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The microRNA‐124‐3p plays an important role in regulating development and
neurogenesis. Previous microRNA sequencing analyses of Schistosoma japonicum
revealed sja-miR-124-3p differential expression patterns in schistosomes from different
hosts and at different developmental stages. This study explores the regulatory role of sja-
miR-124-3p in S. japonicum development and reproduction. Quantitative reverse-
transcription PCR (qRT-PCR) showed that the expression level of sja-miR-124-3p in S.
japonicum from resistant hosts, such asMicrotus fortis, and unsuitable hosts, such as rats
and water buffalo, was significantly higher than that in mice and yellow cattle at the same
developmental stage. Overexpressing sja-miR-124-3p in infected mice led to a hepatic egg
reduction rate of 36.97%, smaller egg granulomas in the livers, increased liver weight,
subsided hepatocyte necrosis, and diminished inflammatory cell infiltration. The width of
female worms increased but decreased in males. The vitelline cells were irregular, swollen,
or fused. The teguments and ventral sucker of males and females were swollen and broken,
but the morphological changes were particularly notable in males. qRT-PCR and dual-
luciferase reporter assay system were used to confirm the in-silico-predicted target genes,
S. japonicum DEAD-box ATP-dependent RNA helicase 1 (sjDDX1) and DNA polymerase II
subunit 2 (sjPOLE2). Our results showed that RNA interference (RNAi)-mediated sjDDX1
silencing in mice provided a 24.55% worm reduction rate and an 18.36% egg reduction
rate, but the difference was not significant (p > 0.05). Thus, our findings suggest that
sja-miR-124-3p has an important role in growth, development, and reproduction in
S. japonicum. All these results will greatly contribute toward providing important clues for
searching vaccine candidates and new drug targets against schistosomiasis.
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1 INTRODUCTION

Schistosomiasis is a major parasitic zoonosis in tropical and
subtropical countries, characterized by high infection and
mortality rates (LoVerde, 2019). Schistosoma japonicum is a
dioecious trematode and a mature female worm lays over
thousands of eggs per day. Eggs deposited in the host liver and
intestinal wall result in the formation of granulomas and liver
fibrosis and cumulatively lead to serious pathological damage
(Cheever et al., 1994; King and Dangerfield-Cha, 2008; Vale et al.,
2017). By 2019, at least 236.6 million people in the world
required preventive treatment for schistosomiasis (WHO,
2021). Praziquantel (PZQ) is still the drug of choice for
treating Schistosoma infections. Although PZQ is an effective
therapeutic drug for adults of S. japonicum, the lethal effect on
schistosomula is far less than that on adults. The wide
application of praziquantel has led to the gradual emergence of
drug resistance (Vale et al., 2017). There is still no safe and
efficient schistosomiasis vaccine available in the field.

The susceptibility of various mammals to S. japonicum is
different, mainly in the infection degree and adult worm
development and egg-laying rate. For example, only skin, lung,
and hepatic stage schistosomula are formed in Microtus fortis
(a natural non-permissive host), and most schistosomula die
within 2 weeks (He et al., 2001). On the one hand, the adult
worm development rate in non-suitable hosts, such as rats and
equines, ranges between 5% and 20%, and the phenomenon of
self-cure occurs around 1 year after S. japonicum infection in
buffaloes and pigs (Johansen et al., 2000; Li et al., 2014). On the
other hand, suitable hosts, such as yellow cattle, mice, sheep, and
rabbits, generally show an adult worm development rate between
40% and 70% (Li et al., 2015). Schistosoma japonicum has a
complex life cycle, and the growth of schistosomes in different
development stages and different host environments is accurately
regulated by gene expression. Clarifying the growth and
development mechanism in S. japonicum can provide new
ideas for screening schistosomiasis vaccine candidates or new
drug targets.

MicroRNAs (miRNAs) are endogenous, non-coding single-
stranded small RNAs (18–25 nucleotides), which regulate many
biological processes, including embryonic development, cell
division, cell differentiation, cell apoptosis, immune
metabolism, and disease occurrence (Lee et al., 1993;
Shcherbata et al., 2006; Han et al., 2013; Jeker and Bluestone,
2013; Gong et al., 2016; Zhang et al., 2021). MicroRNAs are
considered potential targets for diagnosing and treating parasitic
diseases due to their specific and complex regulatory effects
(Mu et al., 2020). Schistosoma japonicum miRNA presented
differential expression patterns in worms at different
developmental stages, sexes, and hosts (Xue et al., 2008; Huang
et al., 2009; Hao et al., 2010; Cai et al., 2011; Han et al., 2015a;
Han et al., 2015b; Zhu et al., 2016; Yu X., et al., 2019).

miR-124-3p and miR-124-5p are mature miRNAs processed
from the 3′ and 5′ ends of miR-124 pre-miRNA. miR-124 plays a
key regulatory role in cell differentiation and the nervous system
and inhibits cell proliferation in medulloblastoma (Makeyev
et al., 2007; Li et al., 2009). Additionally, miR-124 may regulate
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ovarian and sperm development, promoting ovarian
development by suppressing Sox9 (SRY-Box Transcription
Factor 9) gene expression in gonads of mice during sex
determination (Real et al., 2013). miR-124 also participates in
caveolin-independent vesicle trafficking and regulates the
expression of sperm acrosome-related protein (flotillin-2) in
mice (Wu et al., 2015). These studies suggest that miR-124
may regulate the growth, development, gender differentiation,
and reproduction of schistosomes (Hao et al., 2010; Marco et al.,
2013). Previous sequencing studies showed that the expression
level of sja-miR-124-3p varied among worms from different
developmental stages. sja-miR-124-3p expression was
significantly lower in schistosomula than in cercariae (Xue
et al., 2008; Hao et al., 2010; Cai et al., 2011). However,
significantly higher sja-miR-124 expressions were detected in
immature worms compared with adults (Huang et al., 2009), in
males compared with females (Cai et al., 2011; Zhu et al., 2016),
and in single-sex infecting stunted females compared with
bisexual infecting mature females (Han et al., 2020). Moreover,
the expression level of sja-miR-124-3p in adult schistosomes
from the less suitable host (water buffalo) was always higher than
that from the suitable host, yellow cattle (Yu X., et al., 2019). The
expression of sja-miR-124-3p in 10-day-old schistosomula from
less suitable host Wistar rats was over 10 times than that from
BALB/c mice (Han et al., 2015a). Thus, we speculate that
sja-miR-124-3p and some of its target genes may play an
important role in the growth, development, reproduction, and
survival of S. japonicum. However, little is known about the
underlying mechanisms.

In this study, we predicted and identified sja-miR-124-3p
target genes. The expression differences of sja-miR-124-3p in
worms from different developmental stages retrieved from hosts
with different susceptibilities to infection by S. japonicum were
analyzed and compared by quantitative reverse-transcription
PCR (qRT-PCR). The effects of sja-miR-124-3p and its target
genes on worm growth, development, and oviposition were
studied in vivo and in vitro via silencing or overexpressing the
tested miRNA or gene. Our results provide the basis for further
analyzing the biological function of sja-miR-124-3p and target
genes in S. japonicum growth and development and also provide
a novel idea for identifying vaccine candidates or new drug
targets for schistosomiasis.
2 MATERIALS AND METHODS

2.1 Animal Challenge and Worm Collection
Six-week-old specific pathogen-free (SPF) male BALB/c mice,
Kunming mice, Sprague–Dawley (SD) rats, and reed voles (M.
fortis) (70–80 g) were used. BALB/c mice, Kunming mice, and
SD rats were purchased from the Shanghai JSJ Experimental
Animal Co., Ltd. (Shanghai), whileM. fortis was purchased from
the Shanghai Laboratory Animal Center, the Chinese Academy
of Sciences (CAS). Schistosoma japonicum (Chinese Mainland
strain, Anhui isolate) cercariae and S. japonicum adult worms
from yellow cattle and water buffalo were provided by the
National Reference Laboratory of Animal Schistosomiasis,
April 2022 | Volume 12 | Article 862496
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Shanghai Veterinary Research Institute, the Chinese Academy of
Agricultural Sciences (CAAS). All animals were housed in a
pathogen-free facility with controlled temperature and humidity,
provided with water and food ad libitum, and maintained
following the Regulations for the Administration of Affairs
Concerning Experimental Animals, China. All animal
experiments were approved by the Animal Care and Use
Committee of Shanghai Veterinary Research Institute, CAAS
(Permit ID number: SHVRI-SZ-20190620-02).

2.2 Expression Analysis of sja-miR-124-3p
and the Predicted Target Genes by
qRT−PCR
For analyzing the expression of sja-miR-124-3p and its target genes
in different developmental stages of S. japonicum, 24 male
Kunming mice and SD rats were randomly divided into four
groups with six animals each. These animals were infected with
S. japonicum cercariae by the abdominal patch method, according
to Supplementary Table 1. The animals were sacrificed at 10, 20,
30, or 40 days (d) post-infection (p.i.), and schistosomula and adult
worms were collected from the hepatic portal vein. For analyzing
the expression of sja-miR-124-3p in worms of S. japonicum from
different susceptible hosts, 10 M. fortis and Kunming mice were
percutaneously infected with 2,000 and 200 S. japonicum cercariae,
respectively. These animals were sacrificed at 10 d p.i., and
schistosomula were isolated from the hepatic portal vein. All
collected worms were washed three times with phosphate-
buffered saline (PBS). Then, equal amounts of parasites were
mixed with RNAlater (Ambion, Carlsbad, CA, USA) in several
sterile cryopreservation tubes and stored at −80°C until further use.
The 56-day-old adult worms collected from yellow cattle
and water buffalo were stored at −80°C in RNAlater and
provided by the National Reference Laboratory for Animal
Schistosomiasis, Shanghai Veterinary Research Institute, CAAS
(Yu X. et al., 2019).

Schistosome miRNAs were extracted using the miRcute miRNA
Isolation Kit (Tiangen, Beijing, China). Then, the first-strand cDNA
was reverse-transcribed using themiRcute enhancedmiRNA cDNA
kit (Tiangen, Beijing, China). The qRT-PCR of miRNAs was
performed using the miRcute Plus miRNA Detection Kit (SYBR
Green, Tiangen, Beijing, China) and Roche LightCycler 480 real-
time PCR system. The expression levels of sja-miR-124-3p were
detected by qRT-PCR using sja-U6 as an internal reference control.
Each experiment was performed in duplicate in 96-well plates and
repeated three times. Forward primers of sja-miR-124-3p and sja-u6
were 5′-CGCTAAGGCACGCGGTGAATGTCA-3′ and 5′-
CGGCGGTACATACTAAAAT-3′, respectively. Universal reverse
primer provided by the miRcute Plus miRNA Detection Kit was
used in all reactions. The reaction mixture (20 ml total volume)
comprised of 2× miRcute Plus miRNA PreMix (with SYBR and
ROX) (10 ml), forward and reverse primer (10 µM, 0.4 ml of each),
miRNA cDNA (1 ml), and RNase-free ddH2O (8.2 ml). The cycling
conditions were as follows: 95°C for 15 min, 94°C for 20 s, and 60°C
for 34 s, for 45 cycles. All samples were assessed in triplicate. Relative
expression in each sample was evaluated by the comparative
threshold cycle (2−DDct) method.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
Total RNA of S. japonicum was extracted using RNAiso Plus
reagent (TaKaRa, Dalian, China) following the manufacturer’s
instructions. Isolated RNA was quantified using the NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Total RNA was then reverse-transcribed into cDNA using the
SuperScript III Revtranscript (Invitrogen, Carlsbad, CA, USA).
Expression levels of target genes of sja-miR-124-3p were validated
by qRT-PCR using the Roche LightCycler 480 real-time PCR system
and ChamQ SYBR® qPCR Master Mix (Vazyme Biotech Co.,
Nanjing, China) following the manufacturer’s instructions.
Primers for target gene sjDDX1 were as follows: 5′-
GGTGGTGGACCTAATTGTCGT-3′ (forward) and 5′-
GCTTTACGTTCCGGTGGACT-3′ (reverse). Primers for target
gene sjPOLE2 were 5′-TATGAGGGACTGCTTCCCGA-3′
(forward) and 5′-GACGTGAAACCTCGGGTGAT-3′ (reverse).
sja-b-Actin was selected as a housekeeping control for normalization
using the following primers: 5′-CGCTGTATTCCCCTCCATCG-3′
(forward) and 5′-CCAGTTGGTAACAATGCCATGT-3′ (reverse).
Twenty-microliter qRT-PCR reactions contained 2× ChamQ SYBR
qPCRMasterMix (10ml), forward and reverse primers (10 µM, 0.4 µl
of each), S. japonicum cDNA (1 µl), and ddH2O (8.2 µl). qRT-PCR
cycling programs were predenaturation at 95°C for 30 s, 40 cycles of
95°Cfor10sand60°Cfor30s, andmeltingcurve stageat95°Cfor15s,
60°C for 60 s, and 95°C for 15 s. All reactions were done in triplicate.
Relative expression was analyzed by the comparative threshold cycle
(2−DDct) method (Livak and Schmittgen, 2001). The Student’s t-test
(Statistica 10) was used to compare gene expression data between
groups. Significantdifferenceswereconsideredwhenp-value (p)<0.05
and fold change ≥2.

2.3 Transfection of miRNAs In Vitro
Adult schistosomes collected from BALB/c mice, infected with S.
japonicum cercariae 42 days post-infection, were cultured in
complete DMEM/F12 medium (Dulbecco’s modified Eagle
medium/nutrient mixture F-12) supplemented with 10% fetal
bovine serum (Gibco, USA) at 5% CO2, 37°C. The worms were
divided into four groups with six pair worms each. The cultured
schistosomes were separately electroporated with 1 OD (optical
density value) of sja-miR-124-3p mimic (GenePharma Inc.,
Shanghai, China), sja-miR-124-3p inhibitor (GenePharma),
scramble NC (negative control), or PBS at 125 V for 24 ms.
After 72 h of treatment, worms were collected, and total RNA
extraction and reverse transcription were performed as in
Section 2.2.

2.4 Interference of the Expression of
sja-miR-124-3p in BALB/c Mice
BALB/c mice (n = 20) were percutaneously infected with 40 S.
japonicum cercariae and randomly divided into four groups. On
the 13th day after S. japonicum infection, the four groups were
injected with 2 OD of sja-miR-124-3p agomir (mimic), sja-miR-
124-3p antagomir (inhibitor), scramble NC in 200 ml PBS, or
200 ml PBS only via tail vein, once every 3 days for 9 consecutive
times (see Figure 1). The animals were sacrificed at 9 d p.i., and
adult worms were perfused from the hepatic portal vein. The
worm development rate was calculated according to Formula 1.
April 2022 | Volume 12 | Article 862496
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The worms were cultured in complete DMEM/F12 medium
supplemented with 10% fetal bovine serum (Gibco, USA) at 4°C
to separate male and female worms. Eight male and female worms
from each group were taken for total RNA isolation and qPCR
analysis as in Section 2. The remaining worms were used for
morphological observations.

Worm development rate ( % ) =

100� the number of worm recovery
the number of infected with cercariae

� �

(Formula 1)

2.5 Histopathological Examination
One cubic centimeter of the fresh liver right lobe of each mouse
was harvested and fixed in 4% paraformaldehyde for 2 h at room
temperature and 48 h at 4°C, washed with ddH2O, dehydrated in
gradient ethanol concentrations (30%–100%), cleared with
xylene for 2 h, and embedded in paraffin wax. Following
slicing, tissue sections (3 mm) were dewaxed using xylene and
rinsed in 100%–30% ethanol and then in ddH2O. Sections were
stained with hematoxylin and eosin (HE) stain, dehydrated in
95% and 100% ethanol, cleared with xylene, and mounted onto
glass slides with neutral gum for microscopic observation.

2.6 Liver Egg Counting and Miracidia
Hatching
The liver of each mouse was weighed and homogenized in 15 ml
cold 2% NaCl solution in a tissue homogenizer, and then the
volume was fixed to 20 ml. Eggs in 1 ml homogenate were
counted after digestion with 5% NaOH in a water bath (56°C) for
10 min. The egg number in a 50-ml homogenate was counted
under a microscope. The average number of three smears of each
sample multiplied by 800 was considered the total egg number in
each liver sample. The number of eggs per gram (EPG) was
calculated by dividing the total number per liver sample by liver
weight. The egg reduction rate (ERR) was calculated according to
Formula 2.

ERR %ð Þ =

100� 1 −
arithmetic mean egg counts at treatment group

arithmetic mean egg counts at PBS group

� �

(Formula 2)

Liver homogenate (4 ml) was mixed with dechlorinated water
in a flat-bottom flask, and a thin layer of absorbent cotton was
placed in the bottleneck. After incubation at 28°C for 2 h, the
supernatant above the cotton layer was collected. Dechlorinated
water was re-added to the flask, and the supernatant was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
collected again after 2 h. The collected supernatants were
mixed with two iodophor drops to fix and stain the miracidia.
After centrifugation at 3,000g for 5 min, the solution was
resuspended to 2 ml. A 50-ml resuspension was taken, and the
number of miracidia was counted under the microscope. Each
sample was counted three times, and the average of three counts
was multiplied by 80. The miracidia total number in 4 ml
homogenate was obtained. The total number of hatched
miracidia was calculated by multiplying the results in the
previous step by 5. Calculation methods of hatchability of liver
eggs and reduction of hatching rate of liver eggs are shown in
Formulas 3 and 4.

Hatchability of liver eggs %ð Þ =

100� The total number of miracidia
The total number of eggs

� �
(Formula 3)

Reduction of hatching rate of liver eggs %ð Þ =

100� 1 −
arithmetic mean hatchability of liver eggs at treatment group

arithmetic mean hatchability of liver eggs at PBS group

� �

(Formula 4)

(Formula 3)
2.7 Measurement of the Worm Size and
Observation on Reproduction System of
Schistosoma japonicum
The male and female worms were washed three times with PBS,
then fixed in AFA fixing solution at room temperature for 13 h.
After gradient dehydration in 30%, 50%, 70%, 95%, and 100%
ethanol, worms were stained with 2% carmine hydrochloride
solution, decolorized with 1% hydrochloric acid-alcohol
solution, and cleared with xylene. The length and width of
individual S. japonicum female and male adult worms (40-day-
old) were measured by a Leica fluorescent inverted microscope.
The worms’ reproductive systems were observed with a Nikon
C1Si laser scanning confocal microscope.

2.8 Ultrastructural Analysis by Scanning
Electron Microscopy and Transmission
Electron Microscopy
For scanning electron microscopy (SEM), worms were fixed with
2.5% glutaraldehyde in PBS (pH 7.4) for 24 h at room temperature.
After rinsing three times in PBS, the worms were stored in the same
buffer at 4°C until use. Before SEM examination, the flukes were
washed twice with double-distilled water, dehydrated in ascending
ethanol concentrations, rinsed in isoamyl acetate twice, and
FIGURE 1 | Schedule of the test for the regulation role of sja-miR-124-3p in mice.
April 2022 | Volume 12 | Article 862496
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air-dried. Worms were placed on aluminum stubs, sputter-coated
with 20 nm gold particles, and observed in a high-resolution SEM
(Philips XL30 ESEM) at an accelerating voltage of 5 kV.

For transmission electronmicroscopy (TEM),wormswerefixed
with 2.5% glutaraldehyde/PBS (pH 7.4) at 4°C, washed with PBS,
fixed with 1% osmic acid, washed with distilled water, dehydrated
with gradient concentrations of ethanol, and embedded in epoxy
resin. Next, 50-nm-thick sections were processed and labeled with
uranyl acetate and lead citrate and then observed under TEM
(Tecnai G2 Spirit BioTwin; FEI, Hillsboro, OR, USA).

2.9 Prediction of Target Genes
TargetScan (Agarwal et al., 2015), RNAhybrid (Rehmsmeier et al.,
2004), miRDB (Chen andWang, 2020), miRTarBase (Huang et al.,
2020), and miRmap (Vejnar and Zdobnov, 2012) were used for
predicting sja-miR-124-3p target genes inmRNAs [5′-untranslated
region (UTR), coding sequence (CDS), or3′-UTR] (Cai et al., 2016).
Gene sequences were downloaded from the NCBI website
(bioproject ID: PRJNA520774) and WormBase ParaSite v.10. The
target genes of sja-miRNA-124-3p (score ≥ 150 and energy ≤ 20)
were firstly predicted by the miRanda website, and the results
showed that sja-miRNA-124-3p had 70 target genes. Then, 70
predicted target genes were compared and screened. NCBI and
UniProt sequences were used to exclude those target genes whose
gene information was completely unknown, and 42 target genes
that had been studied in other species were screened. We chose
genes related to development and reproduction, whose similarity
was reported in our previous studies. We transfected the cultured
adults with sja-miR-124-3p mimics, detected the expression levels
of some target genes related to reproductive development
function by qRT-PCR, and screened out genes negatively
correlated with the expression levels of sja-miR-124-3p.
Subsequently, the RNAhybrid website was mainly used to predict
the target sites of miRNA in the exon region of the above target
genes, and the binding site with the lowest MFE value was selected
in the final displayed results. Finally, the double luciferase reporter
gene assay was used to determine the targeting relationship
between sja-miR-124-3p and target genes (sjDDX1 and sjPOLE2).

2.10 Dual−Luciferase Reporter Assay
The sequence of 200 bp before and after the 3′-UTR binding site
of the target gene and the corresponding sja-miR-124-3p
mutants (GenePharma Inc., Shanghai, China) were cloned and
inserted into the 3′-UTR of pmirGLO luciferase vector
(Promega, Madison, WI, USA). In 24-well plates, 293 T cells
were cultured to approximately 70% confluence and then co-
transfected with either wild-type or mutant luciferase reporter
vector (2 mg) and either sja-miR-124-3p mimic miRNAs or
negative control (NC) (2 mg) with Lipofectamine 2000 reagent.
Luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA) after
transfection for 48 h. Both Renilla and firefly luciferase
activities were detected on a multifunctional enzyme labeling
instrument using the Dual-Luciferase Reporter Assay System.
The relative luciferase activity was normalized to the Renilla
luciferase activity. Each experiment was biologically repeated
three times.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
2.11 Target Gene Silencing Through RNA
Interference In Vitro and In Vivo
Five target genes of sjDDX1-specific small interfering RNAs (siRNAs)
(si5, si6, si7, si8, and si9) and a non-specific siRNA were chemically
synthesized byGenePharma Inc. The siRNA sequences are as follows:
sjDDX1-si-5: sense (5′–3′) GGUCGUGGUUGUUACAAUAdTdT,
antisense sense (5′–3′) UAUUGUAACAACCACGACCdTdT;
sjDDX1-si-6: sense (5′–3′) GGAGAUAUGGUUUCUAGAAdTdT,
antisense (5′–3′) UUCUAGAAACCAUAUCUCCdTdT; sjDDX1-si-
7: sense (5′–3′) GAUGUUAAGAGAUUAGCUAdTdT, antisense
(5′–3′) UAGCUAAUCUCUUAACAUCdTdT; sjDDX1-si-8: sense
(5′–3′) GCUUAUGUCCAGAAACAAAdTdT, antisense (5′–3′)
UUUGUUUCUGGACAUAAGCdTdT; sjDDX1-si-9: sense (5′–3′)
GAUAGAUUUGAAAGGUCAAdTdT, antisense (5′–3′) UU
GACCUUUCAAAUCUAUCdTdT; SjPOLE2-158: sense (5′–3′)
CCGGAUGCUUCUCAGUAUATT, antisense (5 ′–3 ′)
UAUACUGAGAAGCAUCCGGTT; SjPOLE2-429: sense (5′–3′)
CGUCUGAGAAUCGCUUAAUTT, antisense (5′–3′) AU
UAAGCGAUUCUCAGACGTT; SjPOLE2-662: sense (5′–3′)
GCAGCACCUUUAGAUACAATT, antisense (5′–3′) U
UGUAUCUAAAGGUGCUGCTT; and NC: sense (5′–3′)
UUCUCCGAACGUGUCACGUTT, antisense (5 ′–3 ′)
ACGUGACACGUUCGGAGAATT. Six pairs of adult schistosomes
in each group were separately electroporated with 1 OD of sjDDX1
siRNA, scrambleNC, or PBS only at 125V for 24ms. Thewormswere
collected3dayspost-treatment forqRT-PCRanalysis. Eggcountswere
carried out every 24 h post-treatment, and the egg reduction rate was
calculated. Approaches of total RNA isolation, reverse transcription,
and qRT-PCR were the same as in Sections 2.2 and 2.3.

BALB/c mice (n = 15) were percutaneously infected with 80 S.
japonicum cercariae and randomly divided into three groups.
Beginning from the 14th day after S. japonicum infection, 2 OD
sjDDX1 siRNA, scramble NC in 200 ml PBS, or 200 ml PBS only
was injected into the tail vein of each BALB/c mice, once every 7
days for four consecutive times. The animals were sacrificed at 42
d p.i., adult worms were perfused from the hepatic portal vein,
and the worm number in each group was counted.

2.12 Statistical Analysis
Data were analyzed using IBM SPSS software package version
23.0 (IBM Corp, Armonk, NY, USA). Comparisons between the
studied groups were analyzed using F-test (ANOVA) and post-
hoc test (Tukey) for pairwise comparisons. The significance of
the obtained results was judged at the 5% level.
3 RESULTS

3.1 Comparison of the Expression of
sja-miR-124-3p Between Schistosomes
at Different Developmental Stages
From Mice and Rats
sja-miR-124-3p was expressed in all four stages (10, 20, 30, 40
days) of S. japonicum. The expression level in rat schistosomes
was significantly higher (p < 0.01) than in mice schistosomes at
the same growth stage. The former was 2.457, 2.022, 5.452, and
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3.945 times higher than the latter at the four stages. The sja-miR-
124-3p expression level in rats was the highest in 30-day-old
worms and the lowest in 20-day-old worms. The expression level
of sja-miR-124-3p in 10- and 30-day-old worms from mice was
higher than that in 20- and 40-day-old worms (Figure 2).

3.2 Comparison of the Expression of
sja-miR-124-3p Between Schistosomes
From Different Susceptible Hosts
Results showed that the expression level of sja-miR-124-3p in 56-
day-old adult S. japonicum worms from non-susceptible host
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
water buffalo was 1.803 times higher than that from susceptible
host yellow cattle (Figure 3A). The expression level in 10-day-
old schistosomula from the resistant hostM. fortis was 2.43 times
higher than that from the susceptible host Kunming mice
(Figure 3B). These results showed that the expressing level of
sja-miR-124-3p in worms from non-susceptible hosts is
significantly higher than that from susceptible hosts (p < 0.05).

3.3 Effects of sja-miR-124-3p
Overexpression and Decreased
Expression on the Schistosome
Development
qRT-PCR results showed that when schistosomes were
electroporated in vitro with sja-miR-124-3p mimic or inhibitor,
the sja-miR-124-3p expression level was significantly higher or
lower than in the NC and mock groups. These data indicate that
sja-miR-124-3p mimic and inhibitor could be successfully
transfected into S. japonicum (Figure 4A).

The effects of sja-miR-124-3p overexpression and decreased
expression on the schistosome development in mice are shown in
Supplementary Table 2. The worm development rate in the sja-
miR-124-3p agomir, antagomir, NC, and PBS groups was 63%–
67%, and no significant difference was observed. The size of the
worms was measured by microscope image analysis. Worms in
the sja-miR-124-3p agomir group were significantly shorter than
those in the PBS group (p < 0.01) (Figure 4C). The female width
in the sja-miR-124-3p agomir group was 78.886 ± 6.180 mm,
wider than those in the PBS group (p < 0.01), while the male
width was 103.832 ± 5.670 mm, narrower than those in the PBS
group (p < 0.01). Although the injection of sja-miR-124-3p
antagomir and NC also had a certain effect on the length and
width of female and male worms, no significant difference was
observed (p > 0.05) (Figures 4B, C).
FIGURE 2 | Analysis of the expression level of sja-miR-124-3p in different
developmental stages of schistosomes in mice and rats by qPCR. Statistically
significant differences between mice and rats are shown by ** (p < 0.01).
A B

FIGURE 3 | qRT-PCR analysis of the expression level of sja-miR-124-3p in Schistosoma japonicum collected from hosts with different susceptibilities to infection.
(A) Adult S. japonicum from buffalo and cattle. (B) Schistosomula from KM mice and Microtus fortis. Statistically significant differences between the schistosome from
different suitable hosts are shown by * (p < 0.05) and ** (p < 0.01).
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Confocal laser scanning microscopy showed that the male
testis had clear edges and was full of sperm cells. Different
developmental stages of oogonium, oocytes, and eggs were
seen in the female ovary in worms from the PBS and NC
groups. No obvious abnormalities in the reproductive system
of male and female worms were observed in the sja-miR-124-3p
antagomir group. However, in worms from the sja-miR-124-3p
agomir group, the edge of some male testis was blurred, sperm
cells were shrunken and uneven in size, and the testis cell
development was out of order (bottom row in Figure 5B).
Similarly, some female oocytes showed shrinkage or
vacuolization and decreased number of mature oocytes and
increase of immature ones, and the boundaries between oocyte
stages appeared blurred in worms from the sja-miR-124-3p
agomir group (bottom row in Figure 5A).

3.4 Effects of Overexpression and
Decreased Expression of sja-miR-
124-3p on the Mice Liver
sja-miR-124-3p agomir injection significantly increased mice
liver weight (p < 0.01) by 27.06% compared with mice injected
with PBS. The liver weight of mice treated with antagomir and
scramble NC increased compared with that of the PBS injection
group (p > 0.05) (Supplementary Table 3). After multiple
administrations of sja-miR-124-3p agomir to infected mice,
ERR was significantly decreased (p < 0.05) compared with
PBS-injected mice. The sja-miR-124-3p antagomir and
scramble NC injection groups had a certain egg reduction
effect, but it was not significant (Supplementary Table 3).

The injection of sja-miR-124-3p agomir, antagomir, or NC
could reduce the liver egg hatching rate. There was a significant
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
difference in the liver egg hatching rate between the agomir
group and the NC group (p < 0.05), but no significant difference
was observed between the antagomir group (p > 0.05) and the
PBS group (Supplementary Table 3).

Histopathological examination showed no hepatic
pigmentation in the liver of uninfected mice. The structure of
the hepatic lobule was complete and clear, and the hepatocytes
were round with clear boundaries. The inflammatory cell
infiltration and hepatocyte necrosis were not observed
(Figure 6A). In S. japonicum-infected mice, granulomatous
nodules containing single or multiple eggs and necrotic foci in
the liver lobules were observed. Hepatic tissue showed
coagulation clots and necrosis, with indistinct boundaries and
nucleus. The central vein was surrounded by hepatocytes with
vacuolar degeneration and fat vacuoles. The portal area was
surrounded by lymphatic plasma cells. Inflammatory cell
infiltration in the hepatic sinuses and hepatic pigmentation
were detected (Figures 6B, C, E). Compared with other
groups, the liver of mice injected with sja-miR-124-3p agomir
showed hepatocyte necrosis and inflammatory cell infiltration
was seemingly reduced 42 days after infection (Figure 6D).

The granuloma area formed by a single Schistosoma egg in the
liver was measured under a microscope and statistically analyzed
by ImageJ. The average granuloma area was (8.08 ± 1.12) × 103

mm2 in the sja-miR-124-3p agomir group, (9.59 ± 1.39) × 103 mm2

in the sja-miR-124-3p antagomir group, (1.21 ± 0.29) × 104 mm2 in
the scramble NC group, and (1.16 ± 0.28) × 104 mm2 in the PBS
group. t-test results showed that the area of egg granulomas in the
livers of the sja-miR-124-3p agomir group was significantly
smaller than that of the PBS group (p < 0.05). However, there
was no statistically significant difference in granuloma
A B

C

FIGURE 4 | The regulating role of sja-miR-124-3p on the development of S. japonicum in vitro and in vivo. (A) Expression level of sja-miR-124-3p in worms
transfected with mimics or inhibitor of sja-miR-124-3p in vitro. (B) Graph showing the effect on worm width. (C) Graph showing the effect on worm length.
Statistically significant differences are shown by ns (p ≥ 0.05), * (p < 0.05) and ** (p < 0.01).
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areas between the antagomir, the NC, and the PBS groups
(p > 0.05) (Figure 7).

3.5 Ultrastructural Electron
Microscopic Observation
SEM showed that the ventral sucker of the male worms collected
from mice treated with the sja-miR-124-3p agomir was flabby
and swelling. Some spines fell off and small holes, erosions, and
swelling occurred on the surface of the middle and posterior part
of males in varying degrees. The papillae on the tail were
abnormally enlarged and increased. The boundaries of the
tegumental ridges were not obvious, and fusion occurred in
varying degrees. The distribution of small spines was disordered
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
or disappeared, and the blister protrusion of males burst
(Figure 8A). In male worms collected from mice injected with
sja-miR-124-3p antagomir or PBS, the spines of the ventral
sucker were arranged in order, and ridges or papillae were
distributed thoroughly. The hemispherical papillae with cilium
were kept plump (Figures 8B, D). The scramble NC treatment
group showed normal and plump spines of the ventral sucker,
while holes, erosions, and swellings occurred on individual
hemispherical papillae. The degree of ridge swelling was less
apparent (Figure 8C).

In SEM analysis, S. japonicum adult females isolated from sja-
miR-124-3p agomir-injected mice revealed variably fused tail
ridges, swollen spines, and holes formed by increased tissue
A

B

D

E

C

FIGURE 6 | Observation of pathological liver tissue with HE staining. (A) The uninfected group, (B) the PBS group, (C) the NC-treated infected group, (D) the sja-
miR-124-3p agomir-treated group, and (E) the sja-miR-124-3p antagomir-treated group. Bar = 50 mm.
A B

FIGURE 5 | The observation of the worm reproductive system of S. japonicum by confocal laser scanning microscope (CLSM). (A) Ovary of female (×600). Some
oocytes showed shrinkage or vacuolization (!). (B) Testis of male (600×). The edge of some testis was blurred, sperm cells were shrunken and uneven in size, and
the testis cell development was out of order (!).
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depression (Figure 9). There were increased vesicles on the
tegument, broken epidermis, and syncretized pitted sheet
tegument. Schistosoma japonicum females from the sja-miR-
124-3p antagomir group also showed a small number of holes
on the tail, but there were no obvious pathological changes in the
spines and ridges. In female worms of the scramble NC and PBS
groups, no small holes were observed on the worm surface, body
spines were arranged regularly, and ridges were low, flat, and
compact. Females were less seriously damaged than males, which
may be due to wrapping the female in the gynecophoral canal of
the male.

TEM of female worms from the sja-miR-124-3p agomir group
showed that the size and shape of vitelline droplets (vd) in female
vitelline cells were irregular and swollen. Some vitelline droplets
(vd) fused, disintegrated, and dissolved. The structure was
blurred, the rod secretory bodies were reduced, the tegument
structure was loose, and focal matrix (Ma) dissolution and vesicle
formation were detected. In the antagomir group, females had a
lysed subtegumental parenchyma, lipid droplets (l) partially
disappeared, and some vitelline droplets (vd) collapsed. A few
vesicles on the female matrix (Ma) were observed in worms from
the scramble NC or sja-miR-124-3p antagomir groups. The
vitelline and lipid droplets (l) were abundant and compact in
the PBS and NC groups. The tegument structure was compact,
and there was no significant ultrastructural pathological change
in worms from mice injected with PBS (Figure 10).

In male worms from the sja-miR-124-3p agomir group, the
outer circular muscle partially degenerated, and the stratification
was not clear. There was no significant ultrastructural
pathological change in the inner longitudinal muscle (LM) and
matrix (Ma). In male worms from the sja-miR-124-3p antagomir
group, lysis of the inner longitudinal muscle (LM) was observed,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
with no significant changes in the outer circular muscle and
matrix (Ma). In male worms from the NC group, the matrix
(Ma) was indistinct, while the outer circular muscle and the inner
longitudinal muscle (LM) had no obvious changes. The
tegument structure in worms from the PBS group was
compact, and no significant changes were observed (Figure 10).

3.6 Prediction and Validation of
sja-miR-124-3p Target Genes
TargetScan prediction showed that miR-124-3p could bind to
the 3′-UTR region of ATP-dependent RNA helicase DDX1
(sjDDX1) and DNA polymerase II subunit 2 (sjPOLE2), with
MFE values of −25.0 and −25.1 kcal/mol, respectively
(Figures 11A, B). RL1 (firefly luciferase activity)/RL2 (Renilla
luciferase activity) significantly decreased when transfecting sja-
miR-124-3p mimic with sjDDX1 or sjPOLE2 recombinant
double luciferase reporter plasmid. These data indicate that sja-
miR-124-3p regulated sjDDX1 and sjPOLE2. Transfection of sja-
miR-124-3p mimic into S. japonicum adult worms in vitro
significantly lowered the expression levels of sjDDX1 and
sjPOLE2 (p < 0.01) (Figures 11C, D). In worms isolated from
the host, the transcription levels of sjDDX1 (Figure 12A) and
sjPOLE2 (Figure 12B) in worms at different developmental
stages were generally opposite to that of sja-miR-124-3p.
However, when the sja-miR-124-3p inhibitor was transfected,
sjDDX1 and sjPOLE2 expression levels significantly increased
(p < 0.01) (Figure 12C).

3.7 Effects of RNAi-Mediated sjDDX1
Silencing on Schistosoma japonicum
Five small interfering RNAs targeting sjDDX1 were designed and
three small interfering RNAs targeting sjPOLE2 were synthesized
by Gemma gene company and electrotransfected into paired S.
japonicum adult worms in vitro. Eggs were collected from the
culture medium 12, 24, 48, and 72 h after electrotransfection and
counted. After electrotransfected, compared with the mock
group, the expression levels of sjDDX1 in the si7, si8, and si9
groups were downregulated (p < 0.01) (Figure 13A), and the
expression levels of sjPOLE2 in the si158, si429, and si662 groups
were downregulated (p < 0.01) (Figure 13B). Results showed that
the egg number significantly decreased (p < 0.01) in the siRNA7,
siRNA8, and siRNA9 treatment groups compared with untreated
and irrelevant siRNA-treated worms (Figure 13C).

We used small interfering RNA (siRNA8) to evaluate the
effect of sjDDX1 on the development of S. japonicum in mice.
Results showed that a 24.55% worm reduction rate and an
18.36% liver egg reduction rate were detected, but the
difference was not significant compared with the PBS control
group (p > 0.05) (Supplementary Table 4).

Hepatic pathological observations showed that the pathologic
changes were milder in the sjDDX1-specific siRNA8 treatment
group than in other schistosome infection groups (Figure 14).
The volume of egg granuloma in liver tissue of Schistosoma-infected
mice in the siRNA-mediated sjDDX1 silencing group was
significantly smaller than in other groups 42 days after infection.
Moreover, the degree of hepatocyte necrosis and inflammatory cell
FIGURE 7 | Statistical analysis of liver granuloma area of S. japonicum-
infected mice. Statistically significant differences are shown by ns (p ≥ 0.05)
and * (p < 0.05). sja-miR-124-3p antagomir: mice injected with sja-miR-124-
3p inhibitor; sja-miR-124-3p: mice injected with sja-miR-124-3p; NC: mice
injected with scramble NC; PBS: mice injected with PBS.
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infiltration was significantly reduced (Figure 14). We used ImageJ
to measure and statistically analyze the area of granuloma around a
single egg. The size of egg granulomas was significantly smaller in
the sjDDX1 siRNA injection group than in the irrelevant siRNA and
PBS groups, with no significant difference between them
(p < 0.05) (Figure 15).
4 DISCUSSION

Schistosoma japonicum miRNAs are predicted to play an
important role in the growth, development, and reproduction
of worms (Yu J., et al., 2019). However, little is known regarding
the regulation mechanism of miRNA in the development of S.
japonicum. Understanding the biological function of miRNA in
S. japonicum development may offer thoughts for developing a
new approach to control schistosomiasis.

Previous miRNA sequencing studies showed that sja-miR-
124-3p in adult schistosomes isolated from water buffalo and 10-
day-old schistosomula isolated fromWistar rats was significantly
higher than that from yellow cattle and BALB/cmice, respectively
(Han et al., 2015a; Yu X., et al., 2019). Moreover, the sja-miR-124-
3p expression level in unisexual and stunted S. japonicum females
was significantly higher than in paired females (Han et al., 2020).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
In this study, we further confirmed previous data by analyzing
the differential expression of sja-miR-124-3p in different
developmental stages and worms isolated from different hosts.
qRT-PCR results showed that the expression of sja-miR-124-3p
was detected in all four stages and was significantly higher in
schistosomes from rats than mice at the corresponding growth
stage. In mice, the sja-miR-124-3p expression level in the 10-day-
old schistosomula was higher than in the 20- and 30-day-old
worms. The expression of sja-miR-124-3p was higher in 30-day-
old worms than in 40-day-old worms. In schistosomes from rats,
the relative expression level of sja-miR-124-3p was the highest in
30-day-oldworms.We also compared sja-miR-124-3p expression
in schistosomes from different hosts. Compared with mice
(suitable host), 10-day-old schistosomulum from M. fortis (non-
permissive host) had significantly overexpressed sja-miR-124-3p.
sja-miR-124-3p expression level in 56-day-old adult worms from
buffalo was higher than that from cattle. Compared withmice and
yellow cattle, the microenvironment in rats, M. fortis, and water
buffalo is less suitable for the growth and development of S.
japonicum. The expression level of sja-miR-124-3p in adult or
schistosomula from unsuitable hosts was higher than those from
susceptible hosts. These data suggest that the growth,
development, and survival of S. japonicum may be related to the
expression level of sja-miR-124-3p.
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FIGURE 8 | The observation of the male worms of schistosome by SEM. (A) sja-miR-124-3p agomir-treated group, (B) sja-miR-124-3p antagomir-treated group,
(C) NC-treated group, (D) PBS-treated group.
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The detected sja-miR-124-3p differential expression at
different developmental stages might be explained by obvious
differences in the growth rate of S. japonicum at different
developmental stages, previously recorded by Fang et al.
(2010). The slower growth rate in 1 to 8 days helps
schistosomula to adapt to the host environment. The speed of
growth and development increased at 8 to 12 days. The
reproductive organs of worms were almost formed on the 20th
day, and vigorous metabolism and rapid growth and
development occur at this stage. The reproduction of females
activated at the beginning of day 23, reaching the largest steady
state at day 30 to 40. Metabolism was active at this stage (Huang
et al., 2009). The sja-miR-124-3p expression level was high in S.
japonicum eggs (Cai et al., 2013). Bioinformatics analysis showed
that target genes of sja-miR-124-3p were mainly associated with
biosynthesis and metabolism during the period at which the
worm development attains maturity (Yu J., et al., 2019). These
data would explain the high expression of sja-miR-124-3p in 30-
day-old worms in the suitable host (mice) compared with earlier
developmental stages by the demand for high metabolism,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
growth rate, and egg laying at this stage. These results suggest
that the sja-miR-124-3p would play an important role in
regulating metabolism, growth, development, and ovulation of
S. japonicum. However, a more detailed understanding of this
mechanism needs further experimental verification.

Previous studies showed that miR-124-3p played a negative
regulatory role during the process of oxidative stress, prevented
the generation and accumulation of reactive oxygen species
(ROS), and attenuated oxidative stress injury (Geng et al.,
2017; Liu et al., 2020). ROS are produced and accumulated in
the ovaries of mice during ovulation (Shkolnik et al., 2011). The
level of oxidative damage increased during reproduction in
female mammals and birds. Therefore, reproductive efforts are
positively correlated with oxidative damage. Oxidative stress in
females during egg production could damage specific proteins in
eggs (Peter et al., 2008; Blount et al., 2016). Female worms lay
many eggs on the 30th day after the infection. Simultaneously,
worms consume energy to synthesize egg-related proteins,
increasing the endogenous oxidative stress. These findings
suggest that the high expression of sja-miR-124-3p in 30-day-
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FIGURE 9 | SEM observation of the mid-posterior of female worms after treatment. (A) sja-miR-124-3p agomir-treated group, (B) sja-miR-124-3p antagomir-treated
group, (C) PBS-treated group, (D) NC-treated group.
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old worms in mice in our study may be related to the regulation
of protein synthesis and oxidative stress related to egg laying.

The inflammation in mice livers and lungs was not as serious
as in the M. fortis or rats. The liver of M. fortis contained many
inflammatory cells around schistosomes 10 days after infection
with S. japonicum (Jiang et al., 2010). Sorci and Faivre (2009)
reported that the pathogen-induced inflammation is closely
related to increased ROS production, provoking immunological
oxidative stress in the host. During schistosome infection, a large
number of ROS are released by the host immune cells during
aerobic metabolism to damage the worms. Thus, a high level of
antioxidant enzyme transcription was detected in adult worms
(de Paula et al., 2014). Worms are susceptible to oxidation-
mediated killing and, thus, secrete antioxidants, such as
glutathione peroxidase (GPX), glutathione-S-transferase (GST),
and superoxide dismutase (SOD) (Loverde, 1998). These
antioxidants enable parasites to escape the oxidative defense of
host immune cells, surviving inside the host (de Paula et al.,
2016). Studies have shown that glutathione peroxidase mRNA is
also one of the target genes of miR-124-3p (Valeria et al., 2020).
Microarray analysis results showed that S. japonicum derived
from rats demonstrated growth retardation and pathological
change, which may be related to distinctive differential
expression associated with development, growth, metabolism,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
redox, and signal transduction-related genes (Peng et al., 2011a;
Peng et al., 2011b). Here, upregulating sja-miR-124-3p may
inhibit the secretion of antioxidant enzymes in worms and
affect the growth and development of worms.

To further clarify the regulatory role of sja-miR-124-3p in the
growth and development of S. japonicum, we used mice as an
animal model in this study. sja-miR-124-3p agomir was injected
through the tail vein 9 times with 3-day intervals beginning from
day 13 post-infection. Although the current study did not find
statistically significant differences in worm recovery, male and
female worms became shorter, the width of male worms
decreased, and the outer circular muscle and the male
posterior part had a damaged surface. The width of female
worms increased, the development of vitelline cells was
abnormal, and egg laying was reduced. The egg number, the
granuloma area formed by a single schistosomal egg in the host
liver, the pathological changes, and the hatching rate of liver eggs
were reduced. Tail vein injection of sja-miR-124-3p agomir in
mice resulted in altered worm structure and decreased
oviposition rate, suggesting that a balanced expression of sja-
miR-124-3p is required for normal worm development and
reproduction. The reduced pathological effect might be related
to the lower egg production and the hindrance of the host’s ROX
by the overexpressed sja-miR-124-3p. Together, these results
A
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FIGURE 10 | TEM observation of the integument of schistosome and yolk cells of female worms. (A) The yolk cells of female worms; (B) the integument of female
worms; (C) the integument of male worms after miRNA product treatment. (A, B) Magnification of ×9,300. (C) Magnification of ×6,800. vd, vitelline droplet; vg,
vitelline globules; l, lipid droplet; CL, circular muscle layer; LM, inner longitudinal muscle; Ma, matrix. Bar = 1 mm.
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suggest that sja-miR-124-3p overexpression in mice affected not
only worm growth and development but also egg laying
and hatching.

Excessive ROS accumulation damaged oocytes and luteinized
granulosa cells, resulting in lower fertilization, pregnancy rate, and
embryo quality (Peng et al., 2011b; Karuputhula et al., 2013; Jia et al.,
2019). Oxidative stress may cause abnormal meiosis, lower
fertilization rate, delayed embryonic development, and
reproductive disease. Follicle numbers and oocyte quality were
affected (Jia et al., 2019). The p38 MAPK regulates homeostasis
upon oxidative stress. RNA interference (RNAi) of Smp38 MAPK
in vitro resulted in decreased egg production and ovary area, death
of most eggs before reaching maturity, damaged adult worm
tegument, and underdeveloped ovaries in females (de Paula et al.,
2014; Avelar et al., 2019). In this study, after sja-miR-124-3p agomir
was continuously injected into mice several times, the pathological
changes ameliorated in the host liver. These results suggest that the
high-level sja-miR-124-3p of worms from non-susceptible hosts
may be related to exogenous oxidative stress caused by the strong
immune response.

The miR-124-3p is widely distributed in many tissues but
mainly expressed in neurons in the developing and adult nervous
system. This microRNA is highly abundant in neuronal
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exosomes and plays an important role in nervous system
development (Yu et al., 2008; Yelick et al., 2020). Schistosomes
have a complex and well-developed nervous and sensory system
that supports their response to many environmental stimuli
throughout their life cycle (Liu et al., 2022). Studies have
shown that anachronism, which encodes a secreted inhibitor of
neuroblast proliferation, is regulated by miR-124. miR-124
maintained the proliferation of neural progenitor cells and
regulated the generation of neurons during the development of
Drosophila larvae (Weng and Cohen, 2012). The substances
released by neurosecretory cells have been shown to regulate
the development of oocytes in the ovary (Highnam, 1964). There
are neuroendocrine cells in the ganglia of S. japonicum. Thus, we
speculate that the sja-miR-124-3p regulates neurosecretory cells
that would release substances to regulate the development of
vitelline cells. This hypothesis might explain changes induced by
injecting sja-miR-124-3p agomir in mice in our study, where the
development of miracidia or egg maturation was hindered. There
were decreases in liver egg number, in the hatching rate of liver
eggs, and in the granuloma area formed by eggs.

The main pathological characteristics of hepatic fibrosis in
schistosomiasis are the proliferation of hepatic stellate cells
(HSCs) and the deposition of collagen type I and collagen type
A B

DC

FIGURE 11 | sja-miR-124-3p targeted and regulated sjDDX1 and sjPOLE2. (A, B) The sequence of sja-miR-124-3p and the predicted binding sites with sja-miR-
124-3p within the sjDDX1 (A) and sjPOLE2 (B) 3′ untranslated region (3′-UTR). (C, D) sja-miR-124-3p stimulation inhibited mRNAs in HEK 293T cells, then lysed to
measure the relative luciferase activity. Statistically significant differences are shown by ns (p ≥ 0.05), and ** (p < 0.01). n = 3.
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A B

C

FIGURE 12 | Analysis of the regulation of target genes sjDDX1 and sjPOLE2 by sja-miR-124-3p. (A, B) Gene expression trend changed in Schistosoma japonicum
from KM mice (A) and SD rats (B). (C) Compared with the PBS group, the expression levels of sjDDX1 and sjPOLE2 in the sja-miR-124-3p mimics group were
downregulated, and the expression levels of sjDDX1 and sjPOLE2 in the sja-miR-124-3p inhibitor group were upregulated, while in the NC group, the levels were not
significantly changed. Statistically significant differences are shown by ns (p ≥ 0.05), * (p < 0.05), and ** (p < 0.01).
A B

C

FIGURE 13 | Analysis of sjDDX1 (A) and sjPOLE2 (B) gene expression silencing induced by RNAi. Reduction of eggs in culture medium after siRNA electrotransfection
(C). Each column represents the percentage of egg count compared with the mock group. Statistically significant differences are shown by ns (p ≥ 0.05), * (p < 0.05),
and ** (p < 0.01).
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III (Chu et al., 2007). A study showed that activation of HSCs is
critical during the early phase of hepatic fibrosis, and the
antifibrotic drug rosiglitazone inhibits the activation of HSCs
by upregulating miR-124-3p (Zhi et al., 2019). sja-miR-124-3p
was detected in the serum and plasma of S. japonicum-infected
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15
hosts (Olioso et al., 2021; Zhu et al., 2021). miR-124-3p was
conserved in different species, and the increasing level of sja-
miR-124-3p in the host’s blood may inhibit the activation of host
HSCs. Hence, we deduced that the regulation of sja-miR-124-3p
on the host pathological damage should be not only via the effect
on the development of reproductive organs and egg production
of schistosome female worms but also through the regulation of
the activation of HSCs and other immune relative cells of the
host. This hypothesis might explain the milder liver pathological
changes induced by schistosomes in non-susceptible hosts than
in susceptible hosts. However, further experimental confirmation
is still required.

After verification by dual-luciferase reporter assays, two potential
target genes were identified, which were highly similar to ATP-
dependent RNA helicase DDX1 (sjDDX1) and DNA polymerase II
subunit 2 (sjPOLE2) after comparing the sequences through the
NCBI and UniProt websites. We selected sjDDX1 to carry out a
further assessment in this paper. Previous studies showed that
DDX1 mRNA was present at higher levels in fetal tissues of
neural origin (retina and brain) than in other fetal tissues. DDX1
was distributed in RNA-transporting granules in dendrites of
neurons as well as in astrocytes, cytoplasm, and nucleus (Godbout
et al., 1998; Fang et al., 2005) and has also proven to be a key
modulator in miRNA maturation and ovarian tumor suppression
(Han et al., 2014). The distribution of miR-124-3p is highly similar
FIGURE 14 | HE staining observation of the liver after sjDDX1 and sjPOLE2 siRNA treatment (×40). The PBS group, the irrelevant siRNA treatment group, and the
sjPOLE2 siRNA treatment group showing multiple granulomas surrounded partly or totally by degenerated ova and large cellular infiltrate. The sjDDX1 siRNA
treatment group showing the apparent reduction of hepatocyte necrosis and inflammatory cell infiltration. Bar = 50 mm.
FIGURE 15 | Determination of liver granuloma area of S. japonicum-infected mice.
Statistically significant differences are shown by ns (p ≥ 0.05) and * (p < 0.05).
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to that of DDX1, suggesting that miR-124-3p may regulate the
expression and biological function of DDX1. DDX1 null flies were
infertile, significantly smaller, and developmentally delayed, with
both oogenesis and spermatogenesis affected. Significantly smaller
ovaries containing few to no mature eggs were observed in DDX1
null flies (Germain et al., 2015). DDX1 was highly expressed in the
developing oocytes and the surrounding granulosa cells of the
ovaries. Germline knockout of DDX1 resulted in embryonic
lethality in mice (Hildebrandt et al., 2015; Hildebrandt et al.,
2019). Similarly, our research showed that sjDDX1 silencing
affected worm survival and egg laying. Although there was no
significant difference, sjDDX1 silencing induced a 24.55% worm
reduction rate and an 18.36% liver egg reduction rate. The area of
egg granuloma in the livers was significantly decreased in the
sjDDX1 siRNA injection group.
5 CONCLUSIONS

In summary, this study revealed that the expression level of sja-
miR-124-3p in S. japonicum from non-susceptible hosts was
significantly higher than that of susceptible hosts. Mice
consecutively injected with sja-miR-124-3p-agomir showed
damaged worm structure and reduced host liver eggs,
granuloma area, and host pathological changes. Interfering
with the expression of sjDDX1 (the target gene of sja-miR-124-
3p) also partially affected the growth, development, and
oviposition of S. japonicum. The current results emphasize the
anti-developmental effect of sja-miR-124-3p agomir against
schistosome. The balanced expression of sja-miR-124-3p is
required for worm development and reproduction. We
speculate that the sja-miR-124-3p regulates neurosecretory
cells that would release substances to regulate the development
of vitelline cells, and upregulating sja-miR-124-3p may inhibit
the secretion of antioxidant enzymes in worms, thus affecting the
growth and development of worms. Our results lay a foundation
for further elaborating the regulatory role of sja-miR-124-3p in
the development of S. japonicum.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Care and Use Committee of Shanghai Veterinary Research
Institute, CAAS.
AUTHOR CONTRIBUTIONS

JL, YH, and GL conceived and designed the study. XZ, YH, and
ZS performed the experiments. XZ and YH analyzed the data.
XZ, JL, and GL wrote the paper. GL, YH, and AA revised the
manuscript. All authors read and approved the final manuscript.
FUNDING

This work was supported by the National Key Research and
Development Program of China (http://www.most.gov.cn)
(2017YFD0501306), National Natural Science Foundation of
China (Grant No.31672541) and the innovation project of the
Chinese Academy of Agricultural Sciences. The sponsor did not
participate in the research design, data acquisition and
interpretation, and manuscript preparation.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.
862496/full#supplementary-material
REFERENCES
Agarwal, V., Bell, G. W., Nam, J., and Bartel, D. P. (2015). Predicting Effective

microRNA Target Sites in Mammalian mRNAs. eLife 4, e05005. doi: 10.7554/
eLife.05005

Avelar, L., Gava, S. G., Neves, R. H., Silva, M., Araujo, N., Tavares, N. C., et al.
(2019). Smp38 MAP Kinase Regulation in Schistosoma Mansoni: Roles in
Survival, Oviposition, and Protection Against Oxidative Stress. Front.
Immunol. 10, 21. doi: 10.3389/fimmu.2019.00021

Blount, J. D., Vitikainen, E. I., Stott, I., and Cant, M. A. (2016). Oxidative Shielding
and the Cost of Reproduction. Biol. Rev. Camb Philos. Soc. 91, 483–497.
doi: 10.1111/brv.12179

Cai, P., Hou, N., Piao, X., Liu, S., Liu, H., Yang, F., et al. (2011). Profiles of Small
Non-Coding RNAs in Schistosoma JaponicumDuring Development. PloS Negl.
Trop. Dis. 5, e1256. doi: 10.1371/journal.pntd.0001256

Cai, P., Liu, S., Piao, X., Hou, N., Gobert, G. N., McManus, D. P., et al. (2016).
Comprehensive Transcriptome Analysis of Sex-Biased Expressed Genes
Reveals Discrete Biological and Physiological Features of Male and Female
Schistosoma Japonicum. PloS Negl. Trop. Dis. 10, e0004684. doi: 10.1371/
journal.pntd.0004684
Cai, P., Piao, X., Hao, L., Liu, S., Hou, N., Wang, H., et al. (2013). A Deep Analysis
of the Small Non-Coding RNA Population in Schistosoma Japonicum Eggs.
PloS One 8, e64003. doi: 10.1371/journal.pone.0064003

Cheever, A. W., Macedonia, J. G., Mosimann, J. E., and Cheever, E. A. (1994).
Kinetics of Egg Production and Egg Excretion by Schistosoma Mansoni and S.
Japonicum in Mice Infected With a Single Pair of Worms. Am. J. Trop. Med.
Hyg. 50, 281–295. doi: 10.4269/ajtmh.1994.50.281

Chen, Y., and Wang, X. (2020). miRDB: An Online Database for Prediction of
Functional microRNA Targets. Nucleic Acids Res. 48 (D1), D127–D131.
doi: 10.1093/nar/gkz757

Chu, D., Luo, Q., Li, C., Gao, Y., Yu, L., Wei, W., et al. (2007). Paeoniflorin Inhibits
TGF-Beta1-Mediated Collagen Production by Schistosoma Japonicum Soluble
Egg Antigen In Vitro. Parasitology 134, 1611–1621. doi: 10.1017/
S0031182007002946

de Paula, A. D., Brunetto, M. M. M., Rezende, M. E., Graciano, D. P. R., Ferreira, P.
M., Afonso, A., et al. (2016). Curcumin Generates Oxidative Stress and Induces
Apoptosis in Adult Schistosoma Mansoni Worms. PloS One 11, e0167135.
doi: 10.1371/journal.pone.0167135

de Paula, R. G., Ornelas, A. M., Morais, E. R., Borges, W. C., Natale, M.,
Magalhaes, L. G., et al. (2014). Biochemical Characterization and Role of the
April 2022 | Volume 12 | Article 862496

http://www.most.gov.cn
https://www.frontiersin.org/articles/10.3389/fcimb.2022.862496/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.862496/full#supplementary-material
https://doi.org/10.7554/eLife.05005
https://doi.org/10.7554/eLife.05005
https://doi.org/10.3389/fimmu.2019.00021
https://doi.org/10.1111/brv.12179
https://doi.org/10.1371/journal.pntd.0001256
https://doi.org/10.1371/journal.pntd.0004684
https://doi.org/10.1371/journal.pntd.0004684
https://doi.org/10.1371/journal.pone.0064003
https://doi.org/10.4269/ajtmh.1994.50.281
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1017/S0031182007002946
https://doi.org/10.1017/S0031182007002946
https://doi.org/10.1371/journal.pone.0167135
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhou et al. sja-miR‐124‐3p’s Role in S. japonicum Reproduction
Proteasome in the Oxidative Stress Response of Adult Schistosoma Mansoni
Worms. Parasitol. Res. 113, 2887–2897. doi: 10.1007/s00436-014-3950-5

Fang, J., Acheampong, E., Dave, R., Wang, F., Mukhtar, M., and Pomerantz, R. J.
(2005). The RNAHelicase DDX1 Is Involved in Restricted HIV-1 Rev Function
in Human Astrocytes. Virology 336, 299–307. doi: 10.1016/j.virol.2005.03.017

Fang, H., Zeng, Q., Wang, J., Zeng, T., Yu, R., Yang, S., et al. (2010). Analyzing
Differences in Growth Rates of Schistosoma Japonicum Worms at Various
Points in Development. J. Pathog. Biol. 5 (6), 437–439. doi: 10.13350/
j.cjpb.2010.06.011

Geng, L., Liu, W., and Chen, Y. (2017). miR-124-3p Attenuates MPP(+)-Induced
Neuronal Injury by Targeting STAT3 in SH-SY5Y Cells. Exp. Biol. Med.
(Maywood) 242, 1757–1764. doi: 10.1177/1535370217734492

Germain, D. R., Li, L., Hildebrandt, M. R., Simmonds, A. J., Hughes, S. C., and
Godbout, R. (2015). Loss of the Drosophila Melanogaster DEAD Box Protein
Ddx1 Leads to Reduced Size and Aberrant Gametogenesis. Dev. Biol. 407, 232–
245. doi: 10.1016/j.ydbio.2015.09.012

Godbout, R., Packer, M., and Bie, W. (1998). Overexpression of a DEAD Box
Protein (DDX1) in Neuroblastoma and Retinoblastoma Cell Lines. J. Biol.
Chem. 273, 21161–21168. doi: 10.1074/jbc.273.33.21161

Gong, X., Wang, H., Ye, Y., Shu, Y., Deng, Y., He, X., et al. (2016). miR-124
Regulates Cell Apoptosis and Autophagy in Dopaminergic Neurons and
Protects Them by Regulating AMPK/mTOR Pathway in Parkinson's Disease.
Am. J. Transl. Res. 8 (5), 2127–2137.

Han, Y., Feng, J., Ren, Y., Wu, L., Li, H., Liu, J., et al. (2020). Differential Expression
of microRNA Between Normally Developed and Underdeveloped Female
Worms of Schistosoma Japonicum. Vet. Res. 51, 126. doi: 10.1186/s13567-
020-00851-4

Han, C., Liu, Y., Wan, G., Choi, H. J., Zhao, L., Ivan, C., et al. (2014). The RNA-
Binding Protein DDX1 Promotes Primary microRNA Maturation and Inhibits
Ovarian Tumor Progression. Cell Rep. 8, 1447–1460. doi: 10.1016/
j.celrep.2014.07.058

Han, H., Peng, J., Hong, Y., Fu, Z., Lu, K., Li, H., et al. (2015a). Comparative
Characterization of microRNAs in Schistosoma Japonicum Schistosomula
From Wistar Rats and BALB/c Mice. Parasitol. Res. 114, 2639–2647.
doi: 10.1007/s00436-015-4468-1

Han, H., Peng, J., Hong, Y., Fu, Z., Lu, K., Li, H., et al. (2015b). Comparative
Analysis of microRNA in Schistosomula Isolated From Non-Permissive Host
and Susceptible Host. Mol. Biochem. Parasitol. 204, 81–88. doi: 10.1016/
j.molbiopara.2015.11.005

Han, H., Peng, J., Hong, Y., Zhang, M., Han, Y., Liu, D., et al. (2013). MicroRNA
Expression Profile in Different Tissues of BALB/c Mice in the Early Phase of
Schistosoma Japonicum Infection. Mol. Biochem. Parasitol. 188 (1), 1–9.
doi: 10.1016/j.molbiopara.2013.02.001

Hao, L., Cai, P., Jiang, N., Wang, H., and Chen, Q. (2010). Identification and
Characterization of microRNAs and Endogenous siRNAs in Schistosoma
Japonicum. BMC Genomics 11, 55. doi: 10.1186/1471-2164-11-55

He, Y. X., Salafsky, B., and Ramaswamy, K. (2001). Host-Parasite Relationships of
Schistosoma Japonicum in Mammalian Hosts. Trends Parasitol. 17, 320–324.
doi: 10.1016/s1471-4922(01)01904-3

Highnam, K. C. (1964). Neurosecretory Control of Ovarian Development in
Schistocerca Gregaria. J. Cell Sci. s3-103 (61), 57–72. doi: 10.1242/jcs.s3-103.61.57

Hildebrandt, M. R., Germain, D. R., Monckton, E. A., Brun, M., and Godbout, R.
(2015). Ddx1 Knockout Results in Transgenerational Wild-Type Lethality in
Mice. Sci. Rep. 5, 9829. doi: 10.1038/srep09829

Hildebrandt, M. R., Wang, Y., Li, L., Yasmin, L., Glubrecht, D. D., and Godbout, R.
(2019). Cytoplasmic Aggregation of DDX1 in Developing Embryos: Early
Embryonic Lethality Associated With Ddx1 Knockout. Dev. Biol. 455, 420–
433. doi: 10.1016/j.ydbio.2019.07.014

Huang, J., Hao, P., Chen, H., Hu, W., Yan, Q., Liu, F., et al. (2009). Genome-Wide
Identification of Schistosoma JaponicummicroRNAs Using a Deep-Sequencing
Approach. PloS One 4, e8206. doi: 10.1371/journal.pone.0008206

Huang, H. Y., Lin, Y. C. D., Li, J., Huang, K. Y., Shrestha, S., Hong, H. C., et al.
(2020). Mirtarbase 2020: Updates to the Experimentally Validated microRNA–
Target Interaction Database. Nucleic Acids Res. 48 (D1), D148–D154.
doi: 10.1093/nar/gkz896

Jeker, L. T., and Bluestone, J. A. (2013). MicroRNA Regulation of T-Cell
Differentiation and Function. Immunol. Rev. 253 (1), 65–81. doi: 10.1111/
imr.12061
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 17
Jiang, W., Hong, Y., Peng, J., Fu, Z., Feng, X., Liu, J., et al. (2010). Study on
Differences in the Pathology, T Cell Subsets and Gene Expression in
Susceptible and Non-Susceptible Hosts Infected With Schistosoma
Japonicum. PloS One 5, e13494. doi: 10.1371/journal.pone.0013494

Jia, Z. Z., Zhang, J. W., Zhou, D., Xu, D. Q., and Feng, X. Z. (2019). Deltamethrin
Exposure Induces Oxidative Stress and Affects Meiotic Maturation in Mouse
Oocyte. Chemosphere 223, 704–713. doi: 10.1016/j.chemosphere.2019.02.092

Johansen, M. V., Bogh, H. O., Nansen, P., and Christensen, N. O. (2000).
Schistosoma Japonicum Infection in the Pig as a Model for Human
Schistosomiasis Japonica. Acta Trop. 76, 85–99. doi: 10.1016/s0001-706x(00)
00103-0

Karuputhula, N. B., Chattopadhyay, R., Chakravarty, B., and Chaudhury, K.
(2013). Oxidative Status in Granulosa Cells of Infertile Women Undergoing
IVF. Syst. Biol. Reprod. Med. 59, 91–98. doi: 10.3109/19396368.2012.743197

King, C. H., and Dangerfield-Cha, M. (2008). The Unacknowledged Impact of
Chronic Schistosomiasis . Chronic Il ln. 4, 65–79. doi: 10.1177/
1742395307084407

Lee, R. C., Feinbaum, R. L., and Ambros, V. (1993). The C. Elegans Heterochronic
Gene Lin-4 Encodes Small RNAs With Antisense Complementarity to Lin-14.
Cell 75, 843–854. doi: 10.1016/0092-8674(93)90529-y

Li, H., Dong, G. D., Liu, J. M., Gao, J. X., Shi, Y. J., Zhang, Y. G., et al. (2015).
Elimination of Schistosomiasis Japonica From Formerly Endemic Areas in
Mountainous Regions of Southern China Using a Praziquantel Regimen. Vet.
Parasitol. 208, 254–258. doi: 10.1016/j.vetpar.2014.12.031

Li, Y. S., McManus, D. P., Lin, D. D., Williams, G. M., Harn, D. A., Ross, A. G.,
et al. (2014). The Schistosoma Japonicum Self-Cure Phenomenon in Water
Buffaloes: Potential Impact on the Control and Elimination of Schistosomiasis
in China. Int. J. Parasitol. 44, 167–171. doi: 10.1016/j.ijpara.2013.10.007

Li, K. K., Pang, J. C., Ching, A. K., Wong, C. K., Kong, X., Wang, Y., et al. (2009).
miR-124 Is Frequently Down-Regulated in Medulloblastoma and Is a Negative
Regulator of SLC16A1. Hum. Pathol. 40, 1234–1243. doi: 10.1016/
j.humpath.2009.02.003

Liu, Y., Li, Y., Ni, J., Shu, Y., Wang, H., and Hu, T. (2020). MiR-124 Attenuates
Doxorubicin-Induced Cardiac Injury via Inhibiting p66Shc-Mediated
Oxidative Stress. Biochem. Biophys. Res. Commun. 521, 420–426.
doi: 10.1016/j.bbrc.2019.10.157

Liu, R., Zhong, Q. P., Tang, H. B., and Dong, H. F. (2022). Comparative
Characterization of microRNAs of Schistosoma Japonicum From SCID Mice
and BALB/c Mice: Clues to the Regulation of Parasite Growth and
Development. Acta Trop. 225, 106200. doi: 10.1016/j.actatropica.2021.106200

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression
Data Using Real-Time Quantitative PCR and the 2 (-Delta Delta C (T))
Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Loverde, P. T. (1998). Do Antioxidants Play a Role in Schistosome Host-Parasite
Interactions? Parasitol Today 14, 284–289. doi: 10.1016/s0169-4758(98)01261-7

LoVerde, P. T. (2019). Schistosomiasis. Adv. Exp. Med. Biol. 1154, 45–70.
doi: 10.1007/978-3-030-18616-6_3

Makeyev, E. V., Zhang, J., Carrasco, M. A., and Maniatis, T. (2007). The
MicroRNA miR-124 Promotes Neuronal Differentiation by Triggering
Brain-Specific Alternative pre-mRNA Splicing. Mol. Cell 27, 435–448.
doi: 10.1016/j.molcel.2007.07.015

Marco, A., Kozomara, A., Hui, J. H., Emery, A. M., Rollinson, D., Griffiths-Jones,
S., et al. (2013). Sex-Biased Expression of microRNAs in Schistosoma Mansoni.
PloS Negl. Trop. Dis. 7, e2402. doi: 10.1371/journal.pntd.0002402

Mu, Y., Cai, P., Olveda, R. M., Ross, A. G., Olveda, D. U., and McManus, D. P.
(2020). Parasite-Derived Circulating microRNAs as Biomarkers for the
Detection of Human Schistosoma Japonicum Infection. Parasitology 147 (8),
889–896. doi: 10.1017/S0031182019001690

Olioso, D., Caccese, M., Santangelo, A., Lippi, G., Zagonel, V., Cabrini, G., et al.
(2021). Serum Exosomal microRNA-21, 222 and 124-3p as Noninvasive
Predictive Biomarkers in Newly Diagnosed High-Grade Gliomas: A
Prospective Study. Cancers (Basel) 13 (12), 3006. doi: 10.3390/cancers13123006

Peng, J., Gobert, G. N., Hong, Y., Jiang, W., Han, H., McManus, D. P., et al.
(2011a). Apoptosis Governs the Elimination of Schistosoma Japonicum From
the Non-Permissive Host Microtus Fortis. PloS One 6, e21109. doi: 10.1371/
journal.pone.0021109

Peng, J., Han, H., Gobert, G. N., Hong, Y., Jiang, W., Wang, X., et al. (2011b).
Differential Gene Expression in Schistosoma Japonicum Schistosomula From
April 2022 | Volume 12 | Article 862496

https://doi.org/10.1007/s00436-014-3950-5
https://doi.org/10.1016/j.virol.2005.03.017
https://doi.org/10.13350/j.cjpb.2010.06.011
https://doi.org/10.13350/j.cjpb.2010.06.011
https://doi.org/10.1177/1535370217734492
https://doi.org/10.1016/j.ydbio.2015.09.012
https://doi.org/10.1074/jbc.273.33.21161
https://doi.org/10.1186/s13567-020-00851-4
https://doi.org/10.1186/s13567-020-00851-4
https://doi.org/10.1016/j.celrep.2014.07.058
https://doi.org/10.1016/j.celrep.2014.07.058
https://doi.org/10.1007/s00436-015-4468-1
https://doi.org/10.1016/j.molbiopara.2015.11.005
https://doi.org/10.1016/j.molbiopara.2015.11.005
https://doi.org/10.1016/j.molbiopara.2013.02.001
https://doi.org/10.1186/1471-2164-11-55
https://doi.org/10.1016/s1471-4922(01)01904-3
https://doi.org/10.1242/jcs.s3-103.61.57
https://doi.org/10.1038/srep09829
https://doi.org/10.1016/j.ydbio.2019.07.014
https://doi.org/10.1371/journal.pone.0008206
https://doi.org/10.1093/nar/gkz896
https://doi.org/10.1111/imr.12061
https://doi.org/10.1111/imr.12061
https://doi.org/10.1371/journal.pone.0013494
https://doi.org/10.1016/j.chemosphere.2019.02.092
https://doi.org/10.1016/s0001-706x(00)00103-0
https://doi.org/10.1016/s0001-706x(00)00103-0
https://doi.org/10.3109/19396368.2012.743197
https://doi.org/10.1177/1742395307084407
https://doi.org/10.1177/1742395307084407
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/j.vetpar.2014.12.031
https://doi.org/10.1016/j.ijpara.2013.10.007
https://doi.org/10.1016/j.humpath.2009.02.003
https://doi.org/10.1016/j.humpath.2009.02.003
https://doi.org/10.1016/j.bbrc.2019.10.157
https://doi.org/10.1016/j.actatropica.2021.106200
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/s0169-4758(98)01261-7
https://doi.org/10.1007/978-3-030-18616-6_3
https://doi.org/10.1016/j.molcel.2007.07.015
https://doi.org/10.1371/journal.pntd.0002402
https://doi.org/10.1017/S0031182019001690
https://doi.org/10.3390/cancers13123006
https://doi.org/10.1371/journal.pone.0021109
https://doi.org/10.1371/journal.pone.0021109
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhou et al. sja-miR‐124‐3p’s Role in S. japonicum Reproduction
Wistar Rats and BALB/c Mice. Parasit. Vectors 4, 155. doi: 10.1186/1756-3305-
4-155

Peter, S. T., Scholl, T. O., Schluter, M. D., Leskiw, M. J., Chen, X., Spur, B. W., et al.
(2008). Oxidative Stress Early in Pregnancy and Pregnancy Outcome. Free
Radic. Res. 42, 841–848. doi: 10.1080/10715760802510069

Real, F. M., Sekido, R., Lupianez, D. G., Lovell-Badge, R., Jimenez, R., and Burgos,
M. (2013). A microRNA (mmu-miR-124) Prevents Sox9 Expression in
Developing Mouse Ovarian Cells. Biol. Reprod. 89, 78. doi: 10.1095/
biolreprod.113.110957

Rehmsmeier, M., Steffen, P., Höchsmann, M., and Giegerich, R. (2004). Fast and
Effective Prediction of microRNA/Target Duplexes. RNA 10 (10), 1507–1517.
doi: 10.1261/rna.5248604

Shcherbata, H. R., Hatfield, S., Ward, E. J., Reynolds, S., Fischer, K. A., and
Ruohola-Baker, H. (2006). The MicroRNA Pathway Plays a Regulatory Role in
Stem Cell Division. Cell Cycle 5 (2), 172–175. doi: 10.4161/cc.5.2.2343

Shkolnik, K., Tadmor, A., Ben-Dor, S., Nevo, N., Galiani, D., and Dekel, N. (2011).
Reactive Oxygen Species Are Indispensable in Ovulation. Proc. Natl. Acad. Sci.
U. S. A 108, 1462–1467. doi: 10.1073/pnas.1017213108

Sorci, G., and Faivre, B. (2009). Inflammation and Oxidative Stress in Vertebrate
Host-Parasite Systems. Philos. Trans. R Soc. Lond. B Biol. Sci. 364, 71–83.
doi: 10.1098/rstb.2008.0151

Sun, J., Wang, S., Li, C., Ren, Y., and Wang, J. (2014). Novel Expression Profiles of
microRNAs Suggest That Specific miRNAs Regulate Gene Expression for the
Sexual Maturation of Female Schistosoma Japonicum After Pairing. Parasit.
Vectors 7, 177. doi: 10.1186/1756-3305-7-177

Vale, N., Gouveia, M. J., Rinaldi, G., Brindley, P. J., Gartner, F., and Correia, D. C.
J. (2017). Praziquantel for Schistosomiasis: Single-Drug Metabolism Revisited,
Mode of Action, and Resistance. Antimicrob. Agents Chemother. 61 (5),
e02582-16. doi: 10.1128/AAC.02582-16

Valeria, C., Manuela, V., Alessandra, B., Marco, D., Irene, M., Maurizia, D., et al.
(2020). In Vivo Modulatory Effect of Coffee (Coffea Canephora Var. Robusta)
on the Expression Levels of Murine microRNA-124-3p Associated With
Antioxidant Defenses. eFood 1 (2), 140 – 146. doi: 10.2991/efood.k.190802.001

Vejnar, C. E., and Zdobnov, E. M. (2012). MiRmap: Comprehensive Prediction of
microRNA Target Repression Strength. Nucleic Acids Res. 40 (22), 11673–
11683. doi: 10.1093/nar/gks901

Weng, R., and Cohen, S. M. (2012). Drosophila miR-124 Regulates Neuroblast
Proliferation Through Its Target Anachronism. Development 139, 1427–1434.
doi: 10.1242/dev.075143

World Health Organization. (2022). Schistosomiasis. Available at: https://www.who.
int/news-room/fact-sheets/detail/schistosomiasis (Accessed January 8, 2022).

Wu, Y., Zhong, A., Zheng, H., Jiang, M., Xia, Z., Yu, J., et al. (2015). Expression of
Flotilin-2 and Acrosome Biogenesis Are Regulated by MiR-124 During
Spermatogenesis. PloS One 10, e0136671. doi: 10.1371/journal.pone.0136671

Xue, X., Sun, J., Zhang, Q., Wang, Z., Huang, Y., and Pan, W. (2008). Identification
and Characterization of Novel microRNAs From Schistosoma Japonicum. PloS
One 3, e4034. doi: 10.1371/journal.pone.0004034

Yelick, J., Men, Y., Jin, S., Seo, S., Espejo-Porras, F., and Yang, Y. (2020). Elevated
Exosomal Secretion of miR-124-3p From Spinal Neurons Positively Associates
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 18
With Disease Severity in ALS. Exp. Neurol. 333, 113414. doi: 10.1016/
j.expneurol.2020.113414

Yu, J. Y., Chung, K. H., Deo, M., Thompson, R. C., and Turner, D. L. (2008).
MicroRNA miR-124 Regulates Neurite Outgrowth During Neuronal
Differentiation. Exp. Cell Res. 314, 2618–2633. doi: 10.1016/j.yexcr.2008.06.002

Yu, J., Yu, Y., Li, Q., Chen, M., Shen, H., Zhang, R., et al. (2019). Comprehensive
Analysis of miRNA Profiles Reveals the Role of Schistosoma Japonicum
miRNAs at Different Developmental Stages. Vet. Res. 50, 23. doi: 10.1186/
s13567-019-0642-2

Yu, X., Zhai, Q., Fu, Z., Hong, Y., Liu, J., Li, H., et al. (2019). Comparative Analysis
of microRNA Expression Profiles of Adult Schistosoma Japonicum Isolated
From Water Buffalo and Yellow Cattle. Parasit. Vectors 12, 196. doi: 10.1186/
s13071-019-3450-7

Zhang, H., Che, L., Wang, Y., Zhou, H., Gong, H., Man, X., et al. (2021).
Deregulated microRNA-22-3p in Patients With Sepsis-Induced Acute
Kidney Injury Serves as a New Biomarker to Predict Disease Occurrence
and 28-Day Survival Outcomes. Int. Urol. Nephrol. 53 (10), 2107–2116.
doi: 10.1007/s11255-021-02784-z

Zhi, S. C., Chen, S. Z., Li, Y. Y., Li, J. J., Zheng, Y. H., and Yu, F. X. (2019).
Rosiglitazone Inhibits Activation of Hepatic Stellate Cells via Up-Regulating
Micro-RNA-124-3p to Alleviate Hepatic Fibrosis. Dig. Dis. Sci. 64, 1560–1570.
doi: 10.1007/s10620-019-5462-8

Zhu, P., Li, H., Zhang, A., Li, Z., Zhang, Y., Ren, M., et al. (2021). MicroRNAs
Sequencing of Plasma Exosomes Derived From Patients With Atrial
Fibrillation: miR-124-3p Promotes Cardiac Fibroblast Activation and
Proliferation by Regulating AXIN1. J. Physiol. Biochem78(1):85-98.
doi: 10.1007/s13105-021-00842-9

Zhu, L., Zhao, J., Wang, J., Hu, C., Peng, J., Luo, R., et al. (2016). MicroRNAs Are
Involved in the Regulation of Ovary Development in the Pathogenic Blood
Fluke Schistosoma Japonicum. PloS Pathog. 12, e1005423. doi: 10.1371/
journal.ppat.1005423
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhou, Hong, Shang, Abuzeid, Lin and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2022 | Volume 12 | Article 862496

https://doi.org/10.1186/1756-3305-4-155
https://doi.org/10.1186/1756-3305-4-155
https://doi.org/10.1080/10715760802510069
https://doi.org/10.1095/biolreprod.113.110957
https://doi.org/10.1095/biolreprod.113.110957
https://doi.org/10.1261/rna.5248604
https://doi.org/10.4161/cc.5.2.2343
https://doi.org/10.1073/pnas.1017213108
https://doi.org/10.1098/rstb.2008.0151
https://doi.org/10.1186/1756-3305-7-177
https://doi.org/10.1128/AAC.02582-16
https://doi.org/10.2991/efood.k.190802.001
https://doi.org/10.1093/nar/gks901
https://doi.org/10.1242/dev.075143
https://www.who.int/news-room/fact-sheets/detail/schistosomiasis
https://www.who.int/news-room/fact-sheets/detail/schistosomiasis
https://doi.org/10.1371/journal.pone.0136671
https://doi.org/10.1371/journal.pone.0004034
https://doi.org/10.1016/j.expneurol.2020.113414
https://doi.org/10.1016/j.expneurol.2020.113414
https://doi.org/10.1016/j.yexcr.2008.06.002
https://doi.org/10.1186/s13567-019-0642-2
https://doi.org/10.1186/s13567-019-0642-2
https://doi.org/10.1186/s13071-019-3450-7
https://doi.org/10.1186/s13071-019-3450-7
https://doi.org/10.1007/s11255-021-02784-z
https://doi.org/10.1007/s10620-019-5462-8
https://doi.org/10.1007/s13105-021-00842-9
https://doi.org/10.1371/journal.ppat.1005423
https://doi.org/10.1371/journal.ppat.1005423
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	The Potential Role of MicroRNA&dash;124&dash;3p in Growth, Development, and Reproduction of Schistosoma japonicum
	1 Introduction
	2 Materials and Methods
	2.1 Animal Challenge and Worm Collection
	2.2 Expression Analysis of sja-miR-124-3p and the Predicted Target Genes by qRT&minus;PCR
	2.3 Transfection of miRNAs In Vitro
	2.4 Interference of the Expression of sja-miR-124-3p in BALB/c Mice
	2.5 Histopathological Examination
	2.6 Liver Egg Counting and Miracidia Hatching
	2.7 Measurement of the Worm Size and Observation on Reproduction System of Schistosoma japonicum
	2.8 Ultrastructural Analysis by Scanning Electron Microscopy and Transmission Electron Microscopy
	2.9 Prediction of Target Genes
	2.10 Dual&minus;Luciferase Reporter Assay
	2.11 Target Gene Silencing Through RNA Interference In Vitro and In Vivo
	2.12 Statistical Analysis

	3 Results
	3.1 Comparison of the Expression of sja-miR-124-3p Between Schistosomes at Different Developmental Stages From Mice and Rats
	3.2 Comparison of the Expression of sja-miR-124-3p Between Schistosomes From Different Susceptible Hosts
	3.3 Effects of sja-miR-124-3p Overexpression and Decreased Expression on the Schistosome Development
	3.4 Effects of Overexpression and Decreased Expression of sja-miR-124-3p on the Mice Liver
	3.5 Ultrastructural Electron Microscopic Observation
	3.6 Prediction and Validation of sja-miR-124-3p Target Genes
	3.7 Effects of RNAi-Mediated sjDDX1 Silencing on Schistosoma japonicum

	4 Discussion
	5 Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


