International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Comprehensive Analysis of SiNPs on the
Genome-Wide Transcriptional Changes in
Caenorhabditis elegans

Shuang Liang">*

Junchao Duan
Hejing Hu'"?
Jingyi Zhang'?
Shan Gao>?
Haiming Jing
Guojun Li*3
Zhiwei Sun'"?

1,2,%

2,3

'Department of Toxicology and Sanitary
Chemistry, School of Public Health,
Capital Medical University, Beijing
100069, People’s Republic of China;
2Beijing Key Laboratory of Environmental
Toxicology, Capital Medical University,
Beijing 100069, People’s Republic of
China; 3Beijing Key Laboratory of
Diagnostic and Traceability Technologies
for Food Poisoning, Beijing Center for
Disease Prevention and Control/Beijing
Center of Preventive Medicine Research,
Beijing 100013, People’s Republic of
China

*These authors contributed equally to
this work

Correspondence: Zhiwei Sun

School of Public Health, Capital Medical
University, Beijing 100069, People’s
Republic of China

Email zwsun@ccmu.edu.cn

Guojun Li

Beijing Center for Disease Prevention and
Control/Beijing Center of Preventive
Medicine Research, Beijing 100013,
People’s Republic of China

Email ligi@bjcdc.org

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Large-scale production and application of amorphous silica nanoparticles (SiNPs)
have enhanced the risk of human exposure to SiNPs. However, the toxic effects and the underlying
biological mechanisms of SiNPs on Caenorhabditis elegans remain largely unclear.

Purpose: This study was to investigate the genome-wide transcriptional alteration of SiNPs
on C. elegans.

Methods and Results: In this study, a total number of 3105 differentially expressed genes
were identified in C. elegans. Among them, 1398 genes were significantly upregulated and
1707 genes were notably downregulated in C. elegans. Gene ontology analysis revealed that
the significant change of gene functional categories triggered by SiNPs was focused on
locomotion, determination of adult lifespan, reproduction, body morphogenesis, multicellular
organism development, endoplasmic reticulum unfolded protein response, oocyte develop-
ment, and nematode larval development. Meanwhile, we explored the regulated effects
between microRNA and genes or signaling pathways. Pathway enrichment analysis and
miRNA-gene-pathway-network displayed that 23 differential expression microRNA includ-
ing cel-miR-85-3p, cel-miR-793, cel-miR-241-5p, and cel-miR-5549-5p could regulate the
longevity-related pathways and inflammation signaling pathways, etc. Additionally, our data
confirmed that SiNPs could disrupt the locomotion behavior and reduce the longevity by
activating ins-7, daf-16, fit-2, fat-5, and rho-1 genes in C. elegans.

Conclusion: Our study showed that SiNPs induced the change of the whole transcriptome
in C. elegans, and triggered negative effects on longevity, development, reproduction, and
body morphogenesis. These data provide abundant clues to understand the molecular
mechanisms of SiNPs in C. elegans.
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Introduction

Nanoparticles are widely used as food additives, cosmetics, and even in biomedical
fields, for instance, cancer therapy, bio-imaging, and drug delivery.' According to
the World Health Organization (WHO), silica nanoparticles (SiNPs) have the
second largest yield, with 1.5 million tons/year in the global market of manufac-
tured nanomaterials.* With the widespread prevalence of nanomaterials, they may
enter into the environment in various ways during production, use, and waste
processes, carrying out complex migration and transformation processes in the
atmosphere, hydrosphere, soil cycle, and living systems.”® Subsequent increases

in exposure chances (such as oral, dermal, and intranasal exposure) enhances the
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harmful effects on humans. Thus, it is necessary to inves-
tigate the toxic effects of SiNPs on living organisms for
safety evaluation.

The nematode Caenorhabditis elegans, due to its high
similarity to humans in organs and tissues and relatively
homology to human genetics, has long been used as
a model organism in developmental biology and
neuroscience.””® At the same time, C. elegans, as an excel-
lent experimental organism, allows for the investigation of
physiological, metabolic, and behavioral responses that
together affect energy balance in a living organism.9
Evidence showed that SiNPs can be uptaken in two
major ways, via the vulva to the single vulval cells and
the reproductive system or via food to the worm’s intes-
tine. The effects of SiNPs on target organs include
impaired egg-laying and reduced pharyngeal pumping.'’
SiNPs disrupted OPT-2/PEP-2-dependent trafficking of
nutrient peptides and obstructed hydrolysis of nutrients
and metabolism in C. elegans.'" Additionally, SiNPs pro-
moted widespread amyloid protein aggregation in C.
elegans."> Above all, these effects were generally age-
related, which supports the idea that SiNPs may reduce
longevity, progeny production, and mobility.'®'* However,
a systematic understanding is lacking of changes of the
whole transcriptome as a consequence of C. elegans
exposed to SiNPs. This is the first study of a genome-
wide transcriptional analysis to evaluate the toxic effect
and biological mechanism of SiNPs on the nematode C.
elegans.

Gene microarray analysis, as an efficient, valuable,
and unbiased tool, has been used to interrogate the
whole transcriptome of species.'* This study is the first
to interrogate the change of the whole transcriptome in
SiNPs-treated C. elegans. Gene microarrays were used as
a read-out tool to demonstrate the gene functional cate-
gories, biological processes, molecular interaction, and
signaling transaction networks in C. elegans exposed to
SiNPs. We found that SiNPs triggered inhibitory effects
on longevity, development, reproduction, and body mor-
phogenesis, and so on, which could be regulated by the
mTOR signaling pathway, Foxo signaling pathway, lyso-
some pathway, and longevity regulating pathway, etc., in
C. elegans. Meanwhile, we also found the regulated
effects between microRNA and genes or signaling path-
ways. These data displayed the great significance of
exploring and predicting the underlying toxicological
mechanisms induced by SiNPs in C. elegans.

Materials and Methods

C. elegans Maintenance

Wild-type N2 nematodes were maintained on nematode
growth medium (NGM) plates at 20°C. S-basal solution
(5.85 g NaCl, 1 g K,HPO,, 6 g KH,PO,4, 1 L H,0) was
used to wash off the gravid nematodes from plates and then
lysed with a bleaching solution (500 pL NaClO, 500 uL 10 M
NaOH, 9 mL H,0). Eggs were obtained after centrifugation
(3 min, 20°C) and resuspended with s-basal solution. Age
synchronous populations of L1 larvae were gained after
shaking for 12 h (20°C, 100 rpm). Subsequently, L4 larvae
were obtained after culture on NGM plates for 36 h at 20°C.
One hundred worms/well were maintained on 200 pL liquid.

Exposure of SiNPs

The characterization of SiNPs has been shown in detail in our
previous study (Figure S1)."” In brief, the average diameter
of SiNPs was 58 & 7 nm, the hydrodynamic size was 117.90 +
1.15, and the zeta potential was —32.7 + 1.7 mV in distilled
water. The hydrodynamic size and zeta potential of SiNPs in
K-medium were 104.29 £+ 0.69 nm and —42.21 £ 2.17 mV,
respectively. SiNPs have good dispersibility and stability.
SiNP solutions (100 pg/mL) were prepared with K-medium
(3.04 g NaCl, 2.39 g KCI, 1000 mL H,0) adding inactivated
E. coli OP50. The prepared L4 larvae were a synchronized
population and were washed using K-medium. Subsequently,
acute exposure for 24 h from L4 larvae to young adult was
performed in 96-well sterile tissue culture plates, and then the
solutions with worms were transferred to 1.5 mL Eppendorf
tubes together, and then the supernatant liquid was removed
carefully after the worms sank to the bottom. Worms were
washed three times with the K-medium. While cultured with
an equivalent volume of K-medium adding inactivated E.
coli OP50 for 24 h were seen as the control group. One
hundred worms were used per experiment from the NGM
plates. Three biological repeats were performed in all assays,
so a total of 600 worms were used for microarray analysis,
and 100 worms/well were maintained on 200 uL liquid.

Microarray Analysis

mRNA Microarray

After exposure to SiNPs (100 pg/mL) for 24 h, the
traditional method with TRIzol reagent (Invitrogen,
Canada) was used to extract RNA from nematodes and
purify RNA by RNeasy Mini Kit (Qiagen, Germany).
Afterward, the mRNA expression profiling included
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67,528 gene-level probe sets by Affymetrix HTA2.0
(Affymetrix GeneChip®, USA).

miRNA Microarray

The total RNA was extracted from the nematodes by the way
of TRIzol reagent and miRNeasy minikit (Qiagen, USA).
The slides were scanned through GeneChip Scanner 3000.
The miRNA microarray profiling was performed using
GeneChip® miRNA 4.0 Array (Santa Clara, USA).

Bioinformatics Analysis

Differentially Expressed mRNA and miRNA Analysis
The random variance model (RVM) #-test was applied to
identify differentially expressed mRNAs and miRNAs
between the SiNPs-treated group and the control group.
P-value <0.05 and fold change (FC) >1.5 were considered
as the threshold screening between the SiNP-treated group
and the control group. The miRNAs and mRNAs with nota-
bly different expressions were used to visualize hierarchical
clustering by Cluster 3.0 and Treeviewv1.60 software.

Gene Ontology (GO) Enrichment Analysis

GO analysis was applied to explore the gene function of
the differential expression genes. It organized genes into
different hierarchical categories based on the cellular com-
ponent, biological process, and molecular function through
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two-side Fisher’s exact test and Chi-square test. P-value
<0.01 was seen as the significant GO terms.

miRNA-Gene-Pathway Analysis

The interaction pathways were constructed according to the
KEGG, Biocarta, and Reactome interaction pathway data-
base to systematically and directly find significant path-
ways. This aids in explaining the activation of certain
pathways by summarizing the pathway interaction of dif-
ferentially expressed genes. To identify the significant path-
ways, Fisher’s exact test and multiple comparative tests
were employed; significant pathways were selected on the
basis of the P-value and false discovery rate (FDR). P<0.05
was seen as the standard of difference screening. The
miRNA-pathway-network was applied to demonstrate the
relationships between genes and significant pathways, as
well as between miRNA and genes. The detailed method
can be obtained according to our previous study.'®!” The
degree denoted the relationship between miRNA and path-
ways or genes. The miRNAs and pathways or genes with
higher degrees occupy a more key position in the network.

Locomotion Behavior
L4 stage worms were treated with SiNPs (100 pg/mL) for
24 h at 20°C, with three wells (20 worms per well) in the
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Figure | Hierarchical cluster analysis of the differentially expressed genes in C. elegans exposed to SiNPs. (A) Differential expression of mRNA. (B) Differential expression

of microRNA. Red color indicates upregulation and green color indicates downregulation of gene expression.
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control group and SiNP-treated group, respectively. After
24 h, worms were individually transferred into a 24-well
plate and allowed 60 s to recuperate. Then, the 30 s head
thrashing and 15 s body bending of worms was counted
under a dissecting microscope. A body bending and head
thrashing were defined as a full change in the lateral
bending direction of the whole nematode corpus.

gRT-PCR Analysis
The mRNA was cDNA using the
PrimeScript™ RT reagent Kit (Takara, Japan). Then,

reversed to

the expression of crucial genes was measured using
SYBR Premix Ex Taq g-PCR II (Takara), which was
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performed by the PCR detection system (Eppendorf,
Germany). As shown in Table S1, the primers of
mRNA were listed, of which tha-1 was used to normal-
ize the levels of mRNA. Three biological repeats were
required in all assays.

Statistical Analysis

Microarray and bioinformatic analyses were completed
by 1-way analysis of variance (ANOVA) using
Affymetrix® Expression Console™ TAC, followed by
the least significant difference (LSD) test; Two indepen-
dent sample #-tests using SPSS 20 software were used to
identify the significant differences between SiNPs-treated
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Figure 2 Gene ontology (GO) analysis in C. elegans exposed to SiNPs. Classify genes into different hierarchical categories based on biological process (A and B), cellular

component (C and D) and molecular function (E and F).
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group and control group, *P<0.05 or **P<0.01 was con-
sidered as significant differences.

Results
DE Genes and miRNAs Caused by SiNPs

in Nematodes

The genome-wide transcription and miRNA profiles of
nematodes as a consequence of SiNPs were obtained on the
basis of the microarray analysis. As a result, 1707 down-
regulated and 1398 upregulated differentially expressed (DE)
genes were screened out, while only 1 upregulated and 22
downregulated DE miRNAs according to P<0.05 compared
with control groups (Table S2-S4). In order to generally
assess the expression profiles of these DE genes and
miRNAs between treated groups and controls, hierarchical
clustering analysis was performed. As shown in Figure 1, the
two heat maps revealed that the expression tendencies of DE
genes and miRNAs were consistent within the same treated
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groups while having significantly different expression pat-
terns between the SiNPs-treated group and control group.

GO Enrichment Analysis Caused by
SiNPs in C. elegans

For an in-depth understanding of the genome-wide toxicity
in C. elegans induced by SiNPs, a comprehensive GO
enrichment analysis was performed. There were 46 upregu-
lated and 15 downregulated GOs belonging to biological
processes (Figure 2A and B); 10 upregulated and 13 down-
regulated GOs belonging to cellular components (Figure 2C
and D); 19 upregulated and 13 downregulated GOs belong-
ing to molecular function (Figure 2E and F).

miRNA-Gene-Pathway Analysis Caused

by SiNPs in C. elegans
As shown in Figure 3, the miRNA-Gene-Network was
obtained based on the intersection between these DE genes
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Figure 3 Effects of SiNPs on miRNA-gene signal-net in C. elegans. Red color indicates upregulation and blue color indicates downregulation of gene expression.
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and the targets of miRNAs. This network clearly suggested
that 15 miRNAs may have crucial regulatory effects for
their degrees were more than 10, including cel-miR-5546-
3p, cel-miR-788-3p, cel-miR-4814-3p, cel-miR-85-3p, cel-
miR-41-5p, cel-miR-1-3p, cel-miR-1829c, cel-miR-84-5p,
cel-miR-5549-5p, cel-miR-793, cel-miR-250-3p, cel-miR-
241-5p, cel-miR-249-3p, cel-miR-4805-3p, and cel-miR-60-
5p. To identify key pathways linked to SiNP toxicity in C.
elegans, all the significant DE genes were assessed based on
the KEGG pathway map using DAVID software. Seventeen
significantly upregulated and 28 downregulated pathways
were yielded (P<0.05) (Figure 4). They include signal trans-
duction, metabolism (amino acid, lipid, carbohydrate,
energy, cofactors and vitamins, nucleotide), transport and
catabolism, folding, sorting, and degradation, translation,
transcription, aging, development, membrane transport, and
xenobiotic biodegradation, etc. According to the relationship
between the DE miRNAs and the pathways involved in these
DE target genes, the miRNA-pathway-network was con-

structed (Figure 5).
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Locomotion Behavior Disruption and
gRT-PCR Analysis of the Effects of SiNPs

on Longevity

SiNPs were mainly distributed in the tail, intestinal tube,
pharynx and head in the worm (Figure S2). As shown in
Figure 6A and B, SiNPs triggered an evident decline in
locomotor frequency of body bending and head thrashing
of C. elegans. These results suggested that SiNPs induced
behavioral deficits of C. elegans. Additionally, the key
genes in longevity regulating pathway-worm were verified
in SiNP-exposed C. elegans (Figure 6C). Compared with
the control group, the genes of ins-7, daf-16, fit-2, rho-1,
and fat-5 were significantly enhanced by 5-fold, 1.6-fold,
1.3-fold, 2.3-fold, and 2.9-fold, respectively. In addition,
the gene of ist-1 was upregulated by more than 1.2-fold
while being non-significant. The tendency of these results
is consistent with microarray analysis. In summary, our
results demonstrated that SiNPs could promote aging in C.
elegans through activating the longevity regulating path-
way-worm. SiNP exposure induced genome-wide tran-
scriptional changes. Figure 7 presents a schematic model
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Figure 4 Significant pathways triggered by SiNPs. (A) Upregulation significant pathways. (B) Downregulation significant pathways. X-axis, negative logarithm of the P-value

(-LgP), the larger number the smaller the P-value; Y-axis, the name of the pathway.
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Figure 5 Effects of SiNPs on miRNA-pathway signal-net in C. elegans. Red color indicates upregulation and blue color indicates downregulation of genes expression or

signaling pathway.

of the impact of SiNPs on longevity in C. elegans accord-
ing to the results of gene chip analysis.

Discussion

Due to the unique characteristics of SiNPs, for instance
high structural stability and excellent biocompatibility,
SiNPs have been approved by the United States Food
and Drug (FDA) to apply in food additives and biomedical
fields, etc.'® Many studies concentrated on the mechan-
isms by which SiNPs induced inflammatory response,
toxicity.'>!?

However, the underlying mechanisms on developmental

oxidative stress, and cardiovascular
toxicity and aging induced by SiNPs in C. elegans were
elusive. C. elegans, as an excellent model organism, has
long been widely applied in developmental biology and
neuroscience due to it being relatively homologous to
human genetics.®® This study is the first to interrogate
the change of the whole transcriptome in SiNP-treated C.
elegans (Figure 1).

GO analysis is a way to organize genes into hierarchical
categories based on the molecular function, cellular compo-
nent, and biological process.”' From the biological process

related GO enrichment analysis (Figure 2), the top

significantly upregulated GOs in SiNPs-treated C. elegans
included locomotion, determination of adult lifespan, repro-
duction, body morphogenesis, multicellular organism devel-
opment, endoplasmic reticulum unfolded protein response,
oocyte development, and nematode larval development.
Nanopolystyrene particles or nanoparticle-triggered toxic
effects including reduction of reproduction, locomotion,
and development.”>** As shown in Figure 6A and B,
SiNPs deficits of C.
Additionally, SiNPs triggered premature aging in C. elegans

induced behavioral elegans.
by protein homeostasis-driven neurotoxicity.'> Limited evi-
dence indicated that SiNPs reduced the reproductive ability
of C. elegans through enhancing the cellular uptake via the
clathrin-mediated endocytosis signaling pathway.>* Up to
60% of human protein-coding genes have been reported to
be under the influence of miRNAs.* Fifteen microRNAs
with degrees more than 10 were selected in C. elegans
according to gene microarray, cel-miR-5546-3p, cel-miR-
788-3p, cel-miR-4814-3p, cel-miR-85-3p, cel-miR-41-5p,
cel-miR-1-3p, cel-miR-1829c, cel-miR-84-5p, cel-miR-
5549-5p, cel-miR-793, cel-miR-250-3p, cel-miR-241-5p,
cel-miR-249-3p, and cel-miR-60-5p were downregulated,
while cel-miR-4805-3p was upregulated (Figure 3). MiR-1,
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Figure 6 (A and B) The effect of SiNPs on locomotion behavior in C. elegans. (A) Impacts on body bending. (B) Impacts on head thrashing. (C) qRT-PCR analysis. The ins-7,
daf-16, ftt-2, fat-5 and rho-1 were markedly enhanced, and ist-|1 was an upregulated trend. Data are shown as means + SD (*P < 0.05 and **P < 0.01).

as a conserved muscle-specific microRNA, regulated the
neuromuscular junctions in C. elegans.®® Loss of miR-1
induced TBC-7/TBC1D15 overexpression, blocking the
autophagy, led to toxic protein accumulation.”” MiR-84
synergistically with let-7 promoted terminal differentiation
of the hypodermis and the cessation of molting in C.
elegans>® The loss of miR-60 contributes to adaptive
response against chronic oxidative stress via ensuring the
maintenance of cellular homeostasis.?

In the result of pathway enrichment (Figure 4), several
important pathways were obviously upregulated in C. elegans
when exposed to SiNPs, for example, mTOR signaling path-
way, Foxo signaling pathway, and longevity regulating path-
way, while lysosome was a notably downregulated pathway.
Studies showed that the TOR pathway influencing the aging of
C. elegans may contribute to interacting with the insulin sig-
naling pathway.*® Furthermore, it is notable that SiNPs induced
autophagy dysfunction via PI3K/AKT/mTOR signaling and

MAPK/BCL-2, while autophagy could prevent premature
aging and promote longevity in mammals.®'*? Reports have
consistently revealed that Forkhead box O (FOXO) transcrip-
tion factors were of great importance in aging and life span.*?
Lysosomes play a critical role in digestion and recycling of
intracellular and extracellular macromolecules and are asso-
ciated with longevity, while SiNPs triggered the lysosomal
dysfunction, which may influence the life span.***> In a
word, a series of evidence showed SiNPs may significantly
influence the life span via the above signaling pathways, yet,
the mechanisms will be verified for further study.

In addition, from the result of the miRNA-pathway net-
work (Figure 5), several important miRNAs including cel-
miR-85-3p, cel-miR-793, cel-miR-241-5p, and cel-miR-
5549-5p may regulate the longevity-related pathways such
as longevity signaling pathway, Foxo signaling pathway
and mTOR signaling pathway in C. elegans when exposed

to SiNPs. Limited evidence revealed that miR-241, as one
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Figure 7 Schematic illustration of the impact of SiNPs on longevity in C. elegans based on gene chip analysis. *p < 0.05 or **p < 0.01 was considered as significant differences.

of the let-7 microRNA family, combined with miR-48 and
miR-84 to regulate the developmental timing at the larval-
to-adult transition in C. elegans.*® However, the underlying
effects of cel-miR-85-3p, cel-miR-793, and cel-miR-5549-
5p on interacting with the longevity-related signaling path-
way in C. elegans were not reported. The upregulated DE
genes of ins-7, ist-1, daf-16, fit-2, fat-5, and rho-1 were
shown to be involved in the longevity regulating pathway-
worm, which be verified by qRT-PCR (Figure 6C). The
insulin/IGF-1 receptor, daf-2, was activated and then acti-
vated the downstream gene age-1, regulating the longevity
in C. elegans.®” Yet, interestingly, the evidence demon-
strated that SiNPs interact with aging pathways through
regulating protein homeostasis and amyloid protein aggre-
gation instead of dependently insulin signaling.'? What is
more, SiNPs induced the mitochondrial reactive oxygen
species (ROS) generation.*® There is evidence to establish
the roles of ROS in increasing autophagy while decreasing
life span.*” Studies showed that ROS modulates the expres-
sion of daf-16, while a key step of daf-16 increasing long-
evity in C. elegans is the translocation from the cytoplasm
to the nucleus.***! In our results, the mRNA level of daf-16
was enhanced in SiNP-treated C. elegans. Evidence indi-
cated that enhanced ftt-2 level in C. elegans specifically

prevented the nuclear enrichment of daf-16.*> Combined
with clue in gene microarray, SiINPs may promote aging in
C. elegans (Figure 7). Further studies are required to
explore the underlying biological mechanisms by which

SiNPs regulate longevity in C. elegans.

Conclusion

Taken together, our study showed that SiNPs induced the
change of the whole transcriptome in C. elegans, triggered
negative effects on longevity, development, reproduction,
and body morphogenesis. Twenty-three differential expres-
sion microRNAs such as cel-miR-85-3p, cel-miR-793, cel-
miR-241-5p, and cel-miR-5549-5p could regulate the long-
evity-related pathways and inflammation signaling path-
ways. SiNPs could reduce longevity by activating
longevity regulating pathway-worm in C. elegans. These
data will provide comprehensive and compelling clues for

toxic effects triggered by SiNPs in living organisms.
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