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Schistosoma japonicum eggs trapped in host liver secretes mi-
croRNA (miRNA)-containing extracellular vesicles (EVs) that
can be transferred to host cells. Recent studies demonstrated
that miRNAs derived from plants can modulate gene expres-
sion and phenotype of mammalian cells in a cross-kingdom
manner. In this study, we identified a Schistosoma japonicum
miRNA (e.g., Sja-miR-3096) that is present in the hepatocytes
of mice infected with the parasite and has notable antitumor ef-
fects in both in vitro and in vivo models. The Sja-miR-3096
mimics suppressed cell proliferation and migration of both
murine and human hepatoma cell lines by targeting phosphoi-
nositide 3-kinase class II alpha (PIK3C2A). We generated amu-
rine hepatoma cell line that stably expressed the pri-Sja-miR-
3096 gene and demonstrated cross-species processing of the
schistosome pri-miRNA to the mature Sja-miR-3096 in the
mammalian cell. Importantly, inoculation of this cell line
into the scapula and livers of mice led to a complete suppres-
sion of tumorigenesis of the hepatoma cells. Moreover, tumor
weight was significantly reduced on intravenous administra-
tion of Sja-miR-3096 mimics. Thus, the schistosome miRNA-
mediated antitumor activity occurs in host liver cells during
schistosome infection, which may strengthen resistance of
host to liver cancer, and discovery and development of such
miRNAs may present promising interventions for cancer
therapy.

INTRODUCTION
MicroRNAs (miRNAs) are a class of highly conserved, small noncod-
ing RNAs that regulate gene expression posttranscriptionally through
binding to their target mRNAs.1 miRNAs extensively impact progres-
sion of many human diseases such as cancers.2,3 Dysregulations of
some miRNA expression promote the occurrence and development
of diverse cancers,4,5 while others exert antitumor effects on many
cancers through regulation of tumor-related genes.6,7 Recent studies
indicated that miRNAs can be delivered to other cells through
extracellular vesicles (EVs) to modulate the gene expression and
phenotype of distant recipient cells.8 Strikingly, some plant-derived
miRNAs can modulate expression of their target genes in mammals
in a cross-kingdom manner.9–11 For example, miR-168a derived
400 Molecular Therapy: Nucleic Acids Vol. 18 December 2019 ª 2019
This is an open access article under the CC BY-NC-ND license (http
from the food plant Oryza sativa modulates plasma low-density
lipoprotein (LDL) levels by targeting LDL receptor adaptor protein
1 of mice,10 while the plant miR-159 that was detectable in human
sera inhibited breast cancer growth by targeting the TCF7 gene.9

These data indicate that heterogeneous miRNAs from food plants
could be translocated into blood and modulate cell functions in
mammals. However, it is not clear how these plant miRNAs can sur-
vive the passage through the gastrointestinal tract following digestion.

Several studies also revealed that the miRNAs mediated communica-
tion between the host and pathogen. Heligmosomoides polygyrus, a
nematode parasite, secretes the miRNAs-containing exosome.
Administration of the parasite exosomes to mice suppressed type 2
innate responses and eosinophilia likely through regulation of mouse
genes involved in inflammation and immunity.12 Stern-Ginossar
et al.13 reported that a human cytomegalovirus miRNA, hcmv-miR-
UL112, regulates the major histocompatibility complex class I–
related chain B (MICB) gene during viral infection and affects NK
cell killing. In addition, bacteria could utilize endogenous RNAs to
affect Caenorhabditis elegans physiology.14 These data revealed that
miRNAs-mediated cross-species interactions exist between the path-
ogen and host.

S. japonicum is the causative agent of intestinal schistosomiasis. Adult
schistosome worm pairs live in the mesenteric veins of hosts where
they lay numerous eggs, many of which are trapped in the liver tissues
via the portal venous system. The live miracidia in mature eggs
secrete toxins that induce granulomatous reaction and hepatic
fibrosis in the host. In the granuloma, the parasite eggs are sur-
rounded by host cells, including immunocytes, other hepatic
mesenchymal cells, and hepatocytes. Our previous studies revealed
that S. japonicum secretes a large number of miRNAs, including
The Author(s).
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Figure 1. Inhibition of In Vitro Proliferation and Migration of Hepatoma Cell Lines by Sja-miR-3096

The murine hepatoma Hepa1-6 cell line (A, C, and E) and human hepatoma cell line SMMC-7721 (B, D, and F) were transfected with either Sja-miR-3096 or NC mimics and

then subjected to proliferation analysis by CCK-8 assay (A and B) and colony formation (C and D) and cell migration analysis by a transwell migration assay (E and F). #p < 0.05

compared to Blk; *p < 0.05 compared to NC (A and B). (G) The Hepa1-6 cell line, non-tumor cell lines of the NCTC liver cell 1469, fibroblast cell L929, and macrophage cell

Raw264.7 were transfected with Sja-miR-3096 or NCmimics, and then the cell cycle was analyzed by flow cytometry. NC, a negative control mimic that has no target gene;

Blk, transfection reagents only. Data are presented asmean ±SEMof three independent experiments (*p < 0.05, **p < 0.01; ns, no significant difference). See also Figures S2

and S3.
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conserved and Schistosoma-specific miRNAs.15,16 Recent studies
indicated that the eggs trapped in liver also secrete parasite
miRNA-containing EVs such as exosomes.17 Unlike the plant
miRNAs that need to pass through the gastrointestinal tract, the
schistosome miRNAs from eggs trapped in liver tissue could directly
be transferred to the neighboring host cells via EVs.17 Therefore, we
hypothesized that some parasite miRNAs from the eggs in host liver
could be translocated into neighboring hepatocytes to exert various
biological effects. We also speculated that some of these intake
miRNAs may exert the effects that are beneficial to the host, for
example, strengthening resistance of host-to-host diseases such
as cancers, as the plant-derived miRNAs suppressed cancer cell
growth.9 To investigate this hypothesis, we performed genome-wide
screening of miRNAs of S. japonicum (Sja-miRNAs) for their anti-
tumor activities and detection of their presence in host liver cells.
We showed that a schistosomemiRNA (Sja-miR-3096) that is present
in hepatocytes during schistosome infection highly inhibited the
growth of tumor cells through both in vitro and in vivo models by
cross-species regulation of the phosphoinositide 3-kinase class II
alpha (PIK3C2A) gene. In addition, we reveal the cross-species pro-
cessing of the schistosome pri-miRNA to the mature miR-3096 in
mammalian cells.

RESULTS
Screening and Identification of Sja-miRNAs That Suppress

Tumor Cell Viability

To identify schistosome miRNAs that may be involved in the sup-
pression of tumor cell growth, we synthesized 74 Sja-miRNA
mimics that were identified by us and other groups.15,16,18,19 These
miRNAs were classified into conservedmiRNAs (total of 11miRNAs)
and schistosome-specific miRNAs (total of 63 miRNAs) based on
their seed sequence. The synthesized mimics of the Sja-miRNAs
were transfected into the Hepa1-6 hepatoma cells. Cell viability
and cell cycle of the transfected cells were evaluated by Cell Count-
ing Kit-8 (CCK-8) assay and FACS, respectively. Based on the initial
screening, we found three Sja-miRNAs, i.e., Sja-miR-7, Sja-miR-124,
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Figure 2. Detection of Sja-miR-3096 in Host

Hepatocytes and Schistosome EVs

(A) Stem-loop qRT-PCR was used to validate the pres-

ence of Sja-miR-3096 in S. japonicum egg-derived EVs

(control: wash buffer from the EV extraction process) and

host hepatocytes (B) during schistosome infection. Data

are presented as the mean ± SEM values (n = 3).

**p < 0.01 versus the control group (A), *p < 0.05 versus

uninfected group (B). (C) PCR product of Sja-miR-3096

(65 bp) in host hepatocytes and the results of 12% PAGE:

lane 1, marker; lane 2, positive control; lanes 3 and 4,

uninfected hepatocytes; lanes 5–7, three infected hepa-

tocyte samples at postinfection day 7. (D) Stem-loop qRT-

PCR was used to detect the relative expression of Sja-

miR-3096 in five different life stages of S. japonicum. Data

are presented as mean ± SEM of three independent ex-

periments. *p < 0.05 versus cercariae; **p < 0.01 versus

cercariae (D). See also Figures S4 and S5.
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and Sja-miR-3096, that significantly suppressed cell viability (Figures
S1A–S1D). Furthermore, FACS analysis revealed that the cell cycle
was arrested at the G0/G1 phase in the hepatoma cells transfected
with the three Sja-miRNAs (Figures S1E and S1F). Of the three miR-
NAs, Sja-miR-3096 is a schistosome-specific miRNA that showed a
stronger inhibitory effect on the cell cycle compared with the others.
Thus, this miRNA was selected for further evaluation of its antitumor
activity and mechanism underpinning the effect.

Effects of Sja-miR-3096 on Proliferation and Migration of Tumor

and Non-tumor Cells In Vitro

To investigate the antitumor effects of Sja-miR-3096, we trans-
fected its mimics into the murine hepatoma Hepa1-6 cells or hu-
man hepatoma SMMC-7721 cells.20,21 As shown in Figures 1A–
1D, Sja-miR-3096 significantly inhibited in vitro cell proliferation
and colony formation of both cell lines compared with the negative
control (NC; a control mimic that has no target gene in mice) and
blank control (Blk; transfection reagents only). Moreover, this
schistosome miRNA also significantly inhibited the migration of
the hepatoma cell lines, as shown by the results of both a transwell
migration assay (Figures 1E and 1F) and a wound healing assay
(Figure S2).

To evaluate whether Sja-miR-3096 affects the growth of non-tumor
cell lines, we transfected the similar amount of the miRNA mimics
into several non-tumor cell lines, including the liver cell line NCTC
clone 1469, murine fibrosarcoma cell line L929, and murine macro-
phage cell line Raw264.7 (Figure S3). As shown in Figure 1G, Sja-
miR-3096 has no effect on cell cycle of these non-tumor cell lines,
implying that the schistosome miRNA may have no visible effect
on the normal cell lines.
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Cross-Species Transfer of Sja-miR-3096

We next investigated whether Sja-miR-3096 is
present in the infected host liver cells or schisto-
some EVs that may mediate transportation of
the miRNA into host cells.17 We showed that Sja-miR-3096 was de-
tected in the EVs isolated from schistosome eggs (Figures S4A–
S4C; Figure 2A); its presence was confirmed through cloning and
sequencing of the PCR product. To detect the miRNA in the infected
liver cell, we prepared and carefully analyzed RNA samples of infected
liver cells to ensure no contamination with parasite RNA in the in-
fected samples (Figure S5A). We showed that Sja-miR-3096 was de-
tected in the hepatocytes from infected mice in the early stage (i.e.,
day 7 and 9 postinfection) and late stage of infection (day 42) (Fig-
ure 2B), although the abundance of the parasite miRNAs was lower
than that of mammalian endogenous miRNAs in the hepatocytes
(Figure S5B). The presence of Sja-miR-3096 in the samples at day 7
postinfection was further verified by PAGE (Figure 2C). Furthermore,
the sequence of the PCR product of Sja-miR-3096 is identical to its
reference sequence by cloning and sequencing (Figure S5C). In accor-
dance with this result, high expression of this miRNAwas observed in
the early-stage parasite (i.e., day 7 schistosomulum) and eggs (Fig-
ure 2D), which was consistent with previous findings by another
group.22 These findings indicate that this miRNA is present in the in-
fected liver cells.

Inhibitory Effect of Sja-miR-3096 on Hepatoma Cell Growth

In Vivo

To investigate whether Sja-miR-3096 inhibits in vivo growth of the
hepatoma cells, both Hepa1-6 and SMMC-7721 cells transfected
with Sja-miR-3096 mimics or the NC miRNA mimics were injected
subcutaneously (s.c.) to generate subcutaneous tumors in nude
mice. As shown in Figures 3A–3C, both tumor volumes and weights
were significantly reduced in the mice inoculated with Hepa1-6 cells
transfected with Sja-miR-3096 mimics compared to those with NC.
Moreover, we showed that Sja-miR-3096 was detectable in the tumors



Figure 3. Inhibitory Effect of Sja-miR-3096 on Hepatoma Cell Growth In Vivo

The Hepa1-6 cells (A–D) and SMMC-7721 cells (E–H) transfected with Sja-miR-3096 or NCmimics were subcutaneously implanted per flank of nudemice and themice were

sacrificed 8 days later. (A and E) Tumor images were prepared at day 8 after implantation of hepatoma cells transfected with Sja-miR-3096 (upper) or NC mimics (lower)

(n = 5). (B and F) The tumor volume was measured at days 2, 4, 6, and 8 after injection. (C and G) Tumors were weighed in the mice of the two groups at day 8. (D and H) The

mRNA level of KI67 was measured in the tumors derived from the mice in Sja-miR-3096 or NC mimics group. The experiments were performed in triplicate. Data are

expressed as mean ± SEM values (*p < 0.05, **p < 0.01). See also Figure S6.
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on day 8 after injection (Figure S6A), and the mRNA level of ki67
(a tumor proliferation marker) was significantly downregulated in
-tumor cells transfected with Sja-miR-3096 compared to that with
NC (Figure 3D). Similar results were obtained with the human cell
line of SMMC-7721 (Figures 3E–3H; Figure S6B). These data indi-
cated that Sja-miR-3096 suppressed both murine and human hepa-
toma cell growth in vivo.

Cross-Species Processing of Sja-miR-3096 and Its Effect on

Hepatoma Cell Growth In Vivo

To investigate the effect of Sja-miR-3096 produced in hepatoma
cells, we constructed a recombinant plasmid expressing pri-Sja-
miR-3096 gene by inserting a 450-bp fragment of pri-Sja-miR-
3096 into the pLVX plasmid (designated as pLVX-3096). Transient
transfection of the recombinant plasmid into the Hepa1-6 cells led
to the expression of both pri- and mature Sja-miR-3096 by qRT-
PCR (Figures 4A–4C), and it also confirmed the sequence of
mature Sja-miR-3096 through cloning and sequencing (Fig-
ure S7A), indicating that the schistosome pri-miRNA could be
properly processed in mammalian cells. We generated a Hepa1-6
cell line (designated as Hepa1-6/3096) that stably expresses the
pri- and mature Sja-miR-3096 detected by qRT-PCR (Figures
S7B–S7D). To further confirm the cross-species processing
and evaluate expression abundance of the mature Sja-miR-3096
in the stable cell line, small RNA (<30 nt) extracted from
the Hepa1-6/3096 stable cell line was sequenced by Illumina
deep sequencing technology, yielding 31,634,744 clean reads
that were mainly distributed between 20�24 nt in length (Fig-
ure S7E; Figure 4D). Of them, 11,899,682 reads were mapped
to 952 known murine miRNAs (Table S1). Abundances of the
miRNAs varied from 1 to 3,446,386 reads, with an average
of 12,500 reads per miRNA. Of the 952 murine miRNAs, 44%
have %9 reads while 32% have >100 reads (Figure 4E). We
identified 10 reads of mature Sja-miR-3096 in the Hepa1-6/3096
stable cell line through the sequence alignment (Table S2). Thus,
these data indicated that the schistosome pri-miRNA can be
properly processed in the mammalian cell and yielded the mature
Sja-miR-3096.
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Figure 4. Cross-Species Processing of Sja-miR-

3096

(A) Total RNAs were extracted from the Hepa1-6 cells

transiently transfected with empty plasmid pLVX or the

recombinant plasmid pLVX-3096 and detected for the

expression of pri-Sja-miR-3096 and mature Sja-miR-

3096 by qRT-PCR. Detection of PCR products by 2%

agar gel electrophoresis for the pri-Sja-miR-3096 (B)

and mature Sja-miR-3096 (C). Lane 1, positive control

(qRT-PCR products from recombinant plasmid pLVX-

3096 template) (B), whereas qRT-PCR products are from

Sja-miR-3096 mimics cDNA template (C); qRT-PCR

products of Hepa1-6 cells transfected with pLVX-3096

(lane 2) and pLVX empty plasmid (lane 3); and lane 4,

qRT-PCR products of Hepa1-6 cells. *p < 0.05 compared

to pLVX group; #p < 0.05 compared to Hepa1-6 group (A).

The data are presented as the mean ± SEM of three in-

dependent experiments. (D and E) Sequencing data of

small RNA of Hepa1-6/3096 cells. (D) Length distribution

of clean reads. (E) Abundance distribution of murine-

derived miRNAs. The 952 murine miRNAs were divided

into five groups based on their abundance: 1–9, 10–100,

101–1,000, 1,001–10,000, and >10,000 reads. See also

Figure S7.
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Subsequently, we evaluated the effects of the intracellular production
of the heterogeneous Sja-miR-3096 miRNA on hepatoma cell growth.
FACS analysis of Hepa1-6/3096 cells revealed that the cell cycle was
largely arrested at the G0/G1 phase (Figure 5A), and the cell prolifer-
ation was highly suppressed in the Hepa1-6/3096 cells compared to
the control cells (Figure 5B). Furthermore, significant inhibition of
colony formation was observed in the Hepa1-6/3096 cell line
compared to the control cell lines (Figure 5C; Figure S8). These
data indicate that the low level of intracellular Sja-miR-3096 exerts
a notable anticancer activity in vitro.

To investigate the effect of the intracellular Sja-miR-3096 on tumor-
igenesis of Hepa1-6/3096 cells in vivo, Hepa1-6/3096 and Hepa1-6/
pLVX (as NC) cells were placed into the left and the right scapula
of each mouse, respectively (n = 12), for subcutaneous inoculation.
As shown in Figure 5D, the tumors were detectable on day 3, and after
that they rapidly grew in size in the mice inoculated with the control
cells. In contrast, no solid tumor was detected throughout the obser-
vation period in the mice inoculated with the Hepa1-6/3096 cells. At
day 10 after implantation, all mice were sacrificed and the tumors
were removed for measurement (Figure 5E). Again, no solid tumor
was found in the mice inoculated with the Hepa1-6/3096 cells, while
solid tumors were found in the mice inoculated with the control cells
(Figure 5F).

We further evaluated the antitumor effect of the intracellular Sja-
miR-3096 in a murine orthotopic transplantation liver tumor model.
Both Hepa1-6/3096 and control cells were transplanted into the liver
of mice (n = 5). As shown in Figures 5G–5I, tumors were observed in
the livers of all mice transplanted with the control cells and also in the
abdomen of some mice in this group, which was probably caused by
leakage of cells during the orthotopic implantation. In contrast, no
404 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
solid tumor was detected in both the liver and abdomen of the
mice inoculated with the Hepa1-6/3096 cells. In addition, the weight
of the liver was significantly higher in the control group than in the
Hepa1-6/3096 group (Figure 5J). These data indicate that sustained
production of intracellular Sja-miR-3096, despite a low level,
completely suppressed tumorigenesis of hepatoma cells in vivo.

Evaluation of the Antitumor Activity through Intravenous

Injection of Sja-miR-3096 Mimics

The antitumor effect of Sja-miR-3096 mimics was further evaluated
in mice bearing Hepa1-6 xenografts by intravenous injection. To
this end, the Hepa1-6 cells were s.c. implanted into the right and
left scapula of nude mice, followed by intravenous injection of Sja-
miR-3096 mimics, NC or PBS, respectively, mixed with the in vivo
transfection reagent daily for 4 days. As shown in Figure 6A, the tu-
mor weights were significantly reduced in the mice inoculated with
the Sja-miR-3096 mimics compared to that with the NC and PBS.
Furthermore, immunohistochemical analysis showed that the per-
centage of cells positive for KI67 (a tumor proliferation marker)
was also significantly decreased in the Sja-miR-3096-treated mice
compared to that in the control mice (Figures 6B and 6C). In addition,
daily measurement of tumor volumes showed that the lowest volumes
were consistently observed in the mice inoculated with the Sja-miR-
3096 mimics (Figure 6D). The injected Sja-miR-3096 mimics were
detectable in the tumors on day 5 after implantation (Figure S9A).
These data indicate that Sja-miR-3096 mimics via intravenous
administration generated inhibitory effects on the growth of the hep-
atoma cells in vivo. To assess any toxic side effects of the treatment
with the miRNA mimics, we measured the serum alanine amino-
transferase (ALT) levels and the weights of vital organs of the treated
mice. There were no substantial differences between the groups (Fig-
ures S9B and S9C).



Figure 5. Antitumor Effect of Intracellular Production of Sja-miR-3096

The stable hepatoma cell that constitutively produces mature Sja-miR-3096 showed cell cycle arrest at the G0/G1 phase (A), suppression of cell growth (B), and colony

formation (C). **p < 0.01, compared to Hepa1-6/pLVX or Hepa1-6 group, respectively (B). (D–F) Tumorigenesis of the stable cell lines in a subcutaneous xenograft of mice. (D)

The tumor growth curve was measured every 2 days for 10 days after inoculation (n = 12). The tumor mass (E) and tumor images (F) obtained from the sacrificed mice on day

10 after inoculation are shown. (G–J) Tumorigenesis of the stable cell lines in a murine orthotopic liver tumor model. The stable cells were transplanted into the liver of mice

(n = 5). Three weeks after implantation, themice were sacrificed and representative liver images are shown (G) together with the number of tumors in the livers (H) and weights

of tumors in the abdomen (I) and body and livers (J). The experiment was performed in triplicate. Data are shown as the mean ± SEM values (*p < 0.05, **p < 0.01). See also

Figure S8.
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Antitumor Effect of Sja-miR-3096 by Targeting PIK3C2A

To elucidate the molecular mechanisms underlying the inhibitory
effect of Sja-miR-3096 on hepatoma cell growth, we performed a
computational analysis to search for putative targets of this miRNA
using miRDB. Six genes, including N-myristoyltransferase 1
(NMT1), tet methylcytosine dioxygenase 3 (TET3), and PIK3C2A,
were predicted as target gene candidates for murine and human
cells according to the higher predicted scores and potential involve-
ment in the tumor-related signaling pathway. However, five of them
(except for PIK3C2A gene) were excluded through analysis of their
expression in hepatoma cells transfected with Sja-miR-3096 mimics.
Thus, the PIK3C2A gene was selected as being a predicted target of
Sja-miR-3096 for further analysis. There are two sites, T1 and T2,
found in the 3ʹ UTR of the murine Pik3c2a gene (Figure 7A) and
one site (T3) in the human PIK3C2A gene (Figure 7B). To validate
the relationship between Sja-miR-3096 and PIK3C2A, we first
generated two constructs: pmirGLO-WT, the firefly luciferase gene
fused to the 450-bp 3ʹ UTR fragment of Pik3c2a, including T1
and T2, and pmirGLO-MT, a construct with seven mutation nucle-
otides in the seed region (Figure 7A), and similar constructs for
PIK3C2A (Figure 7B). The constructs together with the miRNA
mimics were transiently transfected into Hepa1-6 cells or SMMC-
7721 cells, and the relative luciferase activity was assessed. As shown
in Figure 7C, the luciferase activity was significantly reduced in the
cells transfected with the pmirGLO-WT, whereas the mutations in
the seed sequence completely abrogated the inhibitory effect on re-
porter expression. Furthermore, transfection of the Sja-miR-3096
mimics into the Hepa1-6 and SMMC-7721 cell lines, respectively,
Molecular Therapy: Nucleic Acids Vol. 18 December 2019 405
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Figure 6. The Antitumor Effect of Intravenous

Injection of Sja-miR-3096 Mimics

Hepa1-6 cells were subcutaneously implanted per flank of

nude mice and then the mice received an intravenous

injection of the Sja-miR-3096, NC mimics, or PBS mixed

with in vivo transfection reagent. (A) The mass of tumors

obtained from different groups were weighted. (B and C)

Immunohistochemical analysis of KI67 expression was

performed. (D) Tumor volumes were measured at various

time points. Data are presented as mean ± SEM of three

independent experiments (n = 6) (*p < 0.05, **p < 0.01,

***p < 0.001, ns, no statistical significance). See also

Figure S9.
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led to a reduction in expression of the PIK3C2A (Figures 7D–7F).
We also showed that expression of PIK3C2A protein was
completely inhibited in the Hepa1-6/3096 stable cell line (Fig-
ure 7G). In addition, the protein level of the PIK3C2A was signifi-
cantly decreased in tumor tissues receiving Sja-miR-3096 mimics
compared to those receiving NC (Figure S10). These results indicate
that both murine Pik3c2a and human PIK3C2A genes are the direct
target of Sja-miR-3096.

Involvement of PIK3C2A in Sja-miR-3096-Mediated Antitumor

Activity

Previous studies have shown that PIK3C2A plays crucial roles in
vascular formation, barrier integrity, and platelet membrane
morphology.23,24 To investigate whether Sja-miR-3096 inhibits the
growth and migration of hepatoma cells by repressing PIK3C2A
expression, both Hepa1-6 cells and SMMC-7721 cells were tran-
siently transfected with Sja-miR-3096 mimics or corresponding
PIK3C2A small interfering RNA (PIK3C2A siRNA). As shown in
Figure 8A, PIK3C2A siRNA significantly reduced both murine
and human PIK3C2A expression at both the transcriptional and
translational levels, as detected by qRT-PCR and Western blot,
respectively. Furthermore, Western blot analysis revealed that
p-mTOR (Ser2448), one of the key downstream nodes in PIK3C2A
signaling pathway, was downregulated in both Hepa1-6 and
SMMC-7721 cells transfected with either Sja-miR-3096 mimics or
the PIK3C2A siRNA compared with that in the NC-treated cells
(Figure 8B). The PIK3C2A siRNA-mediated downregulation of
PIK3C2A and its downstream node p-mTOR (Ser2448) led to the
cell cycle arrest at the G0/G1 phase (Figure S11A), inhibition of
cell proliferation (Figure 8C), cell migration (Figure 8D), and colony
formation (Figure 8E; Figure S11B) similar to the phenotype of the
Sja-miR-3096-treated cells, suggesting that Sja-miR-3096 exerts its
antitumor effects by targeting PIK3C2A to reduce the expression
of p-mTOR (Ser2448), resulting in suppression of hepatoma cell pro-
liferation and migration.
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DISCUSSION
The present study demonstrates that a schisto-
some miRNA, Sja-miR-3096, which is also pre-
sent in host liver cells during the infection, has
notable inhibitory effects on the growth and
migration of tumor cells via cross-species regulation of host tumor-
related genes, based on the following findings: (1) in vitro transfection
of the synthetic Sja-miR-3096 into hepatoma cells led to inhibition of
cell proliferation, colony formation, and cell migration; (2) complete
suppression of tumorigenesis of a stable hepatoma cell line that
constitutively produces intracellular mature Sja-miR-3096 when
inoculated into both scapulae and livers of mice; and (3) intravenous
injection of Sja-miR-3096 mimics had an inhibitory effect on the tu-
mor growth in mice bearing hepatocellular carcinoma xenografts.
Mechanistically, Sja-miR-3096 suppresses tumor cell growth and
migration by targeting PIK3C2A and thereby downregulation of
mTORC1. In addition, we demonstrated cross-species processing
of the schistosome pri-miRNA to mature Sja-miR-3096 in mamma-
lian cells.

It is well documented that infection with certain pathogenic species
such as human papillomavirus, hepatitis B virus (HBV), and Helico-
bacter pylori is associated with cancers.25–27 Among parasitic diseases,
infections with Clonorchis sinensis and Schistosoma haematobium
have been reported to be associated with cancers.28,29 In the case of
S. japonicum infection, no convincing evidence demonstrated the
association between schistosome infection and hepatocellular cancer
(HCC), although this disease was widespread and affected tens
of millions of people in the past.30 Two large retrospective epidemio-
logical surveys conducted in China, one national and the other con-
ducted in seven counties that are highly endemic for schistosomiasis,
showed that there was no correlation between S. japonicum infection
and HCC.31,32 Although several epidemiological and case-control
studies proposed the association of S. japonicum schistosomiasis
with HCC, the evidence for the positive association remains debated
because the schistosomiasis patients, particularly the advanced pa-
tients, are highly associated with HBV and hepatitis C virus (HCV)
infections that are hepatic carcinogens.33 Accumulating evidence
indicated that chronic inflammation plays an important role in carci-
nogenesis and could be involved in promoting tumor growth, tissue



Figure 7. The Target of Sja-miR-3096

(A) Structure of the murine Pik3c2a gene. There are two putative Sja-miR-3096-binding sites located at its 3ʹUTR (upper panel). Sequence of wild-type (WT) andmutant-type

(MT) Sja-miR-3096 target sites and comparison of their seed sequence with the miRNA sequence (lower panel). (B) Structure of the human PIK3C2A gene. One putative Sja-

miR-3096-binding site was located at the 3ʹ UTR of the gene (upper panel). Sequence of WT and MT Sja-miR-3096 target sites and comparison of their seed sequence with

themiRNA sequence (lower panel). Luciferase reporter assay: (C) Hepa1-6 and SMMC-7721 cells were co-transfected with luciferase reporter plasmids containingWT orMT

Sja-miR-3096 target sites and Sja-miR-3096 or NC mimics. PIK3C2A expression was detected by qRT-PCR (D) and Western blot (E and F) analysis in the Hepa1-6 (E) and

SMMC-7721 (F) cells transfected with synthetic Sja-miR-3096 or NC. (G) PIK3C2A expression was detected by Western blot in the stable cell line. All results were derived

from independent experiments performed in triplicate. Data are presented as the mean ± SEM (*p < 0.05). See also Figure S10.
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invasion, and metastasis.34–36 For S. japonicum infection, the liver-
trapped eggs of S. japonicum induce severe hepatic chronic inflam-
mation and fibrosis that could be a risk factor for HCC as a result
of DNA damage and somatic mutation of genes that were observed
in other cancers.37,38 In addition, egg-induced fibrosis could also be
a risk factor for carcinogenesis by alteration of proliferation, hyper-
plasia, and metaplasia.39 These factors derived from S. japonicum
infection could contribute to HCC, but this does not seem to happen
in the S. japonicum schistosomiasis. We speculated that the
S. japonicum eggs trapped in the liver might play a dual role in the
HCC occurrence and development, i.e., carcinogenic and anticancer
activities, similar to those reported for the protozoan Trypanosoma
cruzi, which has carcinogenic and anticancer properties during
infection.40 This study demonstrated that a noncoding small RNA
secreted by S. japonicum, Sja-miR-3096, can be translocated into liver
cells during the parasite infection and inhibits tumor cell growth and
migration, implying that the factors derived from S. japonicum may
contribute to anticancer activities in the infected host.

Studies have revealed that small RNAs are not limited to the individ-
ual in whom they are produced, but they show cross-kingdom influ-
ences through communication between hosts and more advanced
pathogens such as parasites, thus leading toward inter-organismic
gene silencing.41,42 miRNAs are transcribed as long primary tran-
scripts (pri-miRNAs) that are processed to mature miRNAs through
sequential processing events: the nuclear processing of the pri-miR-
NAs into stem-loop precursors of �70 nucleotides (pre-miRNAs),
and the cytoplasmic processing of pre-miRNAs into mature
Molecular Therapy: Nucleic Acids Vol. 18 December 2019 407
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Figure 8. Knockdown of PIK3C2A Inhibits Cell Proliferation and Migration of Hepatoma Cells In Vitro

Hepa1-6 and SMMC-7721 cells were transfected with murine or human PIK3C2A siRNA and NC siRNA, respectively, and 48 h later, the expression of PIK3C2A was

determined using qRT-PCR and Western blotting to identify the efficiency of murine or human PIK3C2A siRNA (A). (B–E) Hepa1-6 and SMMC-7721 cells were transfected

with Sja-miR-3096 mimics, murine or human PIK3C2A siRNA, and NC, respectively. (B) Western blot detection of expression of PIK3C2A and p-mTOR (Ser2448) in the

treated hepatoma cells and quantified data. (C) Cell proliferation was evaluated using the CCK-8 assay at days 1, 3, 5, and 7. Data are presented as the mean ± SEM.

#p < 0.05, Sja-miR-3096 compared to Blk; *p < 0.05, Sja-miR-3096 compared to NC; #p < 0.05, PIK3C2A siRNA compared to Blk; *p < 0.05, PIK3C2A siRNA compared to

NC (C). (D) Cell migration was evaluated by the transwell migration assay. (E) The ability to form cell clones was determined using a colony formation assay. Data are presented

as the mean ± SEM. #p < 0.05 versus Blk, *p < 0.05 versus NC (B, D, and E). All results were derived from independent experiments performed in triplicate. See also

Figure S11.
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miRNAs.1 The efficiency of this maturation processing is mainly
affected by the secondary structure of miRNAs rather than their nu-
cleic acid sequence, particularly in the nuclear processing completed
by an RNase III endonuclease, Drosha,43,44 which provides a possibil-
ity of cross-species processing of miRNAs. Recently, several studies
have observed the cross-species processing of miRNAs. RV-
vsRNA1755, a rotavirus-encoded miRNA, can be properly processed
into mature miRNA in gene-transfected or virus-infected mamma-
lian cells.45 Also, plant pre-miR-168a was properly processed in
mammalian HepG2 cells.10 In this study, we demonstrated for the
first time that a parasite pri-miRNA is processed to the mature Sja-
miR-3096 in mammalian cells. Importantly, we found that a low level
of the mature Sja-miR-3096 produced in cells exerts considerable
408 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
anticancer effects in an across-species manner, which could provide
a possibility of a vector-mediated delivery of such parasite pri-miR-
NAs into mammalian target cells as a therapeutic intervention for
human diseases such as cancers.

This study found that Sja-miR-3096 inhibits growth and migration
of both murine and human hepatoma cells by targeting the PIK3C2A
gene, which encodes for one of the members of the class II PI3K
subfamily (C2a). With regard to the involvement of PIK3C2A in
modulation of tumor cell proliferation, Ng et al.46 reported that
elevated PIK3C2A expression was detected in tissue samples of hep-
atitis B virus–positive hepatocellular cancers. Moreover, Yoshioka
et al.24 demonstrated that endothelial cell-specific deficiency of
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Pik3c2a in mice resulted in markedly reduced retinal angiogenesis
and also a decrease in the overall volume of solid tumors that were
implanted in the mice. In addition, it has been reported that PIK3C2A
regulates the migration and invasion of various types of cancer
cells.47,48 These observations indicate that PIK3C2A is involved in
carcinogenesis and development of cancer.

It is generally accepted that the classical phosphatidylinositol 3-kinase
(PI3K) pathway is involved in cancer occurrence and progression
through modulation of downstream nodes such as mTORC1.49

Furthermore, the mTORC1 participates in the regulation of tumor
cell growth and migration.50–52 Similarly, in this study we showed
that Sja-miR-3096-mediated downregulation of PIK3C2A also
reduced expression of p-mTOR (Ser2448), leading to inhibition of
growth and migration of hepatoma cells. Thus, the discovery and
development of such heterogeneous antitumor miRNAs may present
a promising therapeutic intervention for liver cancers.

MATERIALS AND METHODS
Cell Lines and Culture

The Hepa1-6, NCTC-1469, SMMC-7721, Raw264.7, and L929 cell
lines were obtained from American Type Culture Collection
(ATCC). All of these cell lines were cultured according to the standard
protocol for DMEM (Life Technologies, USA) supplemented with
10% fetal bovine serum (FBS; Life Technologies, USA), 100 U of peni-
cillin, 100 mg/mL streptomycin, and 0.25 mg/mL amphotericin B (Life
Technologies, USA) in a 37�C incubator containing 5% CO2.

Cell Viability Assay

Cell viability was evaluated by CCK-8 (Dojindo, Kumamoto, Japan).
Hepa1-6 cells transfected with miRNAs or NCmimics were seeded in
100 mL of DMEM at a density of 5 � 103 cells/well in 96-well plates.
After 48 h, 10 mL of CCK-8 was added and the culture was continued
for 20 min at 37�C. The absorbance was read at a wavelength of
450 nm with an automated plate reader. Wells containing the
CCK-8 reagents without cells were used as the Blk. Cell viability
was expressed as a percentage relative to control cells. Cell prolifera-
tion was assessed based on the absorbance values according to the
manufacturer’s protocol. In brief, Hepa1-6 cells and SMMC-7721
cells were seeded into 96-well plates at 2 � 103 cells/well and trans-
fected with 40 nM Sja-miR-3096, murine or human PIK3C2A siRNA,
or NC mimics. CCK-8 reagent was added and absorbance was read
just as described above at four time points of days 1, 3, 5, and 7.

Cell Cycle Measurement

Hepa1-6 cells were transfected with 40 nM miRNA, murine pik3c2a
siRNA, or NC mimics, collected after 48 h, and stained with propi-
dium iodide (PI; Beyotime, China) for cell cycle analysis with FACS
(BD Biosciences, USA). Data were collected and analyzed with FlowJo
software.

Transwell Migration Assays

Transwell assays were performed with Corning transwell inserts in
accordance with the manufacturer’s instructions. The upper cham-
bers were seeded with 100 mL (1 � 104 cells) of hepatoma cells trans-
fected with miRNA, siRNA, or NC mimics, respectively, whereas the
lower chambers were filled with DMEM. Cells were allowed to
migrate from the upper to the lower chambers. Cells attached to
the lower surface of the membrane were fixed and counterstained
with crystal violet, and the number was counted under the micro-
scope. A total of five fields were counted for each transwell filter.

Library Preparation, Sequencing, and Analysis for Small RNA

The Hepa1-6/3096 RNA samples were sent to Shanghai Oebiotech
(Shanghai, China) for small RNA library construction and sequencing.
The librarieswere constructed as previously described.53,54 Briefly, a to-
tal of 1.5 mg of RNA per sample was used for the construction of
sequencing libraries. Library qualitywas assessed using theAgilent Bio-
analyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). Library
preparations were then sequenced on an IlluminaHiSeq 2500 platform
(Illumina, Santa Clara, CA,USA) andpaired-end reads were generated.

The data were analyzed as previously described.55 Briefly, after
removing low-quality reads, adaptors, insufficient tags, and se-
quences, the length distributions of the clean reads were summarized.
The tRNAs, small nuclear RNAs (snRNAs), rRNAs, and other non-
coding RNAs were removed based on comparisons with the GenBank
and Rfam databases. The count of Sja-miR-3096 was obtained by
aligning mature Sja-miR-3096 sequence to the remaining clean reads.
Known murine-derived miRNAs were divided into five groups based
on abundance (1–9, 10–100, 101–1,000, 1,001–10,000, and >10 000
reads), and the abundance distribution was summarized by calcu-
lating the percentage of miRNAs in each group as a percentage of total
known murine-derived miRNAs.

Western Blot Detection

Protein lysates were extracted and�20 mg of protein was separated by
10% SDS-PAGE and transferred to a nitrocellulose membrane. Then
the membrane was blocked with 5% BSA in Tris-buffered saline with
Tween 20 (TBST) for 2 h at room temperature, followed by incuba-
tion overnight with primary antibodies, including those to PIK3C2A
and p-mTOR (Ser2448) that were purchased from Cell Signaling
Technology (USA) and heat shock protein (HSP)90 that was pur-
chased from Proteintech (Wuhan, China). After incubating with
the relevant secondary antibodies (Promega, USA), the membranes
were visualized by using the ECL reagent (GE Healthcare, UK),
and the protein bands were subsequently measured using the Image-
Quant LAS 4000mini (GE Healthcare, USA). Gray analysis with Im-
ageJ and data were quantified to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).

Infection of Mice with S. japonicum Cercariae

Animal experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals of the National Institutes
of Health and approved by the Internal Review Board of Tongji Uni-
versity School of Medicine. The animal surgeries were undertaken
under sodium pentobarbital anesthesia. Cercariae of S. japonicum
were provided by the National Institute of Parasitic Disease, Chinese
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Center for Disease Control and Prevention (CDC). Six-week-oldmale
C57BL/6J mice (18–20 g), purchased from the experimental animal
center of the Second Military Medical University and housed under
specific pathogen-free conditions, were percutaneously infected
with 50 or 100 cercariae of S. japonicum per mouse (50 for collection
of infected hepatocytes and 100 for collection of early-stage parasites).

For collection of parasites, the hepatic schistosomula were isolated
from the portal system and mesenteric veins of infected mice at 7
and 14 days postinfection (dpi). Also, adult worms of S. japonicum
were isolated from the hepatic portal system and mesenteric veins
at 42 dpi. Male and female adult worms were manually separated un-
der a light microscope. The eggs were isolated with a traditional
method, as described by Cai et al.56 All freshly isolated parasites
were washed three times with PBS (pH 7.4) and were immediately
used for extraction of total RNA or frozen at �80�C until being sub-
jected to further analysis.

Isolation of Primary Mouse Hepatocytes

The primary mouse hepatocytes were isolated by a two-step collage-
nase perfusion procedure, as described by He et al.57 withminor mod-
ifications. Briefly, livers of the infected mice were initially in situ di-
gested with 0.03% collagenase type IV and then further digested
with 0.08% collagenase type IV at 37�C. The single-cell suspensions
were harvested by filtration through 400-mesh sieves for removal of
the remaining tissue debris and parasite eggs. Next, hepatocytes
were isolated by centrifugation of the resulting cell suspensions at
50 � g for 4 min and further purified by centrifugation at 20 � g
for 4 min. Purified hepatocytes were resuspended in DMEM contain-
ing 20 mg/mL ribonuclease A (Sigma-Aldrich, USA) at 37�C for
30 min to eliminate any miRNA that might be released by schisto-
somes and adhere to the surface of hepatocyte. After washing with
PBS three times, the cell pellet was immediately used for extraction
of total RNA or frozen at �80�C until used.

Isolation and Characterization of Exosome-Like Vesicle

An exoEasy Maxi kit from Qiagen (Hilden, Germany) was used for
exosome isolation according to the supplier’s protocols. The methods
of S. japonicum egg isolation, culture, and culture medium collection
were described in Zhu et al.17

For characterization of exosome-like vesicles, the particle size distri-
bution was determined by Malvern nanoparticle analysis (Malvern
Panalytical, UK). Purified EVs were applied to 200-mesh Formvar-
coated electron microscopy (EM) grids (Agar Scientific, Essex, UK).
The grids were stained with 1% uranyl acetate (System Biosciences)
for 5 min and then loaded onto the sample holder of the JEM-1230
transmission electron microscope (JEOL, Tokyo, Japan) and exposed
to an 80-kV electron beam for image capture. The protein concentra-
tion of the purified EV sample was determined by an enhanced BCA
protein assay kit (Beyotime, China). Then, 200 mL of the EV sample
was added to 1 mL of TRIzol (Invitrogen, USA), and 20 nmol of cel-
miR-39 mimics was added as an external control for quantitative
detection. 4 mg of total RNA was extracted for subsequent qRT-
410 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
PCR to detect the Sja-miR-3096 content. Moreover, the expression
of HSP90,58 a typical EV marker, was detected by western blot.

Hepatocellular Carcinoma Xenografts

Transfection with Synthetic miRNA Mimics

Hepa1-6 and SMMC-7721 cells were transfected with Sja-miR-3096
mimics or NC mimics at a final concentration of 80 nM. 24 h later,
the transfected cells were s.c. implanted (2 � 106 cells in 100 mL of
PBS) per flank of male BALB/c nude mice (4 weeks old). The tumor
volumes were measured by vernier caliper at days 2, 4, 6, and 8 after
implantation, and the mice were euthanized at day 8. The total RNA
of tumors was isolated using TRIzol reagent for detecting the expres-
sion of KI67 mRNA and Sja-miR-3096. The protein of tumors was
prepared for detecting the expression of PIK3C2A.

Stable Cell Lines

Hepa1-6/3096 or Hepa1-6/pLVX stable cells (5� 106 cells) in 100 mL
of PBS were s.c. implanted to the double flanks of 12 BALB/c nude
mice to obtain subcutaneous tumors. For the orthotopic transplanta-
tion mice model, ten 5-week-old C57BL/6J male mice were random-
ized into two groups and 25 mL (1 � 106 cells) of Hepa1-6/3096 or
control cells was in situ implanted into the mice liver. The mice
were sacrificed after 3 weeks. The tumors on livers were counted
and the mice body, livers weights, and tumors in the abdomen were
measured by electronic balance.

Immunohistochemistry

To determine KI67 expression in xenograft tumor tissues from the
athymic nude mice, immunohistochemistry (IHC) was performed
as described previously59. Antibody against KI67 was used (1:50
dilution).

Statistical Analysis

Results were analyzed using GraphPad Prism 5.0 software (GraphPad
Software, La Jolla, CA, USA), and statistical analyses were performed
using a two-tailed Student’s t test. A value of p < 0.05 was considered
statistically significant. Data are expressed as mean ± SEM.
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