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Abstract: Long noncoding RNAs (IncRNAs) can regulate key genes and pathways in liver disease
development. Moreover, macrophages are speculated to play an important role in regulating granu-
lomatous inflammation during schistosomiasis. However, the role of IncRNAs in the formation of
liver granulomas by influencing the polarization of macrophages in Schistosoma japonicum infection is
unclear. Our study aimed to determine whether IncRNAs can play a role in S. japonicum-induced
hepatic egg granulomas and elucidate their effect on macrophages. We established S. japonicum
infection models and screened the target IncRNA Gm16685 highly expressed in schistosomiasis mice
using high-throughput sequencing. Hematoxylin and eosin staining revealed that the knockdown
of Gm16685 reduced the area of egg granulomas. Moreover, M1 macrophage factor genes were
significantly downregulated in Gm16685 knockdown livers. Meanwhile, M2 macrophage factor
genes were significantly upregulated, which was consistent with the protein detection results. Hepa-
tocytes, hepatic stellate cells, and macrophages were isolated from mouse models infected with S.
japonicum, with Gm16685 being significantly upregulated in macrophages. Moreover, the knockdown
of Gm16685 in RAW264.7 cells revealed similar results to in liver tissue. RNA fluorescence in situ
hybridization (FISH) and nucleocytoplasmic separation experiments revealed that Gm16685 was
predominantly localized in the cytoplasm of cells. We found that miR-205-5p was upregulated after
Gm16685 was knocked down. After overexpression of miR-205-5p, the expression of Gm16685 and
inflammatory factors was significantly downregulated. These results indicate that Gm16685 can
participate in the pathogenesis of hepatic disease in schistosomiasis and promote M1 macrophage
polarization by regulating miR-205-5p. Thus, our study may provide a new target for schistosomiasis
japonica treatment.
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1. Introduction

Schistosomiasis is an important but often neglected tropical disease that poses a seri-
ous threat to the health of more than 250 million people worldwide [1-3]. Schistosomiasis
is mainly caused by Schistosoma hematobium, S. mansoni, and S. japonicum [4,5]. As the
pathogen of hepatointestinal schistosomiasis, S. japonicum is primarily prevalent in China,
with a low prevalence in the Philippines and Indonesia [4,5]. Female and male S. japonicum
worms parasitize human veins and mate to produce fertilized eggs [6]. These eggs secrete
antigenic glycoproteins, which promote their transfer from blood vessels (spawning sites)
into the intestinal cavity or bladder by inducing inflammatory reactions. Moreover, these
soluble egg antigens (SEAs) can also induce granulomas, which are collections of inflamma-
tory cells, around the eggs and in the surrounding tissues [7]. The main cellular components
of granulomas include macrophages, which play a significant role in egg granulomatous
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inflammation caused by S. japonicum [8-10]. Macrophages are divided into two types: M1
macrophages and M2 macrophages, which have opposite functions in the inflammatory
response [11]. M1 macrophages promote the progression of inflammatory responses by
secreting proinflammatory cytokines such as IL-13, whereas M2 macrophages exhibit
anti-inflammatory effects by inducing the high expression of IL-10 and TGFf [12,13]. Addi-
tionally, macrophages can govern inflammation caused by schistosomiasis [14]. However,
the regulatory mechanism of macrophage polarization remains unclear.

Long noncoding RNAs (IncRNAs) are defined as a group of RNA transcripts that are
longer than 200 nucleotides without coding potential [15,16]. They may be in the cytoplasm
or nucleus and play a crucial role in cellular processes [17]. Notably, IncRNA is an essential
potential regulatory molecule of tumor cells, playing a pivotal role in tumor metastasis,
immune escape, metabolism, and angiogenesis, becoming a core in tumor-related signaling
pathways [18]. Increasing evidence also suggests that the aberrant expression of IncRNAs
is closely related to the initiation and progression of viral infection [19], cancer [20], liver
disease, and other diseases [21]. Currently, IncRNA-related research in the liver mainly
focuses on nonalcoholic steatohepatitis, hepatocellular carcinoma, and cholestatic liver
disease [22-24]. RNA sequencing analysis revealed the differential expression of many
IncRNAs in the liver after 25 days of infection with S. japonicum, suggesting that IncRNAs
could participate in the pathogenesis of the liver after infection with S. japonicum. [25].

MicroRNA (miRNA) is a small noncoding RNA molecule that can target mRNA and
regulate translation inhibition. miRNA participates in many biological processes and can
also induce messenger RNA (mRNA) degradation or prevent its translation [26]. IncRNA
can play its biological function as competitive endogenous RNA (ceRNA), thus reducing
the inhibition of miRNA-mediated downstream transcripts of miRNA [27].

However, it is unclear how the expression profile and functions of these IncRNAs
change during schistosomiasis. This study aims to establish the expression profile of
IncRNAs in the liver of S. japonicum-infected mice at various time points and explore the
potential regulatory mechanism of IncRNAs in schistosomiasis.

2. Materials and Methods
2.1. Schistosomiasis Mouse Model

Six-week-old female C57BL/6 mice were acquired from the Animal Center of Anhui
Medical University and housed in a special pathogen-free animal room. Animal-related
experiments were conducted according to the regulations on management and animal
ethical standards. Mice were assigned into four groups stochastically, with 6 mice in
each group. For the S. japonicum infection mouse model, the abdominal hair of mice was
removed, and three groups of mice were selected to infect 18 & 2 S. cercariae. The key period
of liver granuloma formation is 45 days after schistosomiasis infection [28]. Therefore, after
45 days of infection with S. japonicum, the mice were divided into the model, LV-shRNA,
and LV-sh-Gm16685 groups, and the corresponding lentivirus was injected into the tail
vein of mice in the LV-shRNA and LV-sh-Gm16685 groups. Three weeks later, the mice
were dissected for further experimentation.

2.2. Cell Culture

RAW 264.7 cells were maintained in DMEM (Gibco, New York, NY, USA) supple-
mented with 10% fetal bovine serum at 5% CO, and 37 °C. For lipopolysaccharide (LPS)
stimulation, the cells were placed into a six-well plate and incubated overnight. Subse-
quently, diluted LPS was added, and the final concentration was 2 ng/mL. Then, the cells
were incubated for 12 h.

2.3. Quantitative Reverse Transcription-PCR (qRT-PCR)

Total RNA from RAW264.7 cells or liver tissues was extracted using TRIzol (Ambion,
Austin, TX, USA). According to the manufacturer’s instructions, extracted RNA was
reverse transcribed with Evo M-MLV RT Premix. Subsequently, the SYBR® Green Premix
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Pro Taq HS gqRT-PCR Kit (Accurate Biotechnology Co., Ltd., Changsha, China) was used
for subsequent qRT-PCR experiments. Actin was chosen as an internal control for the
experiments, and gene expression was computed using the 2=t method. The primer
sequences are displayed in Table S1.

2.4. Cell Transfection

To silence and overexpress Gm16685, sh-Gm16685, Gm16685-expressing plasmid,
and the negative control (sh-NC) were synthesized by Wuhan Miaoling Biotechnology
Co., Ltd. (Wuhan, China). miR-205-5p mimics were synthesized by General Biol Co.,
Ltd. (Chuzhou, China). For transfection, cells were placed in a 6-well culture plate and
cultured overnight until 70-80% confluence was reached. EndoFectin™ MAX transfection
reagent (GeneCopoeia, Maryland, NY, USA) was also used for transfection according to the
instructions. After thirty-six hours, RAW264.7 cells were subjected to treatment with LPS
for 12 h. Finally, transfection efficiency was detected.

2.5. Histological Examination

The liver tissues were washed with phosphate-buffered saline (PBS) and then placed
in 4% paraformaldehyde. Then, 4 um thick paraffin slices were obtained. The pathological
changes in the liver tissues were observed using hematoxylin and eosin (H&E) staining.
The proportion of egg granuloma area in the total area of the H&E slice was determined
using ImageJ-win64.

2.6. Adult Counts and Egg Counts

The adults were extracted from the hepatic portal vein and mesentery of the mice
infected with S. japonicum for counting. Next, 2 mL of 5% KOH was added to a 5 mL
Eppendorf (EP) tube. Then, 0.2 g of mouse liver tissue was separated and cut into pieces in
an EP tube. This was incubated at 37 °C for 3 h. Then, 50 uL was isolated from the liquid to
count the eggs of S. japonicum under the microscope. Counting was performed three times,
and the average value was considered. Finally, the total number of eggs of each mouse was
calculated.

2.7. Isolation of Cells

After anesthesia, the mouse liver tissues were digested with Streptomyces griseus
(Sigma, Saint Louis, MO, USA) and collagenase D (Sigma, USA). The digested liver was
cut into pieces and then filtered through a sieve. The filtered cell fluid was centrifuged for
5 min to obtain hepatocyte sediment. Then, we centrifuged the supernatant obtained in the
previous step at 600x g for 10 min, and then took the sediment. We added 5 mL of 20%
Nycodenz into the centrifuge tube, mixed it with the sediment, and carefully added 5 mL
of 12% Nycodenz and 3mL DMEM on the suspension surface. Then it underwent 1400 x g
centrifugation for 17 min. After centrifugation, the liquid in the centrifuge tube was in a
stratified state. One layer of cells in the middle layer was hepatic stellate cells [29].

Other mice were selected to isolate macrophages. The mice were killed and then
soaked in 75% alcohol for 5 min. The abdomen was lifted with tweezers, and a small
wound was inflicted. To this end, 8 mL PBS was injected, and the peritoneal fluid was
removed using a pasteurized straw. Finally, centrifugation was performed to obtain
peritoneal macrophage precipitation.

2.8. RNA Fluorescence in Situ Hybridization (FISH)

Gm16685 probes were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai,
China). Then, RAW264.7 cells were resuspended in complete medium and mixed evenly.
The cells were counted, and then the diluted cell suspension was added to the hole where
the climbing tablets were placed. The paved 24-well plates were then incubated overnight.
Then, FISH was performed following the instructions of Shanghai GenePharma Co., Ltd.
Finally, the cells were observed under a 63 x oil lens of a laser confocal microscope.
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2.9. Nucleocytoplasmic Separation

The NE-PER Nuclear Cytoplasmic Extraction Reagent kit (Thermo Scientific, USA) was
used for nucleocytoplasmic separation. RAW264.7 cells were washed and then placed in a
1.5 mL EP tube and centrifuged at 500x g. Precooled 500 pL cytoplasmic extraction reagent
I was then added to the cell precipitate and vortexed for 15 s to suspend the cell precipitate.
This was placed on ice for 10 min. Then, 11 mL of a second cytoplasmic extraction reagent II
was added to the sample. It was then placed on ice and centrifuged for 5 min at 16,000x g.
The supernatant was placed into a new precooled EP tube. Precooled 250 uL NER (Nuclear
Extraction Agent) was used to resuspend the sediment (which contained crude nuclei), and
then the sample was incubated on ice after vortexing for 15 s. After centrifuging at 4 °C
for 10 min, the supernatant (nuclear extract) was transferred into a new precooled EP tube.
The RNA of the nuclear extract and cytoplasmic extract were extracted, and the expression
of Gm16685 in the nucleus and cytoplasm was further analyzed using qRT-PCR.

2.10. Protein Determination Method

Approximately 0.1 g of the same liver part of the three groups was isolated. The liver
tissues were homogenized on ice using RIPA buffer (Beyotime Inst. Biotech, Shanghai,
China), which was supplemented with phenylmethylsulfonyl fluoride (PMSF), and then
centrifuged at 4 °C for 15 min at 12,000 rpm. The supernatant, after cell transfection, was
collected and stored. The protein concentrations of liver tissue were detected using the
enhanced BCA protein assay kit (Beyotime Inst. Biotech, Shanghai, China). M1 and M2
cytokine determination was performed by Shanghai Universal Biotech Co., Ltd. (Shanghai,
China). Murine IL-13, IL-12A, IL-4, and IL-10 were analyzed using Luminex technology
and reagents (R&D Systems, Minneapolis, MN, USA).

2.11. Luciferase Reporter Assay

The wild-type (wt) and mutant-type (mut) sequence fragments of Gm16685 (containing
the binding sites of miR-205-5p or the mutated binding sites of miR-205-5p) were cloned
into the GV272 vector (Shanghai Genechem, Shanghai, China). In 293T cells, the vectors
were transfected with miR-205-5p or miR-NC. After 48 h, the activity of luciferase in cells
was determined.

2.12. miRDB

The NCBI gene database (https://www.ncbi.nlm.nih.gov/, accessed on 1 March 2023)
was used to query the sequence of IncRNA, accessed on 1 September 2020. The miRDB
database (http://mirdb.org, accessed on 1 March 2023) was used to predict the miRNAs
of IncRNA interaction, accessed on 1 March 2022. The IncRNA sequence was used for
prediction. The specific binding sites can be viewed through the “Details” on the left side
of each result.

2.13. Statistical Analysis

GraphPad Prism 8 was used to analyze the data. Data from at least three biological
replicates are expressed as the mean + standard deviation. The difference between the
two groups was evaluated using Student’s t-test, and p < 0.05 was considered statistically
significant.

3. Results
3.1. LncRNA Expression in the Liver of Mice with Schistosomiasis

To explore the characteristics of IncRNAs in the livers of mice infected with Schis-
tosoma at different time points, S. japonicum-infected livers and normal livers were col-
lected and sent to Shanghai Biotechnology Corporation for IncRNA expression profiling
(Figure 1a). Compared with normal mice at the same time point, 1231 IncRNAs were
upregulated and 1247 IncRNAs were downregulated in the livers of mice infected for
15 days, while 1685 IncRNAs were upregulated and 1883 IncRNAs were downregulated in
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those infected for 24 days. Moreover, 3029 IncRNAs were upregulated and 4574 IncRNAs
were downregulated in mice infected for 45 days (Figure 1b, p < 0.05, fold-change > 2). A
total of 157 IncRNAs were upregulated and 96 IncRNAs were downregulated in the liver
tissues of mice infected with S. japonicum for 15, 24, and 45 days (Figure 1c,d, p < 0.05,
fold-change > 2). Gene ontology enrichment analysis revealed that at 45 days after infection,
the differentially expressed IncRNAs were mainly involved in the biological process of the
assembly of the spindle body during mitosis and the morphogenesis of the optic nerve.
Furthermore, differentially expressed genes were enriched in the cellular components of
the IPAF inflammatory body complex, whereas in terms of molecular function, the genes
were highly enriched in coenzyme A ligase activity (Figure 1e). Kyoto Encyclopedia of
Genes and Genomes analysis showed that the differentially expressed IncRNAs 45 days
after infection were mainly involved in the interaction between cytokines and cytokine
receptors, the formation of hematopoietic cells, the differentiation and development of
osteoclasts, the biosynthesis of steroid hormones, the metabolism of cytochrome P450, and
the metabolism of arachidonic acid (Figure 1f).

3.2. The Expression of IncRNA-Gm16685 Was Significantly Increased in the Livers of Mice
with Schistosomiasis

A total of 12 IncRNAs that were differentially expressed in mouse livers after 45 days
of S. japonicum infection were identified. These IncRNAs were related or unknown to
inflammation, and there are more than two exons in the sequence. They were further
verified using qRT-PCR. The results were consistent with the high-throughput sequencing
analysis, indicating the feasibility of the screening method (Figure 2a).

Three IncRNAs with unknown function (1700025B11Rik, Cdkn1B) and H19 with the
highest differential expression were further selected for qRT-PCR analysis to detect their
expression levels in the livers of mice 15, 24, and 45 days after S. japonicum infection.
The results showed that the expression level of IncRNA-Gm16685 was increased 6-fold
(t) = 37.03, p <0.0001) and 61-fold (t4) = 26.18, p < 0.001) after 24 and 45 days of infection,
respectively (Figure 2b). Combining the results of high-throughput sequencing and qRT-
PCR revealed that Gm16685 was significantly increased in the liver of mice infected with
S. japonicum after 45 days, except for H19. Therefore, we speculate that Gm16685 could be
involved in the progression of schistosomiasis.

3.3. Knockdown of Gm16685 Alleviates S. japonicum-Induced Hepatic Granulomas

To investigate the potential impact of Gm16685 on egg-induced liver granuloma
formation in schistosomiasis, an S. japonicum infection model in mice was constructed.
Hepatic granuloma areas were significantly decreased (t(19) = 3.19, p = 0.005) in the Gm16685
knockdown groups. However, there was no significant difference in the parasite and egg
count in each group (Figure 3a—c). H&E staining revealed that egg granuloma reaction,
inflammatory cell infiltration, and hepatocyte necrosis were alleviated in the Gm16685
knockdown group (Figure 3c). Compared with the control group, M1 macrophage factor
genes, including IL-12A (t19) = 4.53, p < 0.001) and CCL-1 (t(109) = 8.92, p < 0.001), were
significantly downregulated in Gm16685 knockdown livers. Meanwhile, M2 macrophage
factor genes, including IL-4 (t19) = 3.99, p = 0.0012), IL-10 (¢10) = 6.14, p < 0.001), IL-13
(taoy = 9.55, p < 0.001), TGF-B (t(10) = 2.86, p = 0.008), and Fizzl (t(q) = 6.74, p < 0.001),
were significantly upregulated (Figure 3d). Moreover, IL-12A (o) = 2.26, p = 0.023) and
IL-1B (t10) = 2.51, p = 0.015) protein expression levels significantly decreased, while IL-4
(tao) = 4.31, p < 0.001) and IL-10 (f(10) = 2.44, p = 0.017) protein levels significantly increased
in the treatment group (Figure 3e).
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Figure 1. Different expression profiles of IncRNAs in mice at 15, 24, and 45 days after infection with

Schistosoma japonicum: (a) The schematic timeline shows that mice were infected with S. japonicum,

and the infected mice were sacrificed together with the normal mice on the 15th, 24th, and 45th

days. (b) Volcano plots showing differentially expressed IncRNAs in liver tissues of the mice on
the 15th, 24th, and 45th days after S. japonicum infection. (c,d) The pie chart shows the number of
upregulated and downregulated IncRNAs in the liver tissues of mice infected with S. japonicum for
15, 24, and 45 days. (15DE, 24DE, and 45DE represent 15, 24, and 45 days after S. japonicum infection;
15DC, 24DC, and 45DC denote normal mice raised simultaneously). (e,f) Gene Ontology and Kyoto

Encyclopedia of Genes and Genomes pathway analyses were used to analyze differentially expressed

IncRNAs.
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Figure 2. Validation of relative IncRNA expression using quantitative real-time PCR (qRT-PCR):
(a) The differentially expressed IncRNAs in the liver tissues of model mice (mice infected with
Schistosoma japonicum for 45 days) and normal mice were verified using qRT-PCR. The relative
expression level of IncRNA was consistent with the high-throughput sequencing results. (b) The
mRNA levels of 1700025B11Rik, Cdkn1B, Gm16685, and H19 in the liver tissues of the mice infected
with S. japonicum for 15, 24, and 45 days and the liver tissues of the normal group at the same time
point were detected using qRT-PCR. Data are presented as the mean =+ standard deviation, n = 3. ns,
not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Knockdown of Gm16685 Promotes the Polarization of Macrophages to the M2 Phenotype
In Vitro

Hepatocytes, hepatic stellate cells, and macrophages were isolated from S. japonicum-
infected mice and healthy mice. Notably, Gm16685 was highly expressed in activated
macrophages (t4) = 3.82, p = 0.009) (Figure 4a). Additionally, Gm16685 was significantly
upregulated in the activated RAW264.7 cell line (f(4) = 11.03, p < 0.001) (Figure 4b).
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Figure 3. Functional analysis in vivo: (a) Number of Schistosoma japonicum eggs in the liver tissue
of the three groups. (b) Number of S. japonicum adults in the liver tissues of the three groups.
(c) Hematoxylin and eosin staining was performed to measure the pathological changes in liver
tissues (original magnification x 100, scale bar = 200 um). The area of egg granulomas of S. japonicum
in the total area of the liver was counted. (d) The expression levels of Gm16685, IL-12A, CCL1,
IL-4, IL-10, IL-13, TGF@, and FIZZ1 mRNAs were detected using qRT-PCR in mouse tissues of each
group. Control: normal mice; SJ: mice infected with S. japonicum for 45 days; SJ+LV-NC: model
mice treated with blank vector; SJ+LV-Gm16685: model mice treated with lentivirus that can silence
target gene expression. (e) Cytokine analysis: Murine IL-133, IL-12A, IL-4, and IL-10 were analyzed
using Luminex technology and reagents in mouse tissues of each group. Data are presented as
the mean =+ standard deviation, n = 6 mice per group. Ns, not significant, * p < 0.05, ** p < 0.01,
***p < 0.001.
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Figure 4. Functional analysis in vitro: (a) The expression of Gm16685 mRNAs in three primary
cells of mice infected with Schistosoma japonicum for 45 days. (b) The expression of Gm16685
mRNAs in RAW264.7 cells stimulated with lipopolysaccharide was detected using quantitative
real-time PCR. (c) Knockdown of IncRNA-Gm16685 in RAW 264.7 cells. The expression levels of
Gm16685, IL-1p, CD80, CD86, IL-6, and IL-10 mRNAs were detected using qRT-PCR in RAW264.7
cells. (d) Overexpression of IncRNA-Gm16685 in RAW 264.7 cells. The expression levels of Gm16685,
IL-6, CD86, IL-10, and TGF3 mRNAs were detected using qRT-PCR in RAW264.7 cells. (e) Cytokine
analysis: Cell supernatant IL-13 and IL-10 were analyzed using Luminex technology and reagents.
Data are presented as the mean =+ standard deviation, n = 3. ns, not significant, * p < 0.05, ** p < 0.01,
*** p <0.001.
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To further evaluate the role of Gm16685 in regulating macrophage polarization,
Gm16685 was knocked down with Gm16685-shRNAs in RAW264.7 cells and then treated
with LPS or without LPS. The knockdown of Gm16685 decreased the expression levels of
IL-1B (t4) = 4.22, p = 0.007), IL-6 (t(4) = 6.20, p = 0.002), CD86 (t4) = 7.39, p = 0.0008), and
CD80 (t(4) = 5.02, p = 0.004) compared with the control cells, while a higher level of IL-10 (¢4,
=29.64, p < 0.001) was observed. Moreover, the downregulation of Gm16685 blocked the
LPS-induced upregulation of these M1-phenotype genes and reversed the downregulation
of M2-phenotype genes in RAW264.7 cells (Figure 4c). However, the overexpression of
Gm16685 increased M1-phenotype gene expression (such as IL-6 (4 = 13. 01, p = 0.0001)
and CD86 (t(4) = 4.84, p = 0.004)) and decreased M2-phenotype gene expression (Figure 4d).
Simultaneously, treatment with shRNA-Gm16685 caused significant increases in IL-10 (LPS,
twy = 2.63, p = 0.029; control, ty) = 2.48, p = 0.033) in the supernatant of the cell cultures.
In contrast, IL-1p (LPS, t(4) = 4.99, p = 0.004; control, t4) = 2.24, p = 0.044) was decreased
in the sShRNA-Gm16685-treated group compared to the control groups (Figure 4e). Thus,
these data strongly suggest that the knockdown of Gm16685 promoted the polarization of
macrophages to the M2 phenotype.

3.5. Further Study on the Mechanism of Action of Gm16685

FISH revealed that Gm16685 was predominantly localized in the cytoplasm of normal
cultured RAW264.7 cells. Actin, used as a positive control, was mainly located in the
cytoplasm (Figure 5a). Moreover, the nucleocytoplasmic separation experiment showed
consistent results with FISH analyses (Figure 5b). miRDB predicted the miRNA that might
interact with Gm16685 (Figure 5c). Through qRT-PCR analyses, it was found that miR-
205-5p was upregulated after Gm16685 was knocked down in RAW264.7 cells (t(4) = 10.95,
p < 0.001) (Figure 5d). The interaction between Gm16685 and miR-205-5p was confirmed by
luciferase reporter assay (Figure 5e,f). After overexpression of miR-205-5p, the expression of
Gm16685 was significantly downregulated (t4) = 4.24, p = 0.007) (Figure 5g). The expression
of inflammatory factors was also downregulated (Figure 5h).
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Figure 5. Further study on the mechanism of action of Gm16685: (a) Representative images of RNA
fluorescence in situ hybridization (FISH) present Gm16685 (in red) localization in the macrophage
cytoplasm. Actin mRNA is used as a reference and is present in the cytoplasm, scale bar = 20 pm.
(b) gRT-PCR analysis of Gm16685 abundance in the nuclear and cytoplasmic fractions of RAW264.7
cells. (c) miRDB predicted the miRNAs that might interact with Gm16685. (d) gRT-PCR analysis of
miR-205-5p expression after knockdown of Gm16685 in RAW264.7 cells. (e) The sequence fragments
of wild type (wt) and mutant type (mut) of Gm16685 contained the binding site of miR-205-5p or
the mutation binding site of miR-205-5p. (f) A luciferase reporter assay was used to determine the
interaction between Gm16685 and miR-205-5p. (g) The expression of Gm16685 after overexpression of
miR-205-5p was measured by qRT-PCR. (h) The expression of proinflammatory cytokine mRNAs after
overexpression of miR-205-5p was measured by qRT-PCR. Data are presented as the mean + standard
deviation, n = 3. ** p < 0.01, *** p < 0.001.

4. Discussion

The regulatory functions of IncRNAs associated with liver disease have garnered
increasing attention [30]. Regarding the regulation of IncRNAs on the biological function of
liver cells, previous studies have focused on the progression of liver fibrosis and liver cancer.
For instance, silencing Inc-LFAR1 decreases TGF-induced hepatocyte apoptosis, impairs
HSC activation in vitro, and alleviates liver fibrosis induced by CCL4 [31]. Inc-LFAR1
plays a crucial role in regulating the activation and pyroptosis of macrophages, thereby
providing an underlying target against inflammation-related diseases, including hepatic
fibrosis [32]. Inc-TLNC1 promotes hepatocellular carcinoma progression and metastasis
through the TLNC1-TPR-p53 axis [33]. However, the role of IncRNAs in liver lesions caused
by schistosomiasis has rarely been studied.

One of the most serious clinicopathological features is liver egg granuloma caused by
egg deposition during schistosomiasis [34]. Many IncRNAs are differentially expressed
in the liver of S. japonicum-infected mice [25]. Hence, we first detected the expression
profile of IncRNAs in the liver samples of mice infected with S. japonicum at different time
points using RNA-seq. Many important IncRNA molecules related to the pathogenesis
and progression of egg granulomas of S. japonicum were identified. Among the 12 genes
selected, the expression levels of 0610039H22Rik, 5830428M24Rik, NR028126, H19, MEGS3,
and Mirt were upregulated after 45 days of schistosomiasis infection, which is the same as
the study by Xia et al. [25]. According to the literature, H19 was also significantly induced
by bile acids in mouse cholangiocytes [35]. Gm16685, also known as NAIL, was significantly
upregulated in the colitis site of patients with ulcerative colitis. It can directly regulate
the initiation and progression of colitis [36]. In this study, qRT-PCR results showed that



Microorganisms 2023, 11, 796

12 of 14

the expression level of Gm16685 was increased 6-fold and 61-fold after 24 and 45 days of
infection, respectively. Combining the results of high-throughput sequencing and qRT-PCR
experiments, we found that Gm16685 was highly expressed in the liver of mice 45 days
after S. japonicum infection. The expression level of Gm16685 was highly correlated with
NF-kB activity. Genistein attenuates schistosomiasis liver granulomas by inhibiting the
activity of NF-«B [34]. Therefore, our studies suggested that Gm16685 may exert effects on
the pathogenesis of hepatic disease in schistosomiasis.

Interestingly, the knockdown of Gm16685 in mice infected with S. japonicum re-
duced the symptoms of egg granulomas, suggesting that Gm16685 participated in the
pathogenesis of hepatic disease in schistosomiasis. Granuloma is an organized aggrega-
tion of macrophages and other immune cells, and the granuloma response is character-
ized by macrophage activation and transformation [37]. M1 macrophages can induce a
chronic inflammatory state, whereas M2 macrophages can reduce this state in diseased
tissues [38]. Our results suggest that the knockdown of Gm16685 in mouse liver can reduce
the expression of M1 macrophage-related indicators and increase the expression of M2
macrophage-related indicators after S. japonicum infection, thus indicating that knock-
ing down IncRNA-Gm16685 can inhibit M1 macrophage polarization and promote M2
macrophage polarization.

To further study the effects of Gm16685 on macrophages, hepatocytes, hepatic stel-
late cells, and macrophages were isolated from mouse models infected with S. japonicum.
Gm16685 was significantly upregulated in macrophages. We also found that LPS treat-
ment promoted Gm16685 expression in mouse macrophage RAW264.7 cells. The find-
ings showed the proinflammatory effects of Gm16685 in macrophages. Meanwhile, in
mouse macrophage lines, Gm16685 knockdown was consistent with the changing trend
in tissues, with the downregulation of proinflammatory cytokines and upregulation of
anti-inflammatory cytokines.

To date, a series of studies proved that subcellular localization of IncRNAs was crit-
ical to their function [39-41]. IncRNAs located in the cytoplasm can interfere with the
posttranslational modification of the protein, serve as bait for miRNA, or regulate the
translation, stabilization, and degradation of mRNA [17]. In our study, FISH and nucleo-
cytoplasmic separation experiments revealed that Gm16685 was predominantly localized
in the cytoplasm of normal cultured RAW264.7 cells. Thus, we performed a preliminary
study on the mechanism of action of Gm16685. After the knockdown of Gm16685, the
expression of miRNA-205-5p was upregulated. Previous research reported that the function
of miRNA-205-5p was related to inflammation, and overexpression of miRNA-205-5p could
inhibit inflammation [42]. Therefore, Gm16685 could repress conversion by acting as an
miRNA-205-5p sponge.

5. Conclusions

This study established an expression profile of IncRNAs in the livers of mice with schis-
tosomiasis at different time points. Notably, IncRNA-Gm16685 expression was upregulated
in the livers of schistosomiasis mice. Gm16685 knockdown promoted M2 macrophage po-
larization and alleviated S. japonicum-induced hepatic granulomas. Additionally, Gm16685
promoted M1 macrophage polarization by regulating miR-205-5p. Thus, our study may
provide a new target for schistosomiasis japonica treatment.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/microorganisms11030796/s1, Table S1: Primer sequences of genes.

Author Contributions: Conceptualization, J.S. and C.R.; methodology and investigation, R.Z. and
X.T.; software, H.L.; validation, C.X.; resources, W.S. and M.L.; writing—original draft preparation,
R.Z.; writing—review and editing, C.R. and S.D.; supervision, J.S. and S.D.; data curation, B.D., N.X.
and PW.,; funding acquisition, C.R. and J.S. All authors have read and agreed to the published version
of the manuscript.


https://www.mdpi.com/article/10.3390/microorganisms11030796/s1
https://www.mdpi.com/article/10.3390/microorganisms11030796/s1

Microorganisms 2023, 11, 796 13 of 14

Funding: This research was funded by National Natural Science Foundation of China (81802027 and
82072305) and the Scientific Research of BSKY from Anhui Medical University (X]J201723).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee at Anhui Medical University (approval number: LLSC20180442).

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples are available from the authors.

References

1.

N

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

Boniatti, J.; Januskaite, P.; Fonseca, L.B.D.; Vicosa, A.L.; Amendoeira, EC.; Tuleu, C.; Basit, A.W.; Goyanes, A.; Re, M.I. Direct
Powder Extrusion 3D Printing of Praziquantel to Overcome Neglected Disease Formulation Challenges in Paediatric Populations.
Pharmaceutics 2021, 13, 1114. [CrossRef]

Cardoso, I.A.; de Souza, A K.L.; Burgess, A.M.G.; Chalmers, .W.; Hoffmann, K.F; Nonato, M.C. Characterization of class II
fumarase from Schistosoma mansoni provides the molecular basis for selective inhibition. Int. J. Biol. Macromol. 2021, 175,
406-421. [CrossRef]

Abdel Aziz, N.; Musaigwa, F.; Mosala, P.; Berkiks, I.; Brombacher, F. Type 2 immunity: A two-edged sword in schistosomiasis
immunopathology. Trends Immunol. 2022, 43, 657-673. [CrossRef]

Liang, S.; Abe, EIM.; Zhou, X.N. Integrating ecological approaches to interrupt schistosomiasis transmission: Opportunities and
challenges. Infect. Dis. Poverty 2018, 7, 124. [CrossRef]

Lam, H.Y.P; Liang, T.R.; Peng, S.Y. Ameliorative effects of Schisandrin B on Schistosoma mansoni-induced hepatic fibrosis in vivo.
PLoS Negl. Trop. Dis. 2021, 15, €0009554. [CrossRef]

Colley, D.G.; Bustinduy, A.L.; Secor, W.E.; King, C.H. Human schistosomiasis. Lancet 2014, 383, 2253-2264. [CrossRef]

Fung, H.S,; Siu, ].C.; Fan, TW,; Lai, K.C.; Kwan, T.L. Hepatic schistosomiasis. Hong Kong Med. ]. 2009, 15, 75-76.

Pesce, ].T.; Ramalingam, T.R.; Mentink-Kane, M.M.; Wilson, M.S.; El Kasmi, K.C.; Smith, A.M.; Thompson, R.W.; Cheever, A W.,;
Murray, PJ.; Wynn, T.A. Arginase-1-expressing macrophages suppress Th2 cytokine-driven inflammation and fibrosis. PLoS
Pathog. 2009, 5, e1000371. [CrossRef]

Vannella, K.M.; Barron, L.; Borthwick, L.A.; Kindrachuk, K.N.; Narasimhan, P.B.; Hart, KM.; Thompson, R.W.; White, S.; Cheever,
A.W,; Ramalingam, T.R; et al. Incomplete deletion of IL-4Ralpha by LysM(Cre) reveals distinct subsets of M2 macrophages
controlling inflammation and fibrosis in chronic schistosomiasis. PLoS Pathog. 2014, 10, e1004372. [CrossRef]

Takaki, KK.; Rinaldi, G.; Berriman, M.; Pagan, A.J.; Ramakrishnan, L. Schistosoma mansoni Eggs Modulate the Timing of
Granuloma Formation to Promote Transmission. Cell Host Microbe 2021, 29, 58—67.e55. [CrossRef]

Zhao, J.; Ling, L.; Zhu, W,; Ying, T.; Yu, T.; Sun, M.; Zhu, X,; Du, Y.; Zhang, L. M1/M2 re-polarization of kaempferol biomimetic
NPs in anti-inflammatory therapy of atherosclerosis. |. Control Release 2022, 353, 1068-1083. [CrossRef]

Rhee, I. Diverse macrophages polarization in tumor microenvironment. Arch. Pharm. Res. 2016, 39, 1588-1596. [CrossRef]
Faure-Dupuy, S.; Delphin, M.; Aillot, L.; Dimier, L.; Lebosse, F.; Fresquet, J.; Parent, R.; Matter, M.S.; Rivoire, M.; Bendriss-Vermare,
N.; et al. Hepatitis B virus-induced modulation of liver macrophage function promotes hepatocyte infection. . Hepatol. 2019, 71,
1086-1098. [CrossRef]

Barron, L.; Wynn, T.A. Macrophage activation governs schistosomiasis-induced inflammation and fibrosis. Eur. J. Immunol. 2011,
41,2509-2514. [CrossRef]

Feyder, M.; Goff, L.A. Investigating long noncoding RNAs using animal models. J. Clin. Investig. 2016, 126, 2783-2791. [CrossRef]
Begolli, R.; Sideris, N.; Giakountis, A. LncRNAs as Chromatin Regulators in Cancer: From Molecular Function to Clinical
Potential. Cancers 2019, 11, 1524. [CrossRef]

Bridges, M.C.; Daulagala, A.C.; Kourtidis, A. LNCcation: IncRNA localization and function. J. Cell Biol. 2021, 220, e202009045.
[CrossRef]

Carlevaro-Fita, J.; Lanzos, A.; Feuerbach, L.; Hong, C.; Mas-Ponte, D.; Pedersen, ].S.; Drivers, P.; Functional Interpretation, G.;
Johnson, R.; Consortium, P. Cancer LncRNA Census reveals evidence for deep functional conservation of long noncoding RNAs
in tumorigenesis. Commun. Biol. 2020, 3, 56. [CrossRef]

Wang, Y.L.; Huang, L.Z.; Wang, Y.; Luo, W.S;; Li, F; Xiao, J.; Qin, S.R.; Wang, Z.Y.; Song, X.W.; Wang, Y.; et al. Single-cell
RNA-sequencing analysis identifies host long noncoding RNA MAMDC?2-ASI as a co-factor for HSV-1 nuclear transport. Int. J.
Biol. Sci. 2020, 16, 1586-1603. [CrossRef]

Ma, Y;; Zhang, J.; Wen, L.; Lin, A. Membrane-lipid associated IncRNA: A new regulator in cancer signaling. Cancer Lett. 2018, 419,
27-29. [CrossRef]

Radhakrishnan, R.; Kowluru, R.A. Long Noncoding RNA MALAT1 and Regulation of the Antioxidant Defense System in Diabetic
Retinopathy. Diabetes 2021, 70, 227-239. [CrossRef]

Yang, Z.; Jiang, S.; Shang, |J.; Jiang, Y.; Dai, Y.; Xu, B.; Yu, Y,; Liang, Z.; Yang, Y. LncRNA: Shedding light on mechanisms and
opportunities in fibrosis and aging. Ageing Res. Rev. 2019, 52, 17-31. [CrossRef]


http://doi.org/10.3390/pharmaceutics13081114
http://doi.org/10.1016/j.ijbiomac.2021.01.180
http://doi.org/10.1016/j.it.2022.06.005
http://doi.org/10.1186/s40249-018-0506-4
http://doi.org/10.1371/journal.pntd.0009554
http://doi.org/10.1016/S0140-6736(13)61949-2
http://doi.org/10.1371/journal.ppat.1000371
http://doi.org/10.1371/journal.ppat.1004372
http://doi.org/10.1016/j.chom.2020.10.002
http://doi.org/10.1016/j.jconrel.2022.12.041
http://doi.org/10.1007/s12272-016-0820-y
http://doi.org/10.1016/j.jhep.2019.06.032
http://doi.org/10.1002/eji.201141869
http://doi.org/10.1172/JCI84422
http://doi.org/10.3390/cancers11101524
http://doi.org/10.1083/jcb.202009045
http://doi.org/10.1038/s42003-019-0741-7
http://doi.org/10.7150/ijbs.42556
http://doi.org/10.1016/j.canlet.2018.01.008
http://doi.org/10.2337/db20-0375
http://doi.org/10.1016/j.arr.2019.04.001

Microorganisms 2023, 11, 796 14 of 14

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.

41.

42.

Hu, B.; Ma, X,; Fu, P; Sun, Q.; Tang, W.; Sun, H; Yang, Z.; Yu, M.; Zhou, J.; Fan, J.; et al. The mRNA-miRNA-IncRNA Regulatory
Network and Factors Associated with Prognosis Prediction of Hepatocellular Carcinoma. Genom. Proteom. Bioinform. 2021, 19,
913-925. [CrossRef]

DiStefano, J.K.; Gerhard, G.S. Long Noncoding RNAs and Human Liver Disease. Annu. Rev. Pathol. 2022, 17, 1-21. [CrossRef]
Xia, T.; Giri, B.R,; Liu, J.; Du, P; Li, X,; Li, X.; Li, S.; Cheng, G. RNA sequencing analysis of altered expression of long noncoding
RNAs associated with Schistosoma japonicum infection in the murine liver and spleen. Parasites Vectors 2020, 13, 601. [CrossRef]
Kho, C. Tough Decoy-Mediated Cardiac Gene Suppression. Methods Mol. Biol. 2022, 2573, 13-30. [CrossRef]

Guo, K; Qian, K;; Shi, Y.; Sun, T.; Wang, Z. LncRNA-MIAT promotes thyroid cancer progression and function as ceRNA to target
EZH2 by sponging miR-150-5p. Cell Death Dis. 2021, 12, 1097. [CrossRef]

Chuah, C.; Jones, M.K,; Burke, M.L.; Owen, H.C.; Anthony, B.J.; McManus, D.P.,; Ramm, G.A.; Gobert, G.N. Spatial and temporal
transcriptomics of Schistosoma japonicum-induced hepatic granuloma formation reveals novel roles for neutrophils. J. Leukoc.
Biol. 2013, 94, 353-365. [CrossRef]

Mederacke, I.; Dapito, D.H.; Affo, S.; Uchinami, H.; Schwabe, R.F. High-yield and high-purity isolation of hepatic stellate cells
from normal and fibrotic mouse livers. Nature Protocols 2015, 10, 305-315. [CrossRef]

He, Z.; Yang, D.Y,; Fan, X.L.; Zhang, M.W.; Li, Y.; Gu, X.B.; Yang, M.Y. The Roles and Mechanisms of IncRNAs in Liver Fibrosis.
Int. ]. Mol. Sci. 2020, 21, 1482. [CrossRef]

Zhang, K; Han, X.H.; Zhang, Z.; Zheng, L.N.; Hu, Z.M.; Yao, Q.B.; Cui, H.M.; Shu, G.M.; Si, M.],; Li, C,; et al. The liver-enriched
Inc-LFAR1 promotes liver fibrosis by activating TGF beta and Notch pathways. Nature Commun. 2017, 8, 44. [CrossRef]

Zhang, K; Shi, Z.M.; Zhang, M.X.; Dong, X.Y.; Zheng, L.N,; Li, G.T.; Han, X.H.; Yao, Z.; Han, T.; Hong, W. Silencing IncRNA
Lfar1 alleviates the classical activation and pyoptosis of macrophage in hepatic fibrosis. Cell Death Dis. 2020, 11, 132. [CrossRef]
[PubMed]

Yuan, K,; Lan, J.; Xu, L.; Feng, X,; Liao, H.; Xie, K.; Wu, H.; Zeng, Y. Long noncoding RNA TLNC1 promotes the growth and
metastasis of liver cancer via inhibition of p53 signaling. Mol. Cancer 2022, 21, 105. [CrossRef]

Wan, C.; Jin, F; Du, Y;; Yang, K.; Yao, L.; Mei, Z.; Huang, W. Genistein improves schistosomiasis liver granuloma and fibrosis via
dampening NF-kB signaling in mice. Parasitol. Res. 2017, 116, 1165-1174. [CrossRef]

Song, Y.; Liu, C.; Liu, X,; Trottier, J.; Beaudoin, M.; Zhang, L.; Pope, C.; Peng, G.; Barbier, O.; Zhong, X.; et al. H19 promotes
cholestatic liver fibrosis by preventing ZEB1-mediated inhibition of epithelial cell adhesion molecule. Hepatology 2017, 66,
1183-1196. [CrossRef] [PubMed]

Akincilar, S.C.; Wu, L.L.; Ng, Q.F,; Chua, ].Y.H.; Unal, B.; Noda, T.; Chor, WH.].; Ikawa, M.; Tergaonkar, V. NAIL: An evolutionarily
conserved IncRNA essential for licensing coordinated activation of p38 and NF kappa B in colitis. Gut 2021, 70, 1857-1871.
[CrossRef] [PubMed]

Pagan, A.].; Ramakrishnan, L. The Formation and Function of Granulomas. Annu. Rev. Immunol. 2018, 36, 639—-665. [CrossRef]
Yunna, C.; Mengru, H.; Lei, W.; Weidong, C. Macrophage M1/M2 polarization. Eur. J. Pharmacol. 2020, 877, 173090. [CrossRef]
Chen, L.L. Linking Long Noncoding RNA Localization and Function. Trends Biochem. Sci. 2016, 41, 761-772. [CrossRef]

Guo, CJ.; Ma, X.K,; Xing, Y.H.; Zheng, C.C; Xu, Y.F; Shan, L.; Zhang, J.; Wang, S.; Wang, Y.; Carmichael, G.G.; et al. Distinct
Processing of IncRNAs Contributes to Non-conserved Functions in Stem Cells. Cell 2020, 181, 621-636.€622. [CrossRef]

Sang, L.; Yang, L.; Ge, Q.; Xie, S.; Zhou, T.; Lin, A. Subcellular distribution, localization, and function of noncoding RNAs. Wiley
Interdiscip. Rev. RNA 2022, 13, €1729. [CrossRef] [PubMed]

Yang, J.J.; Zhao, Y.H.; Yin, KW,; Zhang, X.Q.; Liu, J. Dexmedetomidine inhibits inflammatory response and oxidative stress
through regulating miR-205-5p by targeting HMGBI in cerebral ischemic/reperfusion. Immunopharmacol. Immunotoxicol. 2021, 43,
478-486. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.gpb.2021.03.001
http://doi.org/10.1146/annurev-pathol-042320-115255
http://doi.org/10.1186/s13071-020-04457-9
http://doi.org/10.1007/978-1-0716-2707-5_2
http://doi.org/10.1038/s41419-021-04386-0
http://doi.org/10.1189/jlb.1212653
http://doi.org/10.1038/nprot.2015.017
http://doi.org/10.3390/ijms21041482
http://doi.org/10.1038/s41467-017-00204-4
http://doi.org/10.1038/s41419-020-2323-5
http://www.ncbi.nlm.nih.gov/pubmed/32071306
http://doi.org/10.1186/s12943-022-01578-w
http://doi.org/10.1007/s00436-017-5392-3
http://doi.org/10.1002/hep.29209
http://www.ncbi.nlm.nih.gov/pubmed/28407375
http://doi.org/10.1136/gutjnl-2020-322980
http://www.ncbi.nlm.nih.gov/pubmed/33239342
http://doi.org/10.1146/annurev-immunol-032712-100022
http://doi.org/10.1016/j.ejphar.2020.173090
http://doi.org/10.1016/j.tibs.2016.07.003
http://doi.org/10.1016/j.cell.2020.03.006
http://doi.org/10.1002/wrna.1729
http://www.ncbi.nlm.nih.gov/pubmed/35413151
http://doi.org/10.1080/08923973.2021.1942901
http://www.ncbi.nlm.nih.gov/pubmed/34196265

	Introduction 
	Materials and Methods 
	Schistosomiasis Mouse Model 
	Cell Culture 
	Quantitative Reverse Transcription-PCR (qRT-PCR) 
	Cell Transfection 
	Histological Examination 
	Adult Counts and Egg Counts 
	Isolation of Cells 
	RNA Fluorescence in Situ Hybridization (FISH) 
	Nucleocytoplasmic Separation 
	Protein Determination Method 
	Luciferase Reporter Assay 
	miRDB 
	Statistical Analysis 

	Results 
	LncRNA Expression in the Liver of Mice with Schistosomiasis 
	The Expression of lncRNA-Gm16685 Was Significantly Increased in the Livers of Mice with Schistosomiasis 
	Knockdown of Gm16685 Alleviates S. japonicum-Induced Hepatic Granulomas 
	Knockdown of Gm16685 Promotes the Polarization of Macrophages to the M2 Phenotype In Vitro 
	Further Study on the Mechanism of Action of Gm16685 

	Discussion 
	Conclusions 
	References

