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Chronic  methylmercury  exposure  increases  oxidative  stress  and  endoplasmic  reticulum  stress  gene  expression.
Chronic  methylmercury  exposure  increases  lpr  and decreases  abu  family  gene  expression.
Chronic  methylmercury  exposure  alters  expression  of miRNAs.
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a  b  s  t  r  a  c  t

Methylmercury  (MeHg)  is  a persistent  environmental  and  dietary  contaminant  that  causes  serious
adverse  developmental  and  physiologic  effects  at multiple  cellular  levels.  In  order  to  understand  more
fully  the  consequences  of  MeHg  exposure  at the  molecular  level,  we  profiled  gene  and  miRNA  transcripts
from  the  model  organism  Caenorhabditis  elegans.  Animals  were  exposed  to MeHg  (10  �M) from  embryo  to
larval  4 (L4)  stage  and  RNAs  were  isolated.  RNA-seq  analysis  on the  Illumina  platform  revealed  541  genes
up-  and  261  genes  down-regulated  at a  cutoff  of  2-fold  change  and  false  discovery  rate-corrected  signif-
icance  q <  0.05.  Among  the  up-regulated  genes  were  those  previously  shown  to  increase  under  oxidative
stress  conditions  including  hsp-16.11  (2.5-fold),  gst-35  (10.1-fold),  and  fmo-2  (58.5-fold).  In addition,  we
observed  up-regulation  of  6  out  of 7 lipocalin  related  (lpr)  family  genes  and  down  regulation  of  7  out of
15 activated  in  blocked  unfolded  protein  response  (abu)  genes.  Gene  Ontology  enrichment  analysis  high-
locked unfolded protein response lighted  the  effect  of  genes  related  to development  and  organism  growth.  miRNA-seq  analysis  revealed
6–8  fold  down  regulation  of mir-37-3p,  mir-41-5p,  mir-70-3p,  and  mir-75-3p.  Our  results  demonstrate  the
effects  of MeHg  on  specific  transcripts  encoding  proteins  in  oxidative  stress  responses  and  in ER  stress
pathways.  Pending  confirmation  of these  transcript  changes  at protein  levels,  their  association  and  disso-
ciation  characteristics  with  interaction  partners,  and  integration  of  these  signals,  these  findings  indicate
broad  and dynamic  mechanisms  by which  MeHg  exerts  its  harmful  effects.
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1. Introduction

Methylmercury (MeHg) is a global contaminant that originates
from inorganic mercury and accumulates in the environment. It has
been found in a broad range of living organisms including plants,
wildlife, and humans (WHO, 1990) who  are exposed to mercury
mostly through ingestion of contaminated seafood and fish, but
can also be exposed through occupational hazards and via dental
procedures (European Food Safety Authority, 2004; Björkman et al.,

Open access under CC BY-NC-ND license.
2007). After exposure, high concentrations of mercury are found in
the brain as well as in blood, kidneys, and hair (Clarkson and Magos,
2006). MeHg easily crosses the blood–brain, blood–placenta
and blood–retinoic barriers. It is associated with human

-NC-ND license.
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evelopmental abnormalities, neurological dysfunction, embry-
nic defects, and loss of vision (Takeuchi, 1968). While the
eveloping fetus is highly sensitive, in adult humans, MeHg poi-
oning can cause loss of physical coordination, abnormal speech,
europathology, and death (Harada, 1968, 1978; Eto, 1997). Despite
ver 50 years of experience with human disasters, MeHg exposure
emains a serious human health threat and its consequences con-
inue to be intensely studied (Dórea et al., 2012; Aslan et al., 2013).

While the physical effects of MeHg toxicity are well docu-
ented, the molecular targets remain obscure. MeHg depletes

lutathione, confers an increase in reactive oxygen species (ROS),
itochondrial dysfunction, oxidative phosphorylation, and a loss of

alcium regulation (Clarkson and Magos, 2006; Choi et al., 1996).
trategies to attenuate the toxic effects of MeHg include admin-
stering antioxidants, chelators, or increasing metallothioneins to
romote removal (Choi et al., 1996; Miles et al., 2000; Boscolo et al.,
009). Due to MeHg’s role in oxidative stress, it has been hypothe-
ized that mitochondria are an intracellular target, but associations
ith endoplasmic reticulum (ER), Golgi complex, nuclear envelope,

nd lysosomes have also been observed (Chang, 1977; Limke et al.,
004; Ceccatelli et al., 2010; Roos et al., 2012). Mercury ions form
ross-linkages with membrane proteins causing structural disor-
anization and weakening of the architecture of membranes that
eads to neurotoxic events (Baatrup, 1991; Barboni et al., 2008).

eHg mimics the amino acid methionine by forming MeHg-l-
ysteine complexes. It has been suggested that the Hg reaction
ith proteins is non-specific: Hg ions react with any sulfhydryl

roup forming S–HG–S bridges (Miura and Imura, 1987). MeHg dif-
uses across cell membranes as well as other cell compartments and
nterfere not only with cell membrane proteins, but also with inter-
al cell proteins. These events disturb crucial cell processes and
ecrease cell integrity, disrupt migration and change cell signaling
hat ultimately leads to altered cell function (Limke et al., 2004;
eccatelli et al., 2010; Roos et al., 2012).

Previous genome level studies aimed at elucidating the down-
tream transcriptional effects of MeHg have found the targets of
he oxidative stress-activated transcription factor Nrf2 to be upre-
ulated including cell cycle, apoptosis, cytokine, and heat shock
enes as well as adaptive response genes that include chemokines,
lutathione S-transferases, metallothioneins, and thioredoxin per-
xidases (Liu et al., 2003; Simmons et al., 2011; Ayensu and
chounwou, 2006). While these previous studies have been highly
nformative, they mainly focused on specific target tissues. For
xample, the studies profiled rat liver and kidneys (Hendriksen
t al., 2007), rat lungs (Liu et al., 2003) mice pup brains (Glover
t al., 2009), metallothionein-I/II null mice brains (Yoshida et al.,
011), or zebrafish liver (Ung et al., 2010). Other studies used cell

ines such as HepG2 (Kawata et al., 2007; Ayensu and Tchounwou,
006). Simmons et al. (2011) demonstrated a variability between
ell lines in activity and relative potency in response to MeHg and
ther heavy metals.

The nematode Caenorhabditis elegans is a convenient tool for
oxicological studies (Nass and Hamza, 2007). Since molecular

echanisms in development, cell migration and toxicity are anal-
gous on many levels in C. elegans and humans, and they also
hare similarities in signaling and neurotransmitter systems, this
nimal has been a useful tool in basic human pathophysiology stud-
es. We  previously demonstrated that chronic exposure to MeHg
educes the brood size and number of viable eggs, and affects viabil-
ty and development of the embryo with delays in morphogenesis
nd gonadogenesis, and dopamine neuron degeneration (VanDuyn
t al., 2010). We  also demonstrated the transcriptional regulation

f a variety of oxidative sress response genes, including glutathione
-transferases that were dependent upon the transcription fac-
or SKN-1, the C. elegans ortholog of Nrf2 (VanDuyn et al.,
010).
etters 222 (2013) 189– 196

In the current study, we investigated the effect of MeHg on
global gene transcription in whole animals. This approach was used
to cover, as broadly as possible, tissue or cell specific responses.
Moreover, we  exposed animals from embryo to larval 4 (L4) stage,
a stage just prior to adulthood, modeling a chronic exposure, in
order to uncover more chronic effects of heavy metal exposure. In
addition, we  used highly sensitive RNA-seq methodology coupled
with Gene Ontology enrichment analysis, to identify both individ-
ual genes and overrepresented Gene Ontology terms. Finally, we
used miRNA-seq as a global approach to identify miRNAs whose
expression was altered following MeHg exposure in whole animals.

2. Materials and methods

2.1. C. elegans maintenance and treatment

C. elegans strains wild-type (WT) Bristol N2, RNAi-sensitive mutant NL2099
(rrf-3(pk1426)), and transgenic JS4063 (Pabu-1::GFP)  were obtained from the
Caenorhabditis Genetics Center (St. Paul, MN,  USA) and maintained on nematode
growth media (NGM) plates with bacterial lawns containing OP50 strain E. coli bacte-
ria at 20 ◦C according to standard procedures (Brenner, 1974). Synchronized worms
were obtained by bleaching gravid adults in potassium hypochlorite and washed
4×  in M9 buffer. Embryos were placed directly onto NGM plates seeded with OP50.
Methylmercury(II)Cl (MeHg)(Sigma, St. Louis, MO,  USA) was  dissolved in distilled
water and kept as a 500 �M stock solution and then added to agar plates for a final
concentration of 10 �M.  Control plates were without MeHg  added. Animals were
allowed to grow at 20 ◦C until reaching L4 stage just before adulthood (48–56 h) for
RNA isolation.

2.2. RNA isolation and sequencing

For RNA isolation both control and MeHg-treated L4 stage worms were collected,
washed 4× with sterile water and placed immediately into Trizol solution (Gibco-
BRL, Gaithersberg, MD, USA). Total RNA was  isolated according to manufacturer’s
protocol and quantitated on a Nanodrop device (Thermo Scientific, Wilmington,
DE, USA). Total RNAs were then treated to remove DNA using Turbo DNA-free
DNAse kit (Ambion, Austin, TX, USA). Isolated and DNAse treated total RNA was
then sequenced using Illumina library sample kit (Illumina, San Diego, CA, USA) on
a  GA IIx instrument, using single read 38 nt mode.

2.3. RNA-seq analysis

35.4 million and 41.1 million sequences of 38 bases were acquired from the con-
trol and MeHg-treated samples, respectively. Reads containing adapters (536,533
and  615,796 for control and MeHg-treated samples, respectively) were removed
with TagDust 1.13 (Lassmann et al., 2009) using the default parameter values (28.0%
coverage cutoff and 0.01 FDR). To find reads arising from the food source E. coli,
the  remaining reads were aligned to E. coli genome (version st 536, NCBI) with
Bowtie 0.12.7 (Langmead et al., 2009) allowing 0 mismatches. Reads aligning to
the  E. coli genome (1562 and 20,449, respectively) were removed from further
steps of the analysis. The remaining reads were then aligned to C. elegans genome
(WormBase WS220, Ensembl Release 66) and known splice junctions derived
from the gene annotation file ws220/genes.gtf with TopHat 2.0.3 (Trapnell et al.,
2009) using the following parameter values: –no-novel-juncs, –min-intron-length
10,  –max-intron-length 25,000, –min-segment-intron 10, –max-segment-intron
25,000, –min-coverage-intron 10, –max-coverage-intron 1000, –max-multihits 10,
–transcriptome-mismatches 1, –genome-read-mismatches 1, –read-mismatches 1,
–segment-mismatches 1, –bowtie-n, –G/ws220/genes.gtf.

Differential gene expression analysis was performed using Cuffdiff program of
Cufflinks 1.3.0 (Trapnell et al., 2010) for 44,968 predicted transcripts. Transcripts
with false discovery rate-corrected p-values (q-values) of <0.05 and fold change >2
(or  <0.5) were defined as differentially expressed. Enriched Gene Ontology terms
(The Gene Ontology Consortium, 2000) were found separately for the up-regulated
and down-regulated genes from DAVID Functional Annotation Tool (Huang et al.,
2009).

2.4. miRNA-seq analysis

Small RNAs (<200 bp) were isolated from L4 animals after treatment with MeHg
(10  �M)  since embryo stage using the miRVana kit (Ambion) according to the manu-
facturer’s instructions. One �g of isolated small RNAs were used to construct a library
using the Small RNA library prep set kit for Illumina (New England Biolabs, Ipswich,
MA,  USA) using the same conditions as reported previously (Srinivasan et al., 2013).

Library products were sequenced on Illumina GAIIx instrument in single read 38 nt
mode.

The  sizes of the small RNA sequence libraries were 21.9 million reads for the
control and 23.3 million reads for the MeHg treated sample. From the raw data
reads, 3′ adapters were trimmed and adapter dimers were removed using in-house
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Fig. 1. Scatter plot of RNA-seq (A) and miRNA-seq (B) from control and MeHg
(10 �M)  treated animals. RNAs were isolated from whole animals treated from
embryo to L4 stage and libraries prepared and sequenced as described in Meth-
ods.  Data were plotted as fragments per kilobase of exon per million fragments
mapped (FPKM) or reads per million mapped reads (RPM) as indicated. Upper and
lower diagonal lines represent 2-fold or 0.5-fold ratio, respectively. Yellow dots (A)
represent genes with a false discovery rate corrected significant change (q < 0.05)
between treatments. The location of lpr family, abu family genes, and significant
M. Rudgalvyte et al. / Toxico

ools. Further, reads exactly mapping to E. coli genome were removed from the
ibraries. Of the preprocessed data including 20.8 million reads in the control and
2.1  million reads in the treated sample, 85% and 84%, respectively, mapped to the
. elegans genome (WS220) with max  one mismatch. Alignment to the genome was
erformed with Bowtie 0.12.9, (Langmead et al., 2009). Known miRNAs (miRBase
elease 19) were identified and calculated with miRDeep 2.0.0.5 (Friedländer et al.,
012). Differential expression analysis was conducted for miRNAs with at least 1
PM expression with DESeq 1.6.1 (Anders and Huber, 2010). miRNA targets were
redicted with miR-SOM (Heikkinen et al., 2010) and targets of lpr and abu genes
ith TargetScan worm 6.2 (Jan et al., 2011).

.5. Quantitative real-time PCR (qRT-PCR)

The expression of 13 genes was analyzed by qRT-PCR based on RNA-seq findings.
our independent biological replicate total RNA samples from control and MeHg-
reated (final concentration 10 �M)  C. elegans were isolated from L4 stage worms
s  described above. Total RNA was reverse transcribed to cDNA using Revert-Aid
it (Thermo Fisher Scientific, Waltham, MA,  USA) according to the manufacturer’s
nstructions. Oligonucleotide primers for PCR were designed and obtained from
ligomer OY (Helsinki, Finland). The amplification reaction was performed accord-

ng  to the manufacturer’s protocol with SYBR green PCR Master mix  (Thermo Fisher,
SA) using iCycler 1.0 (Biorad, Hercules, CA, USA). Each of 4 biological replicates was
erformed in duplicate technical replicates. Gene expression differences were calcu-

ated using the delta-delta-Ct method (Livak and Schmittgen, 2001). The act-1 gene,
 highly abundant housekeeping transcript was used as an internal control. This gene
as been used previously as the internal control for qRT-PCR experiments under a
ide variety of conditions and from different tissues and organisms. Sequences for

ll  primer sets used are listed in Supplementary Table 1.
Supplementary data associated with this article can be found, in the online

ersion, at http://dx.doi.org/10.1016/j.toxlet.2013.07.014.

.6. RNA interference

RNA-mediated interference (RNAi) was accomplished on NGM plates containing
 mM isopropyl �-d-thiogalactoside (IPTG) and 100 �g/ml ampicillin. Plates were
eeded with HT115 (DE3), an RNase III-deficient E. coli strain carrying L4440 vec-
or  with the gene fragment (skn-1) (Source BioScience LifeSciences, Nottingham,
K)  or empty vector (Addgene, Cambridge, MA). Bacteria cultures were grown for
0  h in liquid medium with 100 �g/ml ampicillin and without IPTG. After 10 h IPTG
1  mM)  was added, cultures were grown 4 h more and transferred onto plates. L1
tage worms or embryos were transferred onto RNAi plates and incubated at 20 ◦C
or 48–56 h for RNA isolation. Control RNAi was performed with HT115 bacteria con-
aining an empty L4440 vector. RNAi of skn-1 was confirmed by qRT-PCR of skn-1
ranscripts. For ABU family RNAi studies, NL2099 animals were fed separately RNAi
acteria of abu-1,  6, 7, 9, 10,  and 11 for 48 h and then exposed to MeHg (10 �M,
0  �M, or 50 �M) for 2 days and then animals were scored for death. For develop-
ental studies, NL2099 animals were grown on ABU family RNAi bacteria from L1

tage on 1 �M MeHg and time to adulthood was  measured.

.7. Fluorescence microscopy

JS4063 animals from control and MeHg-treated (final concentration 125 �M)
roups were placed on an agar pad with a drop of Aldicarb (final concentration
.5 mM)  and a drop of Fluoroshield (Sigma Chemicals). In order to avoid drying,
nimals were imaged immediately on an Olympus IX71 (Olympus, Tokyo, Japan)
uorescent microscope. Images were taken with DP Controller software (version
.1.1.227, Olympus) at magnification 100×.

. Results

.1. RNA-seq and miRNA-seq analysis of C. elegans exposed to
eHg

A total of 35.4 million and 41.1 million sequence reads were
roduced from sequencing RNA-seq libraries from control and
eHg-treated samples, respectively. From Cufflinks RNA-seq data

nalysis program, using criteria of >2 fold change and false discov-
ry rate (FDR) corrected p-value (q-value) <0.05, 802 genes were
ound to be regulated, of which 541 were up and 267 were down
Fig. 1A). The complete list of regulated genes is in Supplemen-
ary Table 2. Known oxidative stress responsive genes up-regulated
ncluded hsp-16.11 (2.5-fold), gst-35 (10-fold), and fmo-2 (58-fold).

he largest fold change was the downstream of daf-16 gene dod-21
hich was up-regulated >890-fold. The genes with the 20 largest

old-changes up and down and their FPKM (fragments per kilobase
f exon per million fragments mapped) values are shown in Table 1.
miRNAs are indicated with a red triangle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web  version of the article.)

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.toxlet.
2013.07.014.

From miRNA-seq analysis we were able to identify 4 mature

miRNA sequences significantly altered after MeHg exposure
(Fig. 1B). All were down regulated in MeHg animals (p < 0.05):
miR-37-3p, 7.5-fold; miR-75-3p,  7.8-fold; miR-70-3p,  5.7-fold; miR-
41-5p,  6.5-fold. The complete list of miRNAs and expression values

http://dx.doi.org/10.1016/j.toxlet.2013.07.014
http://dx.doi.org/10.1016/j.toxlet.2013.07.014
http://dx.doi.org/10.1016/j.toxlet.2013.07.014
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Table 1
Twenty (20) most up-regulated transcripts and twenty (20) most down-regulated transcripts in MeHg-treated compared to non-treated C. elegans. FPKM values are fragments
per  kilobase of exon per million fragments mapped.

Transcript ID WormBase locus ID (if available) FPKM in control FPKM in MeHg treated Fold change FPKMMeHg/FPKMcontrol FDR-corrected
p-value
(q-value)

C32H11.10 dod-21 0.04 34.09 901.96 4.23 × 10−9

C32H11.9 0.07 33.13 443.14 0.00
F44G3.10 0.09 15.66 174.99 5.22 × 10−5

B0399.2 oac-1 0.02 1.78 94.90 7.30 × 10−4

C08E3.1 1.94 150.74 77.85 6.80 × 10−7

Y64H9A.2 0.45 32.52 71.91 0.00
C08E3.13 3.19 226.42 70.89 0.00
K08C7.5 fmo-2 0.11 6.67 57.98 1.40 × 10−12

E03H4.10 clec-17 0.09 4.32 46.72 3.96 × 10−7

F55F8.1 ptr-10 0.08 3.79 46.66 4.90 × 10−11

R03H4.6 bus-1 0.18 8.21 46.40 1.85 × 10−13

T08G5.3 0.13 5.81 44.32 6.62 × 10−5

Y51B9A.4 arrd-2 0.04 1.44 38.31 1.53 × 10−2

F26D11.2 0.07 2.24 33.52 3.45 × 10−4

EGAP7.1 dpy-3 0.98 32.70 33.36 0.00
R07E3.6 0.51 16.94 33.16 0.00
C08E3.10 fbxa-158 0.08 2.52 31.84 2.64 × 10−4

W04G3.3 lpr-4 1.37 43.42 31.65 0.00
W04G3.8 lpr-3 1.54 47.76 31.05 0.00
W04G3.2 lpr-5 1.07 33.23 30.98 0.00

T06E4.9 9.65 1.18 0.12 3.68 × 10−4

F59B10.3 3.73 0.45 0.12 1.48 × 10−3

ZC262.10 2.46 0.29 0.12 3.93 × 10−3

ZC262.9 2.46 0.29 0.12 3.93 × 10−3

F28F8.2 acs-2 18.51 2.17 0.12 9.95 × 10−14

C05A9.1 pgp-5 55.68 6.32 0.11 9.95 × 10−14

C15A11.6 col-62 301.83 33.98 0.11 0.00
Y51H4A.9 col-137 34.60 3.89 0.11 3.38 × 10−7

T21E8.2 pgp-7 26.31 2.93 0.11 1.95 × 10−10

T21E8.1 pgp-6 58.97 6.55 0.11 0.00
C15A11.5 col-7 312.88 33.27 0.11 0.00
W06G6.10 6.88 0.71 0.10 1.90 × 10−3

C03A7.4 pqn-5 6.96 0.70 0.10 2.23 × 10−5

C03A7.7 abu-6 5.73 0.53 0.09 2.08 × 10−5

C01G12.11 nspb-9 6.94 0.63 0.09 1.06 × 10−2

C03A7.8 abu-7 6.92 0.63 0.09 5.74 × 10−6

Y37E11B.9 0.83 0.07 0.09 4.22 × 10−2
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T06E4.11 pqn-63 4.22 

T06E4.10 3.19 

Y47D7A.9 18.25

an be found in Supplementary Table 3. Using a miRNA target
rediction software TargetScanWorm 6.2 (Jan et al., 2011) and miR-
OM (Heikkinen et al., 2010) we looked for potential targets of
iRNA from our list of regulated RNAs. We  were not able to find lpr

r abu family genes on the candidate target lists. We also looked at
he possible miRNAs that would regulate lpr and abu gene families
nd these also did not overlap with the found regulated miRNAs.

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.toxlet.
013.07.014.

.2. qRT-PCR confirms LPR and ABU genes

A large number of LPR (LiPocalin-Related protein) and ABU (Acti-
ated in Blocked Unfolded protein response) family members were
ound to be regulated. The LPR genes included lpr-1, lpr-3, lpr-4,
pr-5, lpr-6, lpr-7 from a total of 7 family members. The abu genes
ncluded abu-1,  abu-6,  abu-7,  abu-8,  abu-9,  abu-10,  and abu-11 from

 total of 15 family members. In order to verify the gene regulation,
e performed qRT-PCR on the 13 genes from ABU and LPR gene

amilies using four independent MeHg-treated and control samples

rom L4 animals (Fig. 2). The 6 LPR family members were confirmed
o be up-regulated and all 7 ABU family members were confirmed
o be down-regulated significantly. The most highly decreased abu
ene based on qRT-PCR results was abu-1 (20-fold down), while
.30 0.07 6.14 × 10

.13 0.04 1.76 × 10−3

.37 0.02 7.44 × 10−3

RNA-seq showed a lower but still robust 7-fold change down. Other
ABU family genes were also confirmed to be down-regulated. The
lpr genes had more modest fold changes in qRT-PCR than in RNA-
seq. The most highly up-regulated lpr gene, lpr-4, according to
RNA-seq (31-fold) was only 2-fold up-regulated in qRT-PCR. Other
LPR family genes also share similar fold change differences compar-
ing RNA-seq and qRT-PCR results but are consistently up-regulated
according to both methods.

3.3. abu-1 transcriptional regulation to MeHg is not dependent
upon skn-1 expression

MeHg (10 �M)  exposure from embryo to L4 decreased abu-1
expression in skn-1 RNAi animals (0.67 ± 0.20, n = 4) relative to
non-exposed animals, and also in HT115 no-RNAi control ani-
mals (0.52 ± 0.17, n = 4). No significant difference was  detected
between abu-1 expression after MeHg exposure in skn-1 and con-
trol RNAi treatments (p = 0.31). skn-1 RNAi treatments decreased
skn-1 expression 3.0 ± 0.77 fold. MeHg increased lpr-1 expression
in skn-1 RNAi animals (2.1 ± 0.34, n = 4) while the increases were

1.1 ± 0.34, n = 4 in HT115 RNAi animals. We  also performed RNAi
of abu-1, 6, 7, 9, 10,  and 11 and measured sensitivity to MeHg at
10 �M,  20 �M,  or 50 �M,  for 48 h. We  were not able to find any dif-
ferences in sensitivity as measured by percentage of live animals

http://dx.doi.org/10.1016/j.toxlet.2013.07.014
http://dx.doi.org/10.1016/j.toxlet.2013.07.014
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ig. 2. Gene expression changes in LPR and ABU family genes. RNA-seq and qRT-
hanges for the indicated genes comparing control to MeHg-treated animals (10 �M

 independent samples ± SD. Positive fold changes were calculated based on treate

t any of the concentrations tested, or time to reach adulthood on
 �M MeHg (data not shown).

.4. Functional annotation and GO enrichment analysis of
egulated genes

In order to uncover biological themes of genes regulated by
eHg, we utilized the DAVID functional annotation tool to anno-

ate, extract, and then analyze for statistical enrichment of Gene
ntology (GO) biological processes, cell compartments or molec-
lar functions (Table 2). Enriched biological processes for up
egulated genes were related to e.g. cuticle development (15 genes),
rganism growth (25 genes), protein maturation and processing
7 genes), and larval development (54 genes). A large number of
p-regulated genes (190) belong to cellular compartment inte-
ral and/or intrinsic to membrane. One of the genes from this list
s lipocalin-related protein gene lpr-1. The most represented up-
egulated genes in the endoplasmic reticulum (Table 2) belong
o FK506-binding protein family (fkb-3, fkb-4, fkb-5, fkb-7) or
lavin-containing MonoOxygenase family (fmo-2,  fmo-4)  (data not
hown). The most represented down-regulated genes in cytoskele-
on and intracellular non-membrane-bounded organelle are major
perm protein genes (5 genes, data not shown).

.5. Pabu-1::GFP strain shows response to MeHg

To confirm reduced abu-1 gene expression, transgenic inte-
rated Pabu-1::GFP strain JS4063 was used. Transgenic animals
xpress GFP strongly in the pharynx. Fluorescence intensity in
oung adults was measured 24 h after exposure to MeHg (125 �M)
or 1 h. A higher dose was used for GFP studies since lower
oses did not produce observable effects (data not shown).

educed fluorescence intensity in C. elegans pharynx, especially

n the procorpus region was observed in ∼30% of the animals
Fig. 3). Three independent experiments were performed for this
tudy.
ere performed as described in Methods. Filled black bars represent RNA-seq fold
 embryo to L4 stage). Filled gray bars represent qRT-PCR results as the average from
rol. Negative fold changes were calculated based on −1 control/treated.

4. Discussion

Previous studies have demonstrated that exposure to MeHg
causes an oxidative stress response in cells, as well as increases
in reactive oxygen species (ROS), disruption of respiration, oxida-
tive phosphorylation and calcium regulation (Yee and Choi, 1996;
Limke et al., 2004; Ceccatelli et al., 2010; Roos et al., 2012). Cel-
lular responses to MeHg include not only increases in glutathione
content and glutathione-S-transferases (GSTs), but also other pro-
tein groups such as HSPs and MTs. The present study detected many
genes that confirm this notion. We  also observed genes that suggest
an ER response. ABU proteins form part of the ER stress pathway
that responds to unfolded proteins and are distantly related to
the apoptosis pathway gene CED-1 (Hetz, 2012). Many ABU gene
family members were down-regulated in this study. ABU trans-
cripts have been found to be activated when the unfolded protein
response (UPR), a central process of ER stress, is blocked either
genetically or pharmacologically (Shen et al., 2001; Yoshida et al.,
2001; Urano et al., 2002). Previous studies have found SIR-2.1 (not
regulated in this study, Supplementary Table 2) and OCTR-1 (not
regulated in this study, Supplementary Table 2) to repress abu-11 or
ABU family member expression, respectively (Viswanathan et al.,
2005; Sun et al., 2011). We  did not see an influence by SKN-1 on
abu-1 response to MeHg in RNAi experiments. Therefore, the tran-
scription factor(s) controlling abu gene expression remains to be
identified. The decrease in abu-11 expression in C. elegans follow-
ing gold nanoparticle exposure (Tsyusko et al., 2012) or in abu gene
family members after chronic ethanol exposure (Peltonen et al.,
2013); however, suggest a common general xenobiotic responsive
transcription factor.

The UPR functions to ensure that protein synthesis, folding and
degradation rate match cell need in order to avoid over accumu-
lation of proteins in ER. It has been hypothesized that incorrect

protein accumulation in the ER and UPR alterations may  lead to
the emergence of human diseases such as atherosclerosis or neu-
rodegeneration (Malhotra and Kaufman, 2007). Studies have shown
that oxidative stress, hypoxic stress, or nutrient stress can activate
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Table 2
Enriched GO biological process, molecular function and cellular compartment terms among differentially expressed genes in response to MeHg treatment. Genes and %
correspond to the number and percentage of the regulated genes that have the GO term annotation in question. p-value is a measure of enrichment (Fisher exact test) of the
GO  term among the genes.

Genes % q-value

Enriched biological process for up-regulated genes
Collagen and cuticulin-based cuticle development 15 2.9 8.5 × 10−9

Positive regulation of multicellular organism growth 25 4.9 1.7 × 10−7

Protein maturation 7 1.4 1.8 × 10−6

Protein processing 7 1.4 1.8 × 10−6

Oviposition 15 2.9 5.1 × 10−3

Nematode larval development 54 10.6 9.5 × 10−3

Proteolysis 21 4.1 1.2 × 10−2

Post-embryonic body morphogenesis 3 0.6 1.6 × 10−2

Steroid metabolic process 4 0.8 2.7 × 10−2

Enriched biological process for down-regulated genes
Dephosphorylation 6 2.7 2.7 × 10−3

Vitelline membrane formation 3 1.3 9.0 × 10−3

Protein modification process 12 5.3 1.1 × 10−2

Aminoglycan metabolic process 3 1.3 2.2 × 10−2

Enriched molecular function for up-regulated genes
Hedgehog receptor activity 8 1.6 4.0 × 10−7

3-Beta-hydroxy-delta5-steroid dehydrogenase activity 3 0.6 1.1 × 10−2

Steroid dehydrogenase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor 3 0.6 1.1 × 10−2

Calcium ion binding 9 1.8 2.2 × 10−2

Serine-type endopeptidase activity 4 0.8 4.4 × 10−2

Enriched molecular function for down-regulated genes
Phosphatase activity 11 4.9 1.6 × 10−5

Adenyl ribonucleotide binding 17 7.6 4.0 × 10−3

ATPase activity, coupled to transmembrane movement of substances 5 2.2 4.6 × 10−3

P P-bond-hydrolysis-driven transmembrane transporter activity 5 2.2 6.0 × 10−3

Metallopeptidase activity 6 2.7 1.6 × 10−2

Pyrophosphatase activity 9 4.0 2.3 × 10−2

Enriched cellular component for up-regulated genes
Integral to membrane 190 37.2 1.2 × 10−5

intrinsic to membrane 190 37.2 1.4 × 10−5

External side of plasma membrane 3 0.6 3.5 × 10−3

Endoplasmic reticulum 9 1.8 1.6 × 10−2

Enriched cellular component for down-regulated genes
Cytoskeleton 13 5.8 3.0 × 10−6

Cytoskeletal part 7 3.1 1.4 × 10−3

Intracellular non-membrane-bounded organelle 14 6.2 2.2 × 10−3

Intermediate filament 3 1.3 6.0 × 10−3
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Intermediate filament cytoskeleton 

Myosin complex 

Actin cytoskeleton
he UPR pathway (Wang and Kaufman, 2012). A classic marker for
R stress activation in mammalian cells is CHOP and this would
ave been useful to test, however no C. elegans orthologs exists
o our knowledge (Marciniak et al., 2004). We  also observed the

ig. 3. Fluorescence intensity changes in pharynx of Pabu-1::GFP strain young adults after
nd  treated with the MeHg for 24 h. Animals were then placed on an agar pad and microg
n  (B) represents decreased GFP intensity. Plates of animals were also scored for loss of G
nimals with decreased GFP intensity from 4 independent experiments of 99–159 animal
onsistent and unambiguous decrease of at least 50% in fluorescence. No animals with de
3 1.3 6.0 × 10
3 1.3 2.3 × 10−2

3 1.3 4.9 × 10−2
regulation of oxidative stress markers such as fmo, hsp,  and gst
genes. However, separating the oxidative stress response from
the ER stress responses may  be difficult. For example, two flavin
mono-oxygenease genes, fmo-2 and fmo-4,  were grouped into the

 exposure to MeHg (125 �M).  Transgenic integrated animals were grown to L4 stage
raphs taken of the pharynx of either control (A) or MeHg treated (B) animals. Photo
FP intensity. Values in panel (C) represent mean percent and standard deviation of
s each. Animals were scored as decreased GFP intensity if the procorpus region had
creased GFP were observed in control plates.
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ndoplasmic reticulum (ER) class of proteins by gene enrichment
nalysis, but these genes could also be considered markers of oxida-
ive stress. Also found within this class were four FK506 binding
roteins. These proteins were originally classed as peptidyl prolyl
is-trans isomerases (PPIase) involved in protein folding. How-
ver, they were later found to be histone chaperones involved in
he regulation of rDNA silencing, and suggests a potential novel

echansim by which MeHg could regulate developmental pro-
esses (Kuzuhara and Horikoshi, 2004).

The lpr gene family is known to play an important role in excre-
ory duct cell development. The lpr-1 gene is required for luminal
onnectivity between excretory duct and pore cell in excretory
ystem of C. elegans (Stone et al., 2009). In the present study, we
howed up-regulation of multiple LPR family members. Lipocalin
equences are diverse, however, they share functional and struc-
ural conservation. Most lipocalins have 1–3 disulfide bonds and
n eight strand anti-parallel, symmetrical beta barrel fold, how-
ver, it is the function of a human lipocalin (Von Ebner’s Gland
f the tongue, VEGh) that acts as a cysteine protease inhibitor
hat suggests increases in lipocalin may  be a response to increase
rotection of cysteine containing proteins (van’t Hof et al., 1997).

ncreases in GSTs could also be elicited by methylmercury for 2 rea-
ons: first, as a general response due to oxidative stress (VanDuyn
t al., 2010), and secondly, perhaps to directly facilitate the removal
f methylmercury via glutathione S-transferase activity. Coupled
ith the historical literature demonstrating mercury as an effec-

ive nephrotoxin (Edwards, 1942; Rodin and Crowson, 1962), and
he current literature advocating lipocalin as an indicator of kid-
ey damage (Mori and Nakao, 2007), our results would suggest a
ovel link between nematodes and humans in an aspect of nephro-
oxicity. The increases in LPR family gene expression after chronic

eHg exposure are consistent with cellular damage since acute
xposure for 3 h in MeHg (10 �M)  resulted in only very modest
.9–1.7 fold changes in LPR family members (data not shown). In
ddition, our RNA-seq and qRT-PCR data show quantitative but
ot qualitative differences. While the high sensitivity and dynamic
ange of RNA-seq for detecting and quantitating gene expres-
ion has been established, few studies have compared directly
NA-seq versus qRT-PCR. Lee et al. (2011) compared 27 randomly
elected genes for such a comparison. While correlation was good
r2 = 0.62–0.90), it depended upon the RNA-seq data processing

ethod used, gene isoform, and level of expression. Clearly, RNA-
eq methods still require improved and standardized methods to
rovide more accurate expression values. These improvements and
heir implementation will likely lead to better agreement between
ifferent gene expression level detection platforms.

We  observed 4 miRNAs that were significantly altered in MeHg
xposed animals, yet their predicted targets did not overlap our reg-
lated genes list. Several possible scenarios could account for this:
rst, miRNA target prediction remains difficult with many false
ositives/negatives and few known validated hits; second, miRNAs
ould act locally and thus a whole animal approach such as was
sed here could dilute any miRNA or mRNA differences; finally, the
hole animal approach limits the ability to know the anatomical

ource of the miRNA and its target, thus limiting the ability to detect
iRNA-mRNA target combinations that might be regulated mod-

stly but are closely linked anatomically. Novel single cell RNA-seq
ethods are now becoming feasible and may  eventually be able to

elp to tease apart the precise interactions between miRNAs and
RNAs at the single cell level (Tang et al., 2010). Moreover, miR-
As can in some cases repress translation of target mRNAs without
arkedly reducing their levels (Valencia-Sanchez et al., 2006).

In summary, we have identified 2 gene families and 4 miRNAs

egulated following exposure to MeHg in C. elegans.  The gene
ranscripts regulated suggest an important role for oxidative
tress, ER stress, and excretory duct cell development pathways in
tters 222 (2013) 189– 196 195

mediating the toxic actions of MeHg. The results presented are at
the transcript level, and therefore preliminary pending confirma-
tion at the protein level, characterization of the status of protein
interaction partners, intracellular locations, and integration of
ER stress signals. While a broad array of pathways is involved,
our studies suggest that individual genes that contribute to such
actions can be elucidated using a global transcriptomic approach.
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