochondrion-related genes
ant-1.3 and ant-1.4 to be downregulated by RNA-Seq
and confirmed by qRT-PCR (data not shown). It has
been hypothesized that ant-1.3 and ant-1.4 serve as
mediators in mitochondria=generated ATP exchange

with cytosolic ADP [34]. Downregulation of these genes
suggests energy metabolism impairment. As a result,
the mitochondria dysfunction leads to ER stress and
UPR, which is consistent with prior reports and this
study.

Another finding from the gene list was significant
transcriptional changes in the LPR gene family. LPR
proteins are low molecular weight lipophilic molecule
transporters that participate in intercellular signaling
and cellular development. Prior studies have shown
that the Ipr-1 protein is required at the time of lumi-
nal growth and is expressed in the excretory system,
and that null mutants of this gene experience high L1
larvae lethality [35]. Our data reveal /pr transcriptional

] Biochem Molecular Toxicology 1DOI110.1002/jbt
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FIGURE 2. Effect of Ipr-5 RNAi on animal lethality caused by Mn. (A) RNAi-sensitive strain NL2099 was grown on plates with the Ipr-5
gene fragment or empty vector (WT control) containing bacteria for 48 h. L4 animals were transferred on MnCl-containing plates (10 mM)
and exposed for 24 h. The number of dead worms was then counted. Results are presented as average & SD of three independent replicates.
*, p < 0.05 compared to WT control. (B) WT control worms remained alive and healthy on minimal agar plates. (C) Mn-exposed animals were
slightly smaller in size. (D) Ipr-5 (RNAi) knockdown animals developed poorly and were sick. (E) Mn-exposed Ipr-5 (RNAi) knockdown animals

were dead.

upregulation caused by Mn exposure, suggesting anew
role for the members of this family.

Moreover, Ipr-5 knockdown resulted in an increase
in animal death both in nonexposed controls and Mn-
exposed samples, suggesting that LPR-5 protein plays
an important physiological role at later developmental
stages and also in stress conditions. Although the pro-
tein function is not clear, LPR-5 provides an intrigu-
ing target for future studies to investigate Mn-induced
toxicity mechanisms. Interestingly, we also find upreg-
ulation of Ipr family genes and downregulation of abu
family genes in a previous study of methylmercury ex-

] Biochem Molecular Toxicology 1DOI10.1002/jbt

posure [20]. We also found a small number of FKB fam-
ily members to be regulated by methylmercury (fkb-4,
4.6 fold; fkb-7, 6.0 fold), although ant family genes were
not significantly changed [20]. These results suggest
that there may be common pathways in heavy metal
toxicity.

To our knowledge, this is the first global transcrip-
tome study following Mn exposure in any cell or animal
system. Our study highlights transcriptional changes
in ER- and mitochondria-associated genes that support
current knowledge on the role that these pathways may
play in manganism. Furthermore, our study suggests
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that genetic pathways involving FKB, CYP, and COL
may also contribute to the pathology. Finally, our study
provides a unique data resource for investigating Mn
and other heavy metal-associated cellular toxicity.

SUPPORTING INFORMATION

Supplementary Table 1. List of up- and down-
regulated genes
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