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Circular RNAs (circRNAs) play important roles in regulating various biological processes; however, their
roles in regulating the toxicity of engineered nanomaterials (ENMs) are still unclear. Based on Illumina
HiSeq2500 sequencing, we here identified 43 dysregulated circRNAs in graphene oxide (GO) (1 mg L™Y
exposed nematodes. Five of these candidate circRNAs could be further dysregulated by GO exposure in
the range of pg L™1 Using the RNA interference (RNAI) technique, we found that the alteration in
expressions of circ_0000115, circ_0000247, and circ_0000665 mediated a protective response to GO
exposure; however, the alteration in expressions of circ_0000201 and circ_0000308 mediated the
toxicity induction of GO. In nematodes, the circ_0000115 acted in certain tissues (intestine and neurons)

. 4 7th Feb 2019 to regulate GO toxicity. Moreover, an intermediate filament protein IFC-2 required for intestinal
eceived 7th February ) . . . . - . .
Accepted 29th April 2019 development was identified as a target of circ_0000115 in regulating the GO toxicity. In the intestine,

intestinal IFC-2 acted further upstream of FOXO transcriptional factor DAF-16 in the insulin signaling

DOI: 10.1039/c9ra00997¢ pathway to regulate the GO toxicity. Therefore, intestinal circ_0000115 in the signaling cascade of
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1. Introduction

Graphene oxide (GO), a carbon-based engineered nanomaterial
(ENM) with single or few-layer nanosheets, has been widely
used in various industrial and medical fields, including chem-
ical industry, drug delivery, electronic apparatus, and environ-
mental remediation."” Considering the potential of GO to be
released into the environment,*” exposure to GO may possibly
lead to toxic effects on human health and environmental
organisms.*® Both in vitro and in vivo data have demonstrated
the toxicity of GO exposure on organisms, such as induction of
oxidative stress, cell death, suppression in cell division, muta-
genicity and pulmonary toxicity.>** Meanwhile, for the molec-
ular control of GO toxicity, besides certain signaling pathways
such as Toll-like signaling,’> some microRNAs (miRNAs) and
long noncoding RNAs (IncRNAs) have been shown to play
important roles."***

Circular RNAs (circRNAs) are generally formed after alter-
native splicing of pre-mRNAs, and have been recognized as
large species of transcripts in eukaryotic cells.” The 3’ end and
5" end of circRNAs can be covalently linked to constitute
a certain class of RNAs.'® The circRNAs are present with thou-
sands in the number in human, mouse and Caenorhabditis
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circ_0000115-1FC-2-DAF-16 regulates the GO toxicity by modulating the function of IFC-2.

elegans.”’” It has been shown that the circRNAs are involved in
the regulation of many biological processes, including stress
response and human diseases.'®>* However, the potential roles
of circRNAs in the regulation of ENMs toxicity are still largely
unclear.

Classic model animal C. elegans has been widely used in the
field of life sciences.”” Meanwhile, due to its sensitivity to
environmental toxicants, C. elegans has been employed as an
important in vivo assay system for the study of toxicity assess-
ment or toxicological mechanisms of certain environmental
toxicants.”**” Recently, it has been shown that C. elegans is
useful for nanotoxicological study of different ENMs, including
carbon-based ENMs.”** In nematodes, GO exposure could
cause toxicity on the functions of both primary targeted organs,
such as intestine, and secondary targeted organs, such as
reproductive organs and neurons.*>*** In the genome of C.
elegans, at least mitogen-activated protein kinases (MAPKs),
insulin, Wnt, cell death and DNA damage signaling pathways
have been identified to be required for the control of response
of animals to GO exposure.*>*** The main aim of this study is
to further determine the roles and the functions of circRNAs in
the regulation of GO toxicity using in vivo assay system of C.
elegans. We discussed the potential implications of the dysre-
gulation of some circRNAs in the nanosafety assessment in GO
exposed nematodes. Moreover, we focused on one of the dys-
regulated circRNAs, circ_0000115, to examine the underlying
molecular mechanism for its role in the regulation the GO
toxicity. With the circ_0000115 as an example, we identified the
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mechanism for a circular RNA in response to graphene oxide in
organisms.

2. Materials and methods

2.1. Preparation and characterization of GO

GO was prepared from natural graphite powder according to
a modified Hummer's method. GO was finally obtained by
ultrasonication of as-made graphite oxide in water. Stock solu-
tion of GO (1 mg mL ') was prepared in K medium by sonica-
tion for 30 min (40 kHz, 100 W). GO at working concentrations
was prepared by diluting the stock solution with K medium,
followed by further sonication for 30 min (40 kHz, 100 W). GO
was characterized by atomic force microscopy (AFM, SPM-9600,
Shimadzu, Japan), Raman spectroscopy (Renishaw Invia Plus
laser Raman spectrometer, Renishaw, UK) and zeta potential by
a Nano Zetasizer using a dynamic light scattering technique
(Nano ZS90, Malvern Instrument, Malvern, UK). Our previous
studies have examined the surface elemental composition of
specific specimen using X-ray photoelectron spectrum (XPS)
and oxygen functional groups in GO using Fourier transform
infrared spectroscopy (FTIR), and the prepared GO has
considerable degree of oxidation due to the presence of
different oxygen functional groups, and the oxygen content in
GO was 25.23%.'*%

2.2. C. elegans strains and culture

The used nematode strains in this study were from Caeno-
rhabditis Genetics Center. Nematodes were maintained on
nematode growth medium (NGM) plates seeded with Escher-
ichia coli OP50 at 20 °C.** Gravid nematodes were lysed with
a bleaching mixture (0.45 M NaOH, 2% HCIO) in order to
separate eggs from adult nematodes. The collected eggs were
used to prepare age synchronous L1-larvae populations.

2.3. Exposure and toxicity assessment

Prolonged exposure to GO from Lil-larvae to adult day-1 was
performed in 12-well sterile tissue culture plates in liquid K
medium at 20 °C in the presence of food (OP50). Endpoints of
ROS and locomotion behavior were selected for the toxicity
assessment of GO.

We used the endpoint of intestinal reactive oxygen species
(ROS) production to reflect functional state of the primary tar-
geted organ of intestine. ROS production was analyzed as
described previously.* After labeling with CM-H,DCFDA (1 pM)
for 3 h in the dark, the nematodes mounted on a 2% agar pad
were observed and examined at 488 nm of excitation wavelength
and at 510 nm of emission filter under a laser scanning confocal
microscope. Relative fluorescence intensity of intestinal ROS
signals was semi-quantified in comparison to intestinal auto-
fluorescence. Thirty nematodes were examined per treatment.

Head thrash and body bend were selected to evaluate the
locomotion behavior.>® Head thrash and body bend were
analyzed under a dissecting microscope as described previ-
ously.* In C. elegans, a head thrash is defined as a change in the
direction of bending at the mid body. A body bend is defined as
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a change in the direction of the part of the nematodes corre-
sponding to the posterior bulb of the pharynx along the y axis,
assuming that nematode was traveling along the x axis. Thirty
nematodes were examined per treatment.

2.4. Library preparation and Illumina HiSeq2500
sequencing

It was reported that prolonged exposure (from Li-larvae to
young adults) to GO at concentrations more than 0.5 mg L™ "
could cause toxicity on the functions of both primary targeted
organs and secondary targeted organs.”” The 1 mg L' was
selected as working concentration for GO exposure for Illumina
HiSeq2500 sequencing. For each RNA sample, total RNAs were
obtained from control or GO exposed wild-type nematodes
using Trizol (Invitrogen, UK) according to manufacturer's
protocol. Total genomic DNA was removed using DNase I (New
England Biolabs), and RNA purity was assessed using Nano-
drop2000. Total RNA was subject to ribosomal RNA depletion
according to manufacturer's protocol of Ribo-Minus kit. cDNA
libraries were generated using TruSeq RNA Sample Prep Kit v2
(Illumina). Each library was loaded into one lane of Illumina
HiSeq2500 for 2 x 125 bp pair-end sequencing, followed by on-
board cluster generation on a Rapid Run pair-end flow cell and
subsequent 125 cycles sequencing (v3 sequencing kit) according
to manufacturer's instructions (HiSeq 2500, Illumina). Three
independent biological replicates were performed.

2.5. RNA-seq data analysis and circRNAs identification

We used FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) to control quality of sequencing data. Filtered
data were mapped to nematode genome (version Caeno-
rhabditis_elegans.WBcel235) using BWA software.*® CIRI, an
efficient tool for unbiased algorithm for circRNAs identifica-
tion, was used to detect the circRNAs.* To ensure high accuracy
for the identification of circRNAs, we excluded the circRNAs
derived from ribosomal RNA, and selected those circRNAs
identified in = 2 junction reads. To obtain full length nucleo-
tide sequence of all circRNAs, we compared back-spliced junc-
tion sites with nematode genome annotation (version
Caenorhabditis_elegans.WBcel235.81)  downloaded  from
Ensembl database.

Expression profiling of host genes was analyzed by RSEM
software, a tool for accurate transcript quantification from RNA-
Seq data.®® Gene expression was measured in fragments per
kilobase of exon per million reads mapped (FPKM). CIRI can
provide expression ratio between circRNAs and their host
genes.” Based on back-spliced junction reads, edgeR, a Bio-
conductor package for differential expression analysis of digital
gene expression data, was further used to normalize expression
level of each circRNA to identify the differentially expressed
genes by pairwise comparisons.®* Threshold values of log FC =
1 and FDR (False Discovery Rate) < 0.05 were used to judge the
significance.
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2.6. Quantitative real-time polymerase chain reaction (qRT-
PCR) assay

For each example, total RNA extracted using Trizol (Invitrogen,
UK) according to manufacturer's protocol was reverse tran-
scribed to synthesize cDNA for qRT-PCR analysis. cDNA was
synthesized as the following procedure. Firstly, 1-2 ug RNA was
diluted into 14 pL RNase-free water, and then 1 uL random
primers (25.25 M) was added and mixed well. The RNA mixture
was incubated at 70 °C for 5 min, and immediately placed on ice
to incubate for 2 min. After that, 25 pL reverse transcribe
reaction system containing 5 pL reaction buffer, 1.3 pL. dNTP
(10 mM), 1 pL M-MLV reverse transcriptase, 0.6 puL RNase
inhibitor, 2.1 pL. RNase-free water, and 15 uL. RNA mixture was
used for real-time PCR using SYBR Premix EX TaqTM (Takara).
tha-1 encoding a Tubulin was used as a reference gene. Diver-
gent and convergent primers were designed to detect the
circRNAs and confirm the head-to-tail backsplicing in the
circRNAs. Convergent primers were used to detect the expres-
sion of linear fragments before the head-to-tail backsplicing of
circRNAs. Divergent primers were used to detect the expression
of circRNAs. All circRNAs, host genes, targeted genes, and
reference gene were amplified in three independent experi-
ments. The relative level of each circRNA or targeted gene was
calculated using 2724 method. The related primer informa-
tion for qRT-PCR is shown in Table S1.}

2.7. RNA interference (RNAi) knockdown assay

We fed the nematodes with RNAi knockdown strains as
described.®> RNAi knockdown strains grown in LB containing
ampicillin (100 pg mL ") at 37 °C overnight were plated onto
NGM plates containing ampicillin (100 pg mL~") and isopropyl
1-thio-B-p-galactopyranoside (IPTG, 5 mM). L1 larvae were
placed on RNAi knockdown plates for 2 days until the nema-
todes became the gravid. The gravid adults were transferred
onto fresh RNAi-expressing bacterial lawns to let them lay eggs
so as to obtain the second generation of RNAi population. The
RNAI efficiency was confirmed by qRT-PCR. The primer infor-
mation for RNAi is shown in Table S2.t

2.8. Biotinylated probe of circ_0000115

The complementary sequence of 16 bases on each side of the
back-splicing in circ_0000115 was labeled by biotin at the 5’ end.
The sequence of circ_ 0000115 biotinylated probe is 5'B-
ACCGCAGCGGCCCGTTCAATTTTTTGGAATCC. B:
biotinylation.

2.9. circRNA pull-down

Wild-type nematodes were harvest and washed by M9 buffer,
lysed using tissue-lyser. The extract was incubated with 10 pg
biotinylated DNA probe against back-splicing sites of
circ_0000115 in lysis buffer (20 mM HEPES (pH 7.4), 12 mM
MgCl,, 200 mM NaCl, 1 mM DTT, 0.1% Triton X-100, 10%
glycerol, RNase inhibitor and protease inhibitor) at room
temperature for 3 h. A total of 50 uL Dynabeads M-280 Strep-
tavidin was added to each binding reaction, and incubated for
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2 h at room temperature. After washing for 3 times with lysis
buffer, the samples were boiled in 6x SDS loading buffer, and
subjected to SDS-PAGE gel electrophoresis. The potential
protein bands were analyzed by Mass Spectrometry.

2.10. Protein-RNA interaction prediction

PRIdictor (Protein-RNA interaction predictor) predicts mutual
binding sites in RNA and protein at the nucleotide- and residue-
level resolutions from their sequences.® PRIdictor can be used
as a web-based application or web service at http://
bclab.inha.ac.kr/pridictor.

2.11. DNA construction and transformation

Intestine-specific promoter Pges-1 was amplified by PCR from
genomic DNA of wild-type nematodes. PCR amplified ifc-2 cDNA
was inserted into vector pPD_95_77 carrying Pges-1 promoter.
Germline transformation was conducted by coinjecting
a testing DNA (40 pg mL™") and a marker DNA of Pdop-1::7fp (60
pg mL™Y) into the gonad.** Primer information for vector
construction is shown in Table S3.7

2.12. Statistical analysis

Data in this article were expressed as means + standard devi-
ation (SD). Statistical analysis was performed using SPSS 12.0
software (SPSS Inc., Chicago, USA). Differences between groups
were determined using analysis of variance (ANOVA), and
probability levels of 0.05 and 0.01 were considered statistically
significant. Graphs were generated using GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA).

3. Results

3.1. Physicochemical properties of prepared GO

Based on the AFM assay, GO thickness was approximately
1.0 nm, which implied the one layer property for the prepared
GO (Fig. S1at). Raman spectroscopy assay using 632 nm wave-
length excitation indicated that GO had a D band
(1339.27 ecm ™) and a G band (1589.5 cm™ '), respectively (Fig.-
S1bt). The D-band signal appeared after treatment with sulfuric
acid and KMnO,, suggesting the introduction of disorder into
the graphite layer (Fig. S1bt). The sizes of most of the GO after
sonication were in the range of 40-50 nm (Fig. Sict). Zeta
potential of GO in K medium was —22.5 + 2.8 mV.

3.2. circRNA expression profiling in GO exposed wild-type
nematodes

To systematically identify circRNAs involved in the control of
response of nematodes to GO exposure, we performed the
Ilumina HiSeq2500 sequencing for the control group and the
GO (1 mg L") exposure group with three duplicates. GO expo-
sure was performed from L1-larvae to adult day-1 in wild-type
N2 nematodes. A total of 339 circRNAs were detected based
on the Illumina RNA-seq approach. Length distribution, chro-
mosome distribution and genome region distribution of the
circRNAs in nematodes were shown in Fig. S2.7 Most of the

This journal is © The Royal Society of Chemistry 2019
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detected circRNAs were in the range of 200-400 bp or more than
1000 bp (Fig. S2at). Most of the detected circRNAs were on the
chromosomes of I and III, and only a limited number of
circRNAs were distributed on chromosome X (Fig. S2bf¥).
circRNA category shows that most of the detected circRNAs
originate from the exons in nematodes (Fig. S2ct).

Among these 339 circRNAs, 43 circRNAs were significantly
dysregulated by GO exposure (log FC = 1, FDR < 0.05) (Tables S4
and S51). The 43 differentially expressed circRNAs were further
converted into a heat map to show the distinguishable circRNAs
expression profiling after GO exposure (Fig. 1a). Among these
dyregulated circRNAs, 33 known circRNAs (according to http://
www.circbase.org) including 31 down-regulated circRNAs and

Control

(a)
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2 up-regulated circRNAs were identified in GO exposed wild-
type nematodes (Table S41 and Fig. 1b). Moreover, 10 novel
circRNAs including 7 down-regulated and 3 up-regulated
circRNAs were identified in GO exposed wild-type nematodes
according to Memczak's report’” (Table S5f and Fig. 1c).
However, based on Ivanov's report,”® 6 circRNAs are known
among these 10 novel circRNAs (Table S57).

3.3. Validation of dysregulated circRNAs in GO exposed
nematodes

We next focused on 33 known circRNAs to confirm their
expressions in GO exposed nematodes using qRT-PCR, and

GO

1 2 3
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Fig. 1 Dysregulated circRNAs induced by GO exposure in wild-type nematodes. (a) Heat map of dysregulated circRNAs in GO exposed
nematodes. (b) Dysregulated known circRNAs in GO exposed nematodes. (c) Dysregulated novel circRNAs in GO exposed nematodes. GO
concentration is 1 mg L™, Prolonged exposure to GO was performed from L1-lavae to adult day-1.
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these 33 known circRNAs are exon-shuffling-derived circRNA
(Table S4t). Among the 33 known circRNAs, 28 dysregulated
circRNAs were validated in GO exposed wild-type nematodes by
qRT-PCR assay (Fig. 2a). Among these 28 dysregulated circR-
NAs, circ_000032, circ_000035, circ_000097, circ_0000107,

circ_0000115,
circ_0000201,
circ_0000311,
circ_0000352,
circ_0000558,

circ_0000119,

circ_0000247,

circ_0000313,
circ_0000356,
circ_0000603,

circ_0000132,

circ_0000281,

circ_0000329,
circ_0000363,
circ_0000653,

circ_0000160,

circ_000304,
circ_0000342,
circ_0000488,
circ_0000665,

circ_0000672 and circ_0000713 were significantly down-
regulated in GO exposed wild-type nematodes, whereas
circ_0000308 and circ_0000699 were significantly up-regulated
in GO exposed wild-type nematodes (Fig. 2a). Therefore, the
gRT-PCR results were largely consistent with RNA-seq data on
the dysregulation of circRNAs induced by GO exposure in
nematodes.

3.4. circRNAs dysregulated by GO in the range of pg L™*

wild-type nematodes

Considering the fact that most of the ENMs released into the
environment may be in the range of ng L' to pg L', we
further determined the effect of GO (100 pg L™ ') on expression
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of circRNAs in nematodes (Fig. 2b). Among the 28 dysregulated
circRNAs by GO (1 mg L"), the expressions of 5 circRNAs were
further significantly altered by exposure to GO (100 pg L)
(Fig. 2b). These 5 dysregulated circRNAs included 4 down-
regulated circRNAs (circ_0000115, circ_0000201, circ_0000247
and circ_0000665) and 1 up-regulated circRNA (circ_0000308)
(Fig. 2b). These five circRNAs could be further dysregulated by
exposure to GO (1 pg L") from L1-larvae to adult day-8 (data not
shown).

3.5. Functional analysis of 5 circRNAs induced by GO (100
ngL™
To determine the function of these five candidate circRNAs
(circ_0000115, circ_0000201, circ_0000247, circ_0000308 and
circ_0000665) in regulating the GO toxicity, RNAi knockdown of
these five circRNAs was performed in nematodes. The RNAi
efficiency of RNAi knockdown of these five circRNAs was shown
in Fig. S3.f Meanwhile, we found that RNAi knockdown of
corresponding host genes for these five circRNAs did not affect
the expressions of these five circRNAs (Fig. S3+).

To determine the function of these five candidate circRNAs
in regulating the GO toxicity, ROS production and locomotion
behavior were further employed as the toxicity assessment
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Fig.2 Validation of circRNAs expression in GO wild-type exposed nematode via qRT-PCR analysis. (a) GO exposure concentration was 1 mg L%,
(b) GO exposure concentration was 100 ug L=* GO. Prolonged exposure to GO was performed from L1-lavae to adult day-1. Bars represent

means + SD. **p < 0.01 vs. control.
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endpoints. After exposure, we found that RNAi knockdown of
circ_0000115, circ_0000247, circ_0000308 or circ_0000665
caused the resistance of nematodes to GO toxicity in inducing
ROS production and in decreasing locomotion behavior (Fig. 3).
In contrast, RNAi knockdown of circ_0000201 resulted in the
susceptibility of nematodes to GO toxicity in inducing ROS
production and in decreasing locomotion behavior (Fig. 3).
Therefore, all these five circRNAs are involved in the regulation
of GO toxicity in nematodes.

3.6. Tissue-specific activity of circ_0000115 in the regulation
of GO toxicity

The circ_0000115 is the most down-regulated circRNA in
nematodes exposed to GO, and we next focused on the
circ_0000115 to examine its tissue-specific activity in regu-
lating the GO toxicity. Using the RNAi knockdown genetic
tools (VP303 used for RNAi knockdown in intestine, NR222
used for RNAi knockdown in epidermis, TU3401 used for RNAIi
knockdown in neurons and WM118 used for RNAi knockdown
in muscle), we found that RNAi knockdown of circ_0000115 in
epidermis or muscle did not affect the GO toxicity in inducing
ROS production (Fig. 4). Different from this, we found that
RNAi knockdown of circ_0000115 in intestine or neurons
could induce a resistance to GO toxicity in inducing ROS
production (Fig. 4), suggesting that the circ_0000115 may act
in the intestine and the neurons to regulate the GO toxicity in
nematodes.
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3.7. RNA pull-down assay to identify the targets for
circ_0000115 during the control of GO toxicity

To identify the potential targets of circ_0000115 during the
control of GO toxicity, we performed a RNA pull-down experi-
ment to pull down proteins with or without the biotinylated
probe of circ_ 0000115. The design diagram of probe for
circ_0000115 is shown in Fig. 5a. According to the results of
circ_0000115 pull-down assay for the sample collected from
nematodes exposure to GO (100 pg L"), the amount of protein
pulled down was very limited and most of the pulled down
proteins were in the supernatant. Nevertheless, a visible protein
band between the molecular weights of 40 to 55 KD appeared in
the sample with the biotinylated probe of circ_0000115, and this
band was not present in the control without the probe (Fig. 5b).
We analyzed the proteins in this significantly different band by
mass spectrometry technique. The data in Table S67 lists the 15
top proteins based on the abundance of the proteins in mass
spectrometry.

The RPIseq website was used to individually predict the
potential binding capacity of circ_0000115 and these 15 top
proteins detected by mass spectrometry. The prediction results
of circ_0000115-protein binding possibility are shown in Table
S7.f According to the score of circ_0000115-protein binding
capacity, the score of mass spectrometry and phenotype of RNAi
knockdown, IFC-2 protein ranked first as a possible target
protein of circ_0000115 (Tables S6 and S77). Potential nucleo-
tide binding sites in IFC-2 amino acid sequence and potential
amino acid binding sites in circ_ 0000115 sequence were
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analyzed by PRIdictor (Fig. 5¢ and d). The IFC-2 protein
contains 8 possible nucleotide binding sites located at amino
acids 276, 363, 389, 422, 436, 448, 497 and 578, respectively
(Fig. 5c¢). circ_0000115 contains multiple sites that may bind
amino acids (Fig. 5d). These results suggest the molecular
interaction between circ 0000115 and IFC-2 protein in
nematodes.

3.8. Role of IFC-2 in the regulation of GO toxicity in
nematodes

In nematodes, IFC-2 is present in the cytoplasm of intestinal
cells, and plays an important role in maintaining the intestinal
morphological structure.*® In nematodes, exposure to GO (100
ug L") significantly decreased the ifc-2 expression in wild-type
nematodes (Fig. S4at). Meanwhile, after GO exposure, intestine-
specific RNAi knockdown of circ_0000115 noticeably increased
the ifc-2 expression (Fig. S4bt).

To further validate the essential roles of IFC-2 in regulating
the GO toxicity, we performed the intestinal RNAi knockdown of
ifc-2 in nematodes. The RNAI efficiency of ifc-2 was confirmed by
gRT-PCR (data not shown). The intestinal lumen of ifc-2 (RNAI)
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nematodes was considerably widened (Fig. 6a). Moreover, after
GO exposure, intestinal RNAi knockdown of ifc-2 induced
a more significant change of irregularly widened intestinal
lumen (Fig. 6a). In nematodes, intestine-specific RNAi knock-
down of ifc-2 did not affect both the intestinal permeability and
the defecation behavior (Fig. S51).

Moreover, intestinal RNAi knockdown of ifc-2 caused the
more significant induction of ROS production in GO exposed
nematodes compared with that in GO exposed VP303 nema-
todes (Fig. 6b), suggesting the formation of a susceptibility of
ifc-2(RNAi) nematodes to the GO toxicity in nematodes.

3.9. Genetic interactions between circ_0000115 and IFC-2 in
regulating GO toxicity

In nematodes, we observed that the induction of ROS produc-
tion in GO exposed circ_0000115(RNAi); ifc-2(RNAi) nematodes
was similar to that in GO exposed ifc-2(RNAi) nematodes
(Fig. 6¢). That is, both of these two strains showed the suscep-
tibility to GO toxicity in inducing ROS production (Fig. 6c),
suggesting that IFC-2 functions downstream of circ_0000115 to
regulate the GO toxicity in nematodes.
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3.10. DAF-16 in the insulin signaling pathway acts as
a downstream target of intestinal IFC-2 in the regulation of
GO toxicity

In nematodes, insulin signaling and p38 MAPK signaling act in
the intestine to regulate the GO toxicity.***”* In the insulin
signaling pathway, daf-16 encodes a FOXO transcriptional
factor. In the p38 MAPK signaling pathway, pmk-1 encodes a p38
MAPK. We found that mutation of daf-16, but not the mutation
of pmk-1, could suppress the resistance of circ_0000115(RNAi)
nematodes to the GO toxicity in inducing ROS production and
in decreasing locomotion behavior (Fig. 7a and b). Therefore,
the circ_0000115 regulates the GO toxicity by acting upstream of
insulin signaling in nematodes.

In nematodes, intestinal overexpression of IFC-2 could
suppress the induction of ROS production and the decrease in
locomotion behavior in GO exposed nematodes (Fig. 7c and d),
suggesting that the intestinal overexpression of IFC-2 may
induce a resistance to GO toxicity. Moreover, we observed that
daf-16 mutation could further inhibit the resistance of nema-
todes overexpressing intestinal IFC-2 to the GO toxicity in
inducing ROS production and in decreasing locomotion
behavior (Fig. 7c and d). Therefore, DAF-16 in the insulin
signaling pathway can further act downstream of IFC-2 to
regulate the GO toxicity in nematodes.

4. Discussion

In organisms, previous studies have demonstrated that miRNAs
could be involved in the control of response to GO exposure.*>**
More recently, it was further reported that some IncRNAs such
as linc-37 also participated in the regulation of response of
organisms to GO exposure.*® So far, an accumulating evidence
has indicated that the circRNAs are not simply the by-products
of mis-splicing or splicing errors, and some circRNAs have been
proven to play important functions during the development of
organisms.®””* In this study, our data demonstrate that five
circRNAs were also associated with the induction of GO toxicity
in nematodes. Based on the Illumina HiSeq2500 sequencing,
we identified 43 dysregulated circRNAs among the detected 339
circRNAs in GO (1 mg L") exposed wild-type nematodes (Tables
S4 and S5f). Among these 43 dysregulated circRNAs in GO
(1 mg L") exposed wild-type nematodes, 38 circRNAs were
down-regulated, and 5 circRNAs were up-regulated (Tables S4
and S5,T Fig. 1). Moreover, 5 circRNAs could be further dysre-
gulated by exposure to GO in the range of ug L™" (Fig. 2),
implying that environmental exposure to GO in the range of pg
L~" may affect the expressions of these circRNAs. Therefore, our
results imply that a limited number of circRNAs may be asso-
ciated with the toxicity formation in nematodes exposed to GO
in the range of ug L. In this study, we also identified 136 novel
circRNAs, and these identified novel circRNAs provide an
important basis for systematic analysis of the structures and the
functions of circRNAs in the regulation of various biological
processes in nematodes.

In order to determine the functions of candidate circRNAs
in the regulation of GO toxicity, we performed the RNAIi

This journal is © The Royal Society of Chemistry 2019
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knockdown experiments. The specific RNAi knockdown effi-
ciency of candidate circRNAs was confirmed by using two types
of targeted RNAis (circRNA RNAi and host gene RNAI)
(Fig. S37). After GO exposure, we found that RNAi knockdown
of four candidate circRNAs (circ_0000115, circ_0000247,
circ_0000308 and circ_0000665) caused a resistance to GO
toxicity, and RNAi knockdown of one candidate circRNA
(circ_0000201) resulted in a susceptibility to GO toxicity
(Fig. 3). Meanwhile, GO exposure decreased the expressions of
circ_0000115, circ_0000201, circ_0000247 and circ_0000665,
and increased the expressions of circ_ 0000308 (Fig. 2b).
Therefore, the alteration in expressions of circ 0000115,
circ_0000247 and circ_0000665 may mediate a protective
response for nematodes to GO exposure, whereas the alter-
ation in expressions of circ_0000201 and circ_0000308 may
mediate the toxicity induction of GO in nematodes. That is, the
altered circRNAs mediate two different responses for nema-
todes to GO exposure.

Previous studies have highlighted that GO can be distributed
and accumulated into various organs, including the primary
targeted organs (such as intestine) and the secondary targeted
organs (such as neurons and reproductive organs).>* With the
aid of certain tissue RNAi knockdown genetic tools, we found
that circ_0000115 might mainly play a role in regulating the GO
toxicity in two tissues including the intestine and the neurons
(Fig. 4). These observations imply that circ_0000115 mediated
certain signaling pathways in the intestine and the neurons,
respectively, to regulate the GO toxicity in nematodes.

We further focused on the circ_ 0000115 to examine the
underlying molecular mechanism of circRNAs in the regulation
of GO toxicity. The results of RNA pull-down experiments and
PRIdictor analysis implied that there was an interaction
between circ_0000115 and IFC-2 protein (Fig. 5). Genetic inter-
action analysis confirmed that IFC-2 acted downstream of
circ_0000115 to regulate the GO toxicity (Fig. 6¢). In C. elegans,
ifc-2 encodes three isoforms of an intermediate filament protein
dispensable for viability but required for intestinal tube main-
tenance.®® Therefore, RNAi knockdown of intestinal
circ_0000115 may prevent the GO toxicity by suppressing the
damage of ifc-2 deficit in the intestine.

In nematodes, GO exposure suppressed the IFC-2 expression
(Fig. S4at). Meanwhile, RNAi knockdown of ifc-2 induced the
severe intestinal morphology changes of the irregular widen
lumen and the intestinal ROS production in nematodes
exposed to GO (Fig. 6a and b). Therefore, the expressional
alteration of IFC-2 acts as an important molecular basis for GO
toxicity induction, and this molecular basis can be inhibited by
the decrease in circ_0000115 expression in GO exposed nema-
todes. In nematodes, although intestinal RNAi knockdown of
ifc-2 did not affect the intestinal permeability, intestinal RNAi
knockdown of ifc-2 enlarged the intestinal lumen (Fig. S5at).
Meanwhile, the ifc-2(RNAi) nematodes had the normal defeca-
tion behavior (Fig. S5bt). These observations imply that the
detected susceptibility to GO toxicity in ifc-2(RNAi) nematodes
may be largely due to the enlargement of intestinal lumen and
the more severe accumulation of GO in intestinal lumen (data
not shown).
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In this study, we also examined the role of other possible
targets of circ_0000115 based on the RNA pull-down assay. Since
clik-1, hsp-43 and car-1 are not expressed in the intestine or the
neuron, we did not examine them. Among the rest genes, RNAI
knockdown of nep-17, eft-3 or vit-6 resulted in a moderate
susceptibility of nematodes to the GO toxicity in inducing
intestinal ROS production, and RNAi knockdown of hrpk-1
showed a moderate resistance to the GO toxicity in inducing
intestinal ROS production (Fig. S61). Therefore, besides IFC-2,
NEP-17, EFT-3, VIT-6, and HRPK-1 may be also able to act as
downstream targets of circ_0000115 in the regulation of GO
toxicity in nematodes.

In nematodes, some molecular signaling pathways such as
insulin signaling and p38 MAPK signaling pathways acted in
the intestine to regulate the GO toxicity.>* Nevertheless, genetic
interaction analysis suggested that p38 MAPK signaling may not
act downstream of circ_0000115 to regulate the GO toxicity
(Fig. 7a and b). Different from this, circ 0000115 acted
upstream of the insulin signaling to regulate the GO toxicity
(Fig. 7a and b). Moreover, the evidence was provided to show
that the FOXO transcriptional factor DAF-16 in the insulin
signaling pathway further acted downstream of intestinal IFC-2
to regulate the GO toxicity (Fig. 7c and d). Therefore, an intes-
tinal signaling cascade of circ_0000115-IFC-2-DAF-16 was raised
to be required for the regulation of GO toxicity in nematodes
(Fig. 8). In nematodes, the daf16 mutants do not show the
obvious deficits in the intestine, which suggests that other
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Fig. 8 A diagram showing the intestinal circ_0000115-1FC-2-DAF-16
signaling cascade involved in the control of GO toxicity in nematodes.
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important downstream targets for intestinal IFC-2 still remain
unclear. Additionally, the underlying mechanism for neuronal
circ_0000115 in the regulation of GO toxicity still needs to the
further elucidation.

5. Conclusions

In this study, we first employed the model animal of C. elegans
as the assay system to identify the potential dysregulated
circRNAs induced by GO exposure. We have identified 43 dys-
regulated circRNAs among the detected 339 circRNAs in GO
(1 mg L") exposed nematodes. Five dysregulated circRNAs
could be further dysregulated by GO exposure in the range of pg
L~". Using the RNAi knockdown technique, we found that the
candidate five circRNAs mediated two different responses for
nematodes to GO exposure. With the circ 0000115 as an
example, we found that circ_0000115 acted in both the intestine
and the neurons to regulate the GO toxicity. For the underlying
molecular mechanism for circ_0000115 in the regulation of GO
toxicity, the IFC-2 was identified as the target of circ_0000115.
Moreover, an intestinal signaling cascade of circ_0000115-IFC-2-
DAF-16 has been raised to be required for the control of GO
toxicity in nematodes. Our study identified the mechanism for
intestinal circ_0000115 in response to GO in organisms.
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