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During virus infection in animals, the virus completes its life
cycle in a host cell. A virus infection results in the metabolic
deregulation of its host and leads to metabolic disorders, ulti-
mately paving the way for cancer progression. Because meta-
bolic disorders in virus infections occurring in animal are
similar to metabolic disorders in human tumorigenesis, animal
antiviral microRNAs (miRNAs), which maintain the metabolic
homeostasis of animal cells, in essence, may have anti-tumor
activity in humans. However, that issue has not been investi-
gated. In this study, shrimp miR-34, a potential antiviral
miRNA of shrimp against white spot syndrome virus (WSSV)
infection, was identified. Overexpression of shrimp miR-34
in shrimp fed bacteria expressing miR-34 suppressed WSSV
infection by targeting the viral wsv330 and wsv359 genes.
Furthermore, the expression of shrimp miR-34 in mice fed
miR-34-overexpressing shrimp suppressed breast cancer pro-
gression by targeting human CCND1, CDK6, CCNE2, E2F3,
FOSL1, and MET genes. Therefore, our study suggests that
the miRNAs in food could be an effective strategy for synchro-
nously controlling viral diseases of economic animals and can-
cers in humans.

INTRODUCTION
It is well known that the life cycle of a virus ends in the host cell.
Therefore, viral infections can cause metabolic disorders in host
cells.1,2 As previously reported, virus replication is associated with
enhanced cellular metabolism in its host because it depends on its
host for the synthesis of viral genomes and viral proteins.3 In humans,
hepatitis C virus (HCV) induces early interference of glycolysis, the
pentose phosphate pathway, and the citric acid cycle, which is condu-
cive to the biosynthetic activity of the host to support virus replication
and reproduction.4 Drosophila C virus (DCV) infection disrupts
cellular processes inDrosophila melanogaster, resulting in a decreased
metabolic rate.5 In the aquaculture industry, shrimp is one of the
main sources of revenue for many countries.6 During the past few de-
cades, shrimp farming has rapidly grown on a global scale as a result
of its high economic and nutritional values. However, since 1981,
several new viral pathogens have emerged, increasing shrimp mortal-
ity.6 Among these viral pathogens, white spot syndrome virus
(WSSV) threatens shrimp farming, and its outbreak severely limits
the development of shrimp industry.7 WSSV contains a circular
and double-stranded DNA genome that contains approximately
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300-kb pairs and is one of the largest animal viruses fully sequenced.8

Because the WSSV genome is not homologous with any known virus,
it is assigned to a new family (Nimaviridae) and genus (Whispovi-
rus).9 Cancer is the main example of a common human disease
with metabolic disorders.10,11 Changes in cell metabolism are a sign
of cancer because this contributes to tumor initiation, growth, and
maintenance.10 In this context, tumorigenesis and virus infection
have some similarities in metabolic disorders.

Much evidence supports certain genes exerting regulatory effects on
metabolism in normal cells. Once these genes are abnormally ex-
pressed, they lead to deregulated metabolic processes in cells, which
cause metabolic disorders in the body.11,12 According to some reports,
microRNAs (miRNAs) are endogenously expressed non-coding
RNAs that have an important role in the regulation of gene expres-
sion. These miRNAs affect metabolic disorders associated with
abnormal gene expression.13 Generally, an individual miRNA has
multiple target genes,14,15 implying that a single miRNA may target
various genes in different species. Shrimp miR-34, a homolog of
humanmiR-34a, acts as a suppressor in breast cancer by targeting hu-
man genes in a cross-species manner.16 In essence, the antiviral activ-
ity of a molecule restores the metabolic disorder caused by the viral
infection to a normal homeostasis. Therefore, antiviral miRNAs
may have antitumor activity. Shrimp miR-S8 is a miRNA that only
exists in shrimp and that can reduce the tumorigenic ability of mela-
noma stem cells by targeting the transcription factor YB-1.17 Shrimp,
one of the most important human food sources of protein, are
currently suffering diseases caused by viral infections. It is worth
exploring whether miRNAs can bridge the control of shrimp diseases
and human cancers.

In this study, overexpression of shrimp miR-34 through feeding pro-
moted an antiviral immune response in shrimp. At the same time, the
antiviral shrimp miR-34 exhibited anti-tumor activity in mice fed
miR-34-overexpressing shrimp. Our findings showed that miRNA
erapy: Nucleic Acids Vol. 23 March 2021 ª 2021 The Authors. 995
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Figure 1. Control of shrimp viral disease by miR-34 in food

(A) The expression of mature shrimpmiR-34 in bacteria. ThemiR-34 construct was transformed into HT115 bacteria. The recombinant bacteria were cultured in Luria-Bertani

(LB). Then, IPTGwas used to induce the expression of miR-34 in bacteria. The expression level of miR-34 was detected by northern blot analysis. (B) The detection of mature

shrimp miR-34 in heat-inactivated bacteria. The recombinant bacteria were cultured and induced by IPTG in LB medium and then heat inactivated at 60�C. Northern blot

analysis was used to detect miR-34 expression levels. (C) The detection of mature shrimp miR-34 in shrimp fed shrimp feed containing miR-34. Shrimp were fed shrimp feed

containing heat-inactivated bacteria expressing miR-34 (bacteria-miR-34), which was followed by challenge with WSSV. WSSV alone and WSSV + bacteria expressing the

scrambled miR-34 (bacteria-miR-34-scrambled) were used as controls. At different days after feeding, shrimp muscle was subjected to northern blot analysis to detect miR-

34 expression levels. (D) The influence of shrimp miR-34 on the virus copy number in shrimp. Shrimp were fed shrimp feed containing bacteria-miR-34 or bacteria-miR-34-

scrambled and infected with WSSV (**p < 0.01). (E) Shrimp mortality (**p < 0.01).
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in food simultaneously controlled shrimp viral disease and human
tumorigenesis.

RESULTS
Control of shrimp viral disease by shrimp miR-34 in food

To control WSSV infection in shrimp by adding shrimp miR-34 to
food, miR-34 was first expressed in bacteria, and then, shrimp were
fed the recombinant bacteria expressing the miR-34 after an evalua-
tion of the viral infection. Northern blot analysis indicated that
mature shrimp miR-34 was expressed in isopropyl b-D-1-thiogalac-
topyranoside (IPTG)-induced recombinant bacteria (Figure 1A). To
facilitate the preparation of the food, bacteria expressing mature
miR-34 were heat-inactivated at 60�C. Northern blot data revealed
that after heat inactivation, a sufficient amount of mature miR-34
was detected in the IPTG-induced recombinant bacteria (Figure 1B).
The heat-inactivated bacteria expressing shrimp miR-34 (bacteria-
miR-34) were mixed with the shrimp feed. Then, the shrimp
were fed the mixed feed and were challenged with WSSV. The data
indicated that mature miR-34 expression was significantly increased
996 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
by feed containing bacteria-miR-34 compared with the controls
(Figure 1C).

The results showed that continuous high expression of miR-34 in
shrimp led to significant decreases in WSSV copy number (Figure 1D)
and virus-infected shrimpmortality (Figure 1E). However,WSSV copy
number and the mortality of shrimp fed the feed containing bacteria-
miR-34-scrambled were consistent with that of the control WSSV
alone (Figures 1D and 1E). These data indicated that an elevated
expression level of mature miR-34 in shrimp fed bacteria-expressing
miR-34 promoted an antiviral immune response in shrimp in vivo.

Mechanism by which miR-34 defends shrimp against the WSSV

infection

To explore the mechanisms behind miR-34 providing shrimp with
antiviral immunity, targeted gene predictions were performed. The
results indicated that twoWSSV genes (wsv330 andwsv359) were tar-
geted by shrimp miR-34 (Figure 2A). To examine the interaction be-
tween shrimpmiR-34 and theWSSV genes, the 30 UTRs of thewsv330
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and wsv359 genes and their corresponding mutants were cloned as
fused constructs with the EGFP gene (Figure 2B). Co-transfection
of the synthesized miR-34 and EGFP-wsv330-30 UTR construct or
the EGFP-wsv359-30 UTR construct led to a significant decrease in
fluorescence intensity compared with the controls (Figures 2C and
2D). However, miR-34-scrambled did not affect EGFP expression
(Figures 2C and 2D). These data indicated that shrimp miR-34
directly targeted the wsv330 and wsv359 genes.

To explore the interaction between shrimp miR-34 and its targets
in vivo, miR-34 was overexpressed in shrimp, and the targeted gene
expression was examined. Quantitative real-time PCR and western
blots revealed that miR-34 overexpression resulted in a significant
decrease in expression of wsv330 and wsv359 (Figures 2E and 2F).
These findings suggested that viralwsv330 andwsv359 genes were tar-
geted by shrimp miR-34.

To evaluate the roles of wsv330 and wsv359 in WSSV infection,
expression of the two genes was repressed by gene-specific small
interfering RNAs (siRNAs) (Figures 2G and 2H). The silencing of
wsv330 or wsv359 led to significant decreases in WSSV copy number
in shrimp (Figure 2I) and virus-infected shrimp mortality (Figure 2J)
relative to the controls. These data demonstrated that wsv330 and
wsv359 were required for WSSV infection in shrimp in vivo.

Taken together, these findings indicated that shrimp miR-34 directly
targeted viral wsv330 and wsv359 genes to inhibit virus infection in
shrimp, thereby leading to normal metabolism as represented by
high survival rates and advantageous growth (Figure 2K).

Inhibitory effects on breast cancer progression by shrimp miR-

34 from cooked shrimp fed miR-34-expressing bacteria

To evaluate the influence of shrimp miR-34 from shrimp fed bacteria
expressing shrimpmiR-34 (bacteria-miR-34) on cancer development,
shrimp were cooked and the effects of shrimp miR-34 on the growth
and metastasis of breast cancer cells were characterized. Northern
blot analysis revealed that mature double-stranded miR-34 of cooked
shrimp fed bacteria-miR-34 was detected at higher levels relative to
the controls (shrimp injected with miR-34 and shrimp fed bacteria-
miR-34) (Figure 3A), indicating that cooking did not destroy the
Figure 2. Mechanism of miR-34 in shrimp defending against WSSV infection

(A) The prediction of WSSV genes targeted by shrimp miR-34. The seed sequence of

sequence represented that targeted by miR-34. (C) The direct interaction between shrim

the 30 UTR of virus genes. At 48 h after co-transfection, fluorescence was examined. Sc

shrimp miR-34 and wsv330 and wsv359 genes in vivo. Shrimp were co-injected with W

andwsv359 genes were evaluated by quantitative real-time PCR. As a control, miR-34-s

encoded protein after shrimp were co-injected with WSSV and miR-34. (G) The evaluatio

injected with WSSV and wsv330-siRNA or wsv359-siRNA. WSSV alone and siRNA

expression of wsv330 and wsv359 was detected by northern blotting. Shrimp b-actin w

western blot analysis. (I) The effects ofwsv330 andwsv359 silencing on virus infection in s

quantified by quantitative real-time PCR. WSSV alone and siRNA-scrambled were includ

WSSV-infected shrimp mortality. After silencing of wsv330 or wsv359, the cumulative

mediated antiviral activity in shrimp. Throughout, statistically significant differences amo
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mature miR-34 in shrimp because of the annealing of the double-
stranded miR-34 at room temperature. Because shrimp were fed bac-
teria-miR-34 daily, shrimp miR-34 was continuously expressed in the
shrimp. To explore the effects of residual miR-34 in shrimp on tumor-
igenesis, the miRNAs extracted from the muscles of shrimp fed the
feed containing bacteria-miR-34 or bacteria-miR-34-scrambled, as
well as shrimp fed only shrimp feed as a control, were transfected
into MDA-MB-231 and MDA-MB-435 breast cancer cells. Northern
blots revealed that shrimp miR-34 was expressed in cells transfected
with the miRNAs from shrimp fed the feed containing bacteria-miR-
34 compared with the controls (shrimp fed only shrimp feed and the
negative control), whereas shrimp miR-34 levels in cells transfected
with the miRNAs from shrimp fed feed containing bacteria-miR-
34-scrambled was similar to group fed regular feed (Figure 3B).
Mature miR-34 from the muscles of shrimp fed the feed containing
bacteria-miR-34 significantly suppressed the growth and metastasis
of breast cancer cells compared with the controls (Figures 3C and
3D), suggesting a suppressive effect on breast cancer progression
from shrimp miR-34 in cooked shrimp fed miR-34-expressing
bacteria.

To further investigate the anti-tumor activity of shrimp miR-34 from
cooked shrimp fed miR-34-expressing bacteria, the effects of miR-34
on cell cycle and metastasis (migration, adhesion, and invasion) were
examined. Flow cytometric analysis revealed that breast cancer cells
treated with miRNAs from the muscles of shrimp fed shrimp feed
containing bacteria-miR-34 were arrested in the G0/G1 phase,
whereas cells transfected with miRNAs from the muscles of shrimp
fed shrimp feed only or shrimp feed containing bacteria-miR-34-
scrambled were similar to the negative control (Figure 3E), indicating
that shrimp miR-34 from cooked shrimp fed miR-34-expressing bac-
teria influenced cell cycle arrest. Shrimp miR-34 from cooked shrimp
fed miR-34-expressing bacteria inhibited the migration, adhesion,
and invasion of breast cancer cells compared with the controls (Fig-
ures 3F–3H). These data indicated the inhibitory effects on the
growth and metastasis of breast cancer cells from shrimp miR-34 in
cooked shrimp fed miR-34-expressing bacteria.

To assess whether shrimp miR-34 from cooked shrimp fed miR-34-
expressing bacteria targeted CCND1, CDK6, CCNE2, E2F3, MET,
miR-34 was underlined. (B) Constructs of WSSV and EGFP genes. The underlined

p miR-34 and virus genes in insect cells. Cells were co-transfected with miR-34 and

ale bar, 100 mm. (D) The fluorescent intensities of cells. (E) The interaction between

SSV and miR-34. At different post-infection times, the expression levels of wsv330

crambled was included in the assays. (F) Western blot analysis ofwsv330 /wsv359-

n ofwsv330 and wsv359 silencing in vivo using northern blot analysis. Shrimp were

-scrambled were included in the injections. At different post-infection times, the

as used as a control. (H) The detection of wsv330 and wsv359 silencing in vivo by

hrimp. TheWSSV copy number inwsv330-silenced orwsv359-silenced shrimpwas

ed in the injections as controls. (J) The influence ofwsv330 andwsv359 silencing on

mortality of WSSV-infected shrimp was monitored daily. (K) A model for miR-34-

ng treatments are represented with asterisks: *p < 0.05, **p < 0.01.
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and FOSL1 genes, the expression of those six genes in breast cancer
cells transfected with miRNAs from the muscle of shrimp fed food
containing bacteria-miR-34 was investigated. Quantitative real-time
PCR analyses showed that the six genes were downregulated in cells
treated with miRNAs from the muscle of shrimp fed food containing
the bacteria-miR-34 (Figure 3I), indicating miR-34-mediated regula-
tion of targeted gene expression.Western blot analysis showed similar
results (Figure 3J).

Altogether, these findings showed that shrimp miR-34 from cooked
shrimp fed miR-34-expressing bacteria suppressed breast cancer pro-
gression by targeting the human CCND1, CDK6, CCNE2, E2F3,MET,
and FOSL1 genes.

Inhibition of breast tumor growth andmetastasis by shrimpmiR-

34 from cooked shrimp fed miR-34-expressing bacteria in vivo

To further evaluate the effects of shrimp miR-34 from cooked shrimp
fed miR-34-expressing bacteria on tumor growth and metastasis
in vivo, breast cancer cells (MDA-MB-231) were subcutaneously in-
jected into non-obese diabetic/severe combined immunodeficiency
(NOD/SCID) female mice, which were then fed cooked muscles
from shrimp fed miR-34-expressing bacteria (shrimp miR-34 feed)
and were examined for tumor growth and metastasis (Figure 4A).
As a control, mice fed the cooked muscles of shrimp fed regular
feed without miR-34 (shrimp feed) was included in the assays. The re-
sults demonstrated that the growth and size of solid tumors frommice
fed shrimp miR-34 feed were significantly decreased compared with
mice fed shrimp feed (Figures 4B andC). ThemiR-34 expression levels
in the blood and solid tumors of themice fed shrimpmiR-34 feed were
much higher than what was observed in mice fed shrimp feed (Figures
4D and 4E). These results indicated that exogenous shrimp miR-34
could be delivered into mice through food, leading to suppression of
tumor growth in breast cancer in vivo. To examine the influence of
Figure 3. Inhibitory effects on breast cancer progression of shrimp miR-34 fro

(A) Northern blot analysis of mature shrimp miR-34 in shrimp. Shrimp were fed bacteria-

injectedwith miR-34were used as a control. Total RNAwas extracted from shrimpmusc

used as a control. (B) Expression of shrimp miR-34 in breast cancer cells. Shrimp were fe

scrambled for 2 days and then cooked. The miRNAs extracted from the cooked shrimp

transfection, mature shrimp miR-34 level in cells was detected using northern blot. Cell

breast cancer cell growth from cooked shrimp fed miR-34-expressing bacteria. A cell

fected with miRNAs from muscle of cooked shrimp fed bacteria-miR-34. Shrimp fed sh

were included in the assays. As a negative control, cells that did not receive treatment w

cooked shrimp fed miR-34-expressing bacteria. A wound healing assay was perform

transfection with miRNAs from muscle of cooked shrimp fed bacteria-miR-34. Shrim

scrambled were used as controls. (E) The role of shrimp miR-34 from cooked shrimp f

were treated with miRNAs extracted from cooked shrimp fed shrimp feed containing bac

(F) The impact of shrimp miR-34 on breast cancer cell migration from cooked shrimp f

assays. MDA-MB-231 or 435 cells were treated with miRNAs from muscles of cooked

assay was performed. (G) Influence of miR-34 on breast cancer cell adhesion. At 36 h aft

bacteria-miR-34, cell adhesive ability was assessed. (H) Role of miR-34 in breast cancer

MDA-MB-231 or 435 cells, and a cell invasion assay was performed 36 h after transfecti

or 435 cells were transfected with miRNAs from cooked shrimp fed bacteria-miR-34. At

FOSL1 were quantified by quantitative real-time PCR. (J) Protein levels of miR-34 target

levels. b-tubulin was used as a control. Cells without treatment served as negative contro

with asterisks: *p < 0.05, **p < 0.01. Scale bar, 100 mm.
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miR-34 on expression of target genes in solid tumors, quantitative
real-time PCR, western blot, and immunohistochemical analyses
were performed. The results indicated that the expression levels of
miR-34 target genes (CCND1, CDK6, CCNE2, E2F3, and MET) were
significantly downregulated in the tumors of mice fed shrimp miR-
34 feed compared with those of the controls (Figures 4F–4H). These
results indicated that shrimp miR-34 inhibited the growth of breast
cancer by downregulating the expression of target genes in vivo.

To evaluate the metastatic potential of breast cancer cells, cells with
luciferase expressing MDA-MB-231 were intravenously injected
through the tail vein of nudemice. Then, the mice were fed the cooked
muscles of shrimp fed miR-34-expressing bacteria (shrimp miR-34
feed) or shrimp feed without miR-34 (shrimp feed). The lumines-
cence flux data indicated that metastasis of breast cancer cells to
the lungs of the mice treated with shrimp miR-34 feed was signifi-
cantly suppressed compared with that of the control mice (regular
feed) (Figure 4I). Furthermore, mice treated with shrimp feed pro-
duced more metastatic tumor nodules per lung compared with
mice treated with shrimp miR-34 feed (Figure 4J), indicating that
miR-34 significantly decreased tumor colonization in the lung. At
the same time, higher expression levels of miR-34 were observed
when mice were fed the miR-34 feed (Figure 4K).

In summary, these findings revealed that the consumption of shrimp
miR-34 through food had the ability to suppress tumorigenesis in
mice by targeting multiple genes (Figure 4L), showing that shrimp
miR-34 acted as a cancer therapeutic molecule to inhibit breast cancer
progression.

DISCUSSION
During the past few decades, shrimp has grown to account for a major
portion of aquaculture. The increased use of shrimp worldwide may
m cooked shrimp fed miR-34-expressing bacteria

miR-34. Two days later, shrimp were cooked in a microwave oven for 2 min. Shrimp

le and subjected to northern blot analysis to detect miR-34 expression levels. U6 was

d shrimp feed alone or shrimp feed containing bacteria-miR-34 or bacteria-miR-34-

muscles were transfected into MDA-MB-231 or MDA-MB-435 cells. At 36 h after

s without treatment served as a negative control. (C) Influence of shrimp miR-34 on

proliferation assay was performed with MDA-MB-231 or MDA-MB-435 cells trans-

rimp feed alone and those fed shrimp feed containing bacteria-miR-34-scrambled

ere also assayed. (D) Effects of shrimp miR-34 on breast cancer cell migration from

ed to evaluate metastasis of MDA-MB-231 or MDA-MB-435 cells at 36 h after

p fed shrimp feed alone and those fed shrimp feed containing bacteria-miR-34-

ed miR-34-expressing bacteria in breast cancer cell cycle. MDA-MB-231/435 cells

teria-miR-34 or bacteria-miR-34-scrambled; 36 h later, the cell cycle was examined.

ed shrimp feed containing bacteria-miR-34 was determined with Boyden chamber

shrimp fed miR-34-expressing bacteria. At 36 h after transfection, a cell migration

er MDA-MB-231 or 435 cells were transfected with miRNAs from cooked shrimp fed

cell invasion. MiRNAs from cooked shrimp fed bacteria-miR-34were transfected into

on. (I) Expression levels of miR-34 target genes in breast cancer cells. MDA-MB-231

36 h after transfection, expression levels ofCCND1,CDK6,CCNE2, E2F3,MET, and

genes in breast cancer cells. Western blot analysis was conducted to detect protein

l. Throughout, statistically significant differences among treatments are represented
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be due to increased profits and scientific inputs provided to farmers.18

However, one of the most serious viral pathogen of farmed shrimp,
known as WSSV, has led to sharp reductions in shrimp production
and severe economic losses.19 Emerging evidence has shown that
miRNAs, which are small non-coding RNAs, have key roles in de-
fending against WSSV infection.20,21 As reported, a single miRNA
can target multiple genes,14 implying that a single miRNA may exert
biological functions in multiple animal species by targeting different
genes. Our previous study showed that shrimp miR-34 possessed
antiviral activity in shrimp and an anti-tumor capacity in humans.16

In that context, we decided to address whether shrimp miR-34 ex-
erted anti-viral and anti-tumor function during food intake. The re-
sults of this study revealed that overexpression of miR-34 in shrimp
by feeding them with bacteria expressing miR-34 inhibited virus
infection and that food intake of shrimp miR-34 suppressed tumori-
genesis in mice. In that context, miRNA in food simultaneously
controlled shrimp viral disease and human tumorigenesis. Our study
provided a novel strategy for the control of viral disease in aquatic an-
imals and tumorigenesis in humans through food intake.

In almost all cell types, microvesicles (MVs), small vesicles in cells,
mediate intercellular communication through cell surface mole-
cules.22,23 During the delivery of extracellular miRNAs into target
cells, miRNAs can be packaged into MVs, and subsequently, miRNA
delivery is triggered.24 Therefore, in this study, shrimp miR-34 in an-
imal feed may be delivered to the cells in shrimp and to human tumor
cells in mice, leading to the prevention of virus infection in the shrimp
and tumorigenesis in the mice. As previously reported, the oral deliv-
ery of the har-miR-2002b mimic, which is specifically expressed dur-
ing the larval stages of Helicoverpa armigera, can significantly reduce
the expression level of a trypsin-like serine protease in vivo.25 Feeding
of Escherichia coli HT115 strain (DE3) expressing double-stranded
RNAs (dsRNAs), which targets the gene encoding ADP/ATP protein,
suppresses gene expression during Nosema bombycis infection in
the silkworm.26 Ingestion of bacteria expressing dsRNA triggers
specific RNA (shrimp Rab7 and STAT) silencing in shrimp.27 In
Caenorhabditis elegans, extracellular dsRNAs enter cells through
SID1 and SID2.28–30 SID1 may act as a key protein for transport
into intestinal cells or other cell types, and SID2 is an intestinal lumen
protein that is required for the initial uptake of dsRNA from the envi-
ronment through endocytosis.28–30 SID5, an endosome-associated
Figure 4. Suppression of breast tumor growth and metastasis by shrimp miR-

(A) Model of the animal experiment. Breast cancer cells (MDA-MB-231) were injected int

(shrimp feed) or those fed cooked muscle of shrimp fed miR-34-expressing bacteria (sh

examined. (B) Tumor growth curves measured weekly 2 weeks after cell injection. (C) Re

miR-34 expression levels in the blood of mice. Six weeks after injecting breast cancer

expression level of miR-34 in the bloodwas examined by quantitative real-time PCR. (E) Q

frommice with different treatments. (F) Quantitative real-time PCR analysis of miR-34 targ

miR-34 target genes encoding proteins in solid tumors.Western blot was used to detect

of miR-34 target gene-encoding proteins in solid tumors. Brown and blue colors represe

the left. Scale bar, 100 mm. (I) Representative images of mouse lungs harvested 4weeks

different treatments. (K) MiR-34 expression level in blood of nude mice. Four weeks a

quantitative real-time PCR. (L) Model expressing the role of shrimp miR-34 in tumorig

treatments are indicated with asterisks: **p < 0.01.

1002 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
protein, facilitates dsRNAs that release into the body cavity or
enhance RNAi.31 Recently, SID1 has been characterized in white
shrimp.32 In this context, these processes may also be required for
RNAi-mediated gene silencing through orally delivered dsRNA in
shrimp. In this study, shrimp miR-34 in shrimp feed might have
been absorbed by intestinal cells and delivered through MV, leading
to inhibition of viral infection by targeting viral wsv330 and wsv359
genes. Recent studies have demonstrated that miR-29b and miR-
200c are encapsulated in exosomes in cowmilk, conferring protection
against degradation, and then, miRNAs enter into cells through endo-
cytosis to regulate human gene expression.33 The oral ingestion of
miRNAs (miR-34a, miR-143, and miR-145), synthesized with a
methyl group on the 20 position of the ribose of the 30-terminal nucle-
otide, suppresses tumor growth in a mouse model of colon cancer.34

In our study, shrimp miR-34 in animal feed might be delivered to
target cells through the MV-mediated pathway, leading to suppres-
sion of tumorigenesis. In that context, our findings showed that an in-
dividual shrimp miRNA in food simultaneously exhibited antiviral
activity in shrimp and anti-tumor capacity in mice by targeting
various genes in a cross-species manner.

MATERIALS AND METHODS
Shrimp culture and WSSV infection

Marsupenaeus japonicus shrimp were cultured in 25�C air-pumped
circulating seawater. All experiments included 20 shrimp per group.
Virus-free shrimp were intramuscularly injected with WSSV virus
(105 copies/mL). At different time points after infection, shrimp he-
molymph and muscles were collected.

MiR-34 expression in bacteria

To express mature shrimp miR-34 in bacteria, shrimp miR-34 was
cloned into the LITMUS 38i plasmid using annealed DNAoligonucle-
otides (50-AGCTTTGGCAGTGTGGTTAGCTGGTTGTG-30 and 50-
AATTCACAACCAGCTAACCACACTGCC AA-30) corresponding
to the miR-34 sequence (Takara Bio, Japan). As a control, miR-34-
scrambled was used (miR-34-scrambled, 50-AGCTTTTCTCCGA
ACGTG TCACGTTTG-30 and 50-AATTCAAACGTGACACGTTC
GGAGAAA-30) and cloned accordingly. The construct was then
transformed into HT115 (DE3) cells, an RNase-III-deficient strain
of E. coli. The recombinant bacteria were cultured in LB medium.
IPTG was used to induce miR-34 expression in HT115 cells.
34 from cooked shrimp fed miR-34-expressing bacteria in vivo

o nude mice. Nude mice were fed cookedmuscle from shrimp fed shrimp feed alone

rimp miR-34 feed) every 2 days. Subsequently, tumor growth and metastasis were

presentative images of solid tumors harvested 6 weeks after cell injection. (D) Shrimp

cells (MDA-MB-231), blood was collected from mice with different treatments. The

uantitative real-time PCR analysis of miR-34 expression level in solid tumors derived

et genes in solid tumors of mice with different treatments. (G) The expression level of

protein levels. b-tubulin was included as a control. (H) Immunohistochemical analysis

nted proteins and nuclei, respectively. Proteins that were detected were indicated on

after cell injection. (J) Images displaying tumor nodules per lung for mice that received

fter cell injection, RNA was extracted from the blood of mice and analyzed using

enesis through food intake. Throughout, statistically significant differences among
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Overexpression of miR-34 in shrimp using bacteria expressing

miR-34

HT115 (DE3) cells expressing miR-34 were inactivated by heating at
60�C for 90min. The heat-inactivated bacteria weremixedwith shrimp
feed. The mixed feed, containing 3� 1012 bacteria/g, was used to feed
shrimp every day. During the first feeding, shrimpwere simultaneously
infected withWSSV. On the indicated days after feeding, shrimp mus-
cles and hemolymph were collected for subsequent experiment.

Northern blot analysis

Total RNA was extracted from shrimp hemocytes, shrimp muscle, or
human cells using a mirVanaPTMP miRNA isolation kit (Ambion,
USA) and was separated on a denaturing 15% polyacrylamide gel.
Then, RNAs were transferred to a nylon membrane (Amersham Bio-
sciences, UK). After being cross-linked with ultraviolet light, the
DNA probe labeled with digoxigenin was used for hybridization.
Then DIG High Prime DNA Labeling and Detection Starter Kit II
(Roche, Germany) was used for signal detection.

Quantification of WSSV copies

The viral genomic DNA was extracted using TIANmp Genomic DNA
Kit (Tiangen Biotech, Beijing, People’s Republic of China). A linearized
plasmid containing a 1,400-bp DNA fragment of the WSSV genome
was diluted into 103, 104, 105, 106, 107, 108, and 109 copies/mL as an in-
ternal standard. The extracted viral genomic DNA was subjected to
quantitative real-timePCR todetectWSSVcopies usingWSSV-specific
primers (50-CCACCAATTCTACTCATGTACCAAA-30 and 50-
TCCTTGCAATGGG CAAAATC-30) and a WSSV-specific TaqMan
probe (50-FAM-CTGGGTTACGAGTCT AA-TAMRA-30). PCR con-
ditions were as follows: 95�C for 1 min, followed by 45 cycles at 95�C
for 15 s, 52�C for 30 s, and 72�C for 30 s.

Shrimp cumulative mortality assay

Shrimp mortality was monitored daily. These experiments were con-
ducted three times.

Prediction of target genes

TargetScan 5.1 (http://www.targetscan.org) and miRanda (http://
www.microrna.org/) were used to predict the WSSV genes targeted
by shrimp miR-34. Based on the 30 UTRs of WSSV genes, TargetScan
was used to search for each miRNA seed sequence, and miRanda was
used to match the entire miRNA sequence according to parameters.
The genes obtained by both algorithms were the potential targets of
shrimp miR-34.

Interaction between miR-34 and its target genes

The EGFP gene was cloned into a pIZ/V5-His vector (Invitrogen,
USA) using EGFP-specific primers (50-AAGAGCTC GGATCCC
CGGGTAC-30 and 50-AATCTAGAGTCGCGGCCGCTTTA-30).
The EGFP-wsv330-30 UTR plasmid was constructed by cloning
wsv330 30 UTR downstream of EGFP with sequence-specific primers
(50-GCGTCTAGAAGAATTA ACCTGCTTT-30 and 50-TATCCGC
GGGAAGGGTCCTTTAG-30). The EGFP-wsv359-30 UTR plasmid
was constructed using primers (50-TATT CTAGAACGTGGGG
TCCTTCTT-30 and 50-ATTCCGCGGCTGGATACCGTAGG-30).
The 30 UTRmutations were generated by PCRwith sequence- specific
primers (wsv330 30 UTR, 50-TCTGGTCCTGGACAGAGTCATACT
GTAC-30 and 50-CGACG CAGAGTACAGTATGACTCTGTCC-30;
wsv359 30 UTR, 50-GATTGTTGGGGTTG AAGACAATGTCTCC-
30 and 50-AGAGTCGGCGGAGACAT TGTCTTCAACC-30).

When insect High Five cells (Invitrogen) reached 70% confluence,
they were co-transfected with 50 nM of synthesized shrimp miR-34
(50-UGGCAGUGUGGUU AGCUGGUUGU-30 and 50-ACAAC-
CAGCUAACCACACUGCCA-30) and 200 ng of EGFP, EGFP-
wsv330-30 UTR, EGFP-wsv330-30 UTR-mutation, EGFP-wsv359- 30

UTR, or the EGFP-wsv359-30 UTR-mutation construct. The synthe-
sized miR-34-scrambled (50-AUUUGACAGAUGCCUAGUAC-
CAG-30 and 50-CUGGUACUAGG CAUCUGUCAAAU-30) was
included as a control. High Five cells were cultured at 27�C with Ex-
press Five SFMMedium (Invitrogen) supplemented with L-glutamine
(Invitrogen); 48 h later, a Flex Station II microplate reader (Molecular
Devices, USA) was used to detect the fluorescence at 480 nm and
520 nm. The experiment was biologically repeated three times.

To examine the interaction between miR-34 and wsv330 or wsv359
genes in vivo, shrimp were co-injected with WSSV and synthesized
miR-34 or miR-34-scrambled. At different times after infection, the
expression levels of wsv330 and wsv359 were detected using
quantitative real-time PCR. Shrimp b-actin was used as a control.
The wsv330 primers (50-ACTCCCCTAACCCATTGACAT-30 and
50-GGAGA ACAGGAACTAGAGACGTACT-30), wsv359 primers
(50-AG ATTTCCC TCCAGATCCTCC-30 and 50-TGACCAAGA-
CAAATGCTACCCT-30), or b-actin primers (50-CGAGCACGG-
CATCGTTACTA-30 and 50-TTGTAGA AAGTG TGATGCCA-
GATCT-30) were used to perform real-time PCR; 10 mL of PCR
condition containing 5 mL SYBR Premix Ex Taq (Takara), 0.5 mL
cDNA template, and 0.2 mL 10 mM primers was prepared. PCR
was performed at 95�C for 5 min, followed by a 40 cycle at 95�C
for 10 s and a 30-s cycle at 60�C.
RNAi assays in shrimp

siRNAs specifically targeting wsv330 (wsv330-siRNA, 50-GGAUCAA-
GAACGCGGGUAA-30 and 50-UUACCCGCGUUCUUGAUCC-30)
or wsv359 (wsv359-siRNA, 50-GCAGGUUGACUGUACAUUA-30

and 50-UAAUG UACAGUCAACCUGC-30) were synthesized using
an in vitro T7 transcription kit for siRNA synthesis (Takara) according
to the manufacturer’s instructions. The siRNA sequence was randomly
scrambled, generating siRNA-scrambled (50-CUUCAGUGACCG-
GACCUACGACGAU-30 and 50-AUCGUCGUAGGUCCG GUCA-
CUGAAG-30). The synthesized siRNAs were assessed by agarose gel
electrophoresis and quantified by spectrophotometry. Virus-free
shrimp were co-injected with siRNA (30 mg) and WSSV (105 copies/
mL). The injection of WSSV alone served as a positive control. At
different time points after infection (0, 24, 36, and 48 h), shrimp mus-
cles, gills, and hemolymph were collected. Shrimp mortality was moni-
tored daily. All experiments were biologically replicated three times.
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Cell culture

Human breast cancer cell lines (MDA-MB-231 and MDA-MB-435)
were cultured at 37�C without CO2 using Leibovitz’s L-15 Medium
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS).
MDA-MB-231 and MDA-MB-435, cells were purchased from The
Cell Bank of Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, People’s Republic of China).

Expression of shrimp miR-34 in cells

Shrimp were fed shrimp feed containing bacteria-miR-34 daily.
Shrimp fed feed without bacteria-miR-34 were used as controls.
Two days later, shrimp were collected and cooked by heating in a mi-
crowave for 2 min. The miRNAs extracted from the cooked shrimp
muscles were transfected into tumor cells.

Cell proliferation assay

After cells (1� 104/well) were plated onto a 96-well plate, miR-34 ex-
tracted from cooked shrimp muscles was transfected into cells using
Lipofectamine RNAiMAX (Life Technologies, USA); 36 h later, cell
proliferation was examined using a CellTiter 96 AQueous One Solu-
tion Cell Proliferation Assay Kit (Promega, USA) and monitored us-
ing an iMARKTM microplate reader (Bio-Rad, USA) at 490 nm.

Wound-healing assay

Cells were plated onto a 24-well plate. When the cells reached approx-
imately 70% confluence, a 100 mL pipette tip was used to create a
wound. Then, miR-34 extracted from cooked shrimp muscles was
transfected into cells; 36 h later, the images were obtained with a Ni-
kon Ti-S microscope (Nikon, USA).

Cell cycle assay

Fluorescence-activated cell sorting (FACS) analysis was performed to
examine the cell cycle. Cells (4 � 105) were cultured in a 25-cm2 cul-
ture flask. Subsequently, miR-34 extracted from cooked shrimp mus-
cles was transfected into cells using Lipofectamine RNAiMAX (Life
Technologies, USA); 36 h later, the cells were collected and fixed
with 70% ethanol at �20�C overnight, followed by incubation with
RNaseA (200 mg/mL, Sangon Biotech, Shanghai, People’s Republic
of China) for 30 min at 37�C and then stained with propidium iodide
solution for 15 min at 37�C. Finally, the cells were examined with an
FACSCalibur flow cytometer (BD Biosciences, USA).

Cell migration assay with a Boyden chamber

Migration of cancer cells was examined with a 24-well Boyden cham-
ber (Corning, Corning, NY, USA) with 8-mm inserts (Corning). Cells
were treated with miR-34 extracted from cooked shrimp muscles;
36 h later, the cells were collected and suspended in serum-free me-
dium. The cells (5 � 104 for MDA-MB-231 and 8 � 104 for MDA-
MB-435) were inoculated into the insert. Then, the insert was placed
in a well containing 600 mL of medium with 10% serum. After incu-
bation for 24 h, the insert was fixed with 4% paraformaldehyde for
15 min. The cells were stained with crystal violet (0.005%, Beyotime
Biotechnology, Shanghai, People’s Republic of China) for 15 min. Im-
ages of migrating cells were obtained with a Nikon Ti-s microscope
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(Nikon, USA). The results showed the number of migrating cells
per �200 micrographs per sample.

Cell adhesion assay

The 24-well plate was pre-coated with fibrinogen (20 mg/mL; Sigma-
Aldrich, USA) at 37�C for 2 h. Then 10% bovine serum albumin was
added to the wells and incubated at 37�C for 0.5 h to block non-spe-
cific proteins. Meanwhile, miR-34 extracted from cooked shrimp was
transfected into cells. After incubation for 36 h, the cells were
collected and suspended in serum-free medium. The cells (5 � 104)
were then transferred to the pre-coated plate. Non-adherent cells
were removed after 30 min of culturing at 37�C. The cells were fixed
with 4% paraformaldehyde and then stained withmethylrosanilinium
chloride solution (Beyotime Biotechnology, Shanghai, People’s Re-
public of China) for 15 min. The number of stained cells was obtained
under a microscope.

Cell invasion assay

Cells were transfected with miR-34 extracted from cooked shrimp
muscles. The invasion capacity was evaluated with 24-well matrigel
invasion chambers with 8-mm inserts (Corning). The insert was
pre-activated at 37�C for 2 h with Dulbecco’s modified eagle medium
(DMEM, Gibco, USA). The suspended cells (5� 104) were inoculated
into the insert. The insert was placed into a well containing 600 mL of
medium with 10% serum. After incubation for 24 h, the insert was
fixed with 4% paraformaldehyde (Sigma-Aldrich, USA) for 15 min,
followed by incubation for 15 min with crystal violet (0.005%, Beyo-
time Biotechnology, Shanghai, People’s Republic of China). A Nikon
Ti-S microscope (Nikon, USA) was used to obtain images of invading
cells. The results showed the number of invasions per �200 micro-
graphs per sample.

Animal experiment

To analyze tumor growth in vivo, 5 four-week-old NOD/SCID female
mice were used to induce tumor growth after subcutaneously being
injected with breast cancer cells (MDA-MB-231; 1 � 106). The
mice were separated into two groups. After cell injection, the mice
were fed cooked muscles of shrimp fed shrimp feed with or without
miR-34-expressing bacteria every 2 days. Tumor growth was evalu-
ated weekly 2 weeks after cell injection and was analyzed for tumor
length (L) and width (W). The volume of the tumor was calculated
according to the formula: volume = 0.52 � L � W2. Six weeks later,
NOD/SCID nude mice were sacrificed. For tumor metastasis in vivo,
lentiviral packaging was used to construct luciferase expressing
MDA-MB-231 cells. Then, the cells (3 � 105) were intravenously in-
jected into the tail vein of five nude mice. The mice were also sepa-
rated into two groups and treated as described above. Metastatic
tumors were observed weekly with an IVIS Spectrum CT Preclinical
In Vivo Imaging System (PerkinElmer, USA).

Immunohistochemical analysis

Solid tumors were dissected and fixed with formalin and then
embedded in paraffin. The paraffin sections were incubated with an-
tibodies against human cyclin D1 (CCND1), cyclin-dependent kinase
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6 (CDK6), cyclin E2 (CCNE2), transcription factor E2F3, or hepato-
cyte growth factor receptor (MET) (Proteintech Group, USA) at 4�C
overnight. Goat anti-rabbit immunoglobulin G (IgG; Sigma-Aldrich,
USA) conjugated with HRP (horseradish peroxidase) was incubated
at room temperature for 2 h. Subsequently, 3,30-diaminobenzidine
(DAB) was used to test the sections. Nuclei were stained with hema-
toxylin solution. The sections were observed using a microscope
(Zeiss).

Quantitative real-time PCR analysis of miR-34 target genes in

solid tumors

Quantitative real-time PCR was conducted to assess the mRNA levels
of miR-34 targets with gene-specific primers (CCND1, 50-
CCCTCGGTGTCCTACTTCAAATGT-30 and 50-GGAAGCGGTC-
CAGGTAGTTCAT-30; CDK6, 50-AGAGCAAGATA ATAAAGGA-
GATGGG-30 and 50-CATGTGAGACTTTGAGTAGACCTGA-30; C
CNE2, 50-GCATTATGACACCACCGAAGA-30 and 50-AGGGCA
ATCAATCACA GCAC-30; E2F3, 50-TGACTGCGTGAGCCTTAGA
A-30 and 50-CAAGAGCCACAA CAAAGAACAG-30; and MET, 50-
CTCTACTTTCATTGGGGAGCA-30 and 50-CCTCAT CATCAGC
GTTATCTTC-30). The human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, 50-GGTATCGTGGAAGGACTCATGAC-30

and 50-AT GCCAGTGAGCTTCCCGTTCAG-30) gene was used as
a control. PCR was conducted by incubation at 95�C for 10 min, fol-
lowed by 50 cycles at 95�C for 15 s and 60�C for 1 min.

Quantification of miR-34

Synthesized shrimp miR-34 was diluted at different concentrations
(103, 104, 105, 106, 107, 108, and 109/mL). Subsequently, shrimp
miR-34 was used as an internal standard to conduct quantitative
real-time PCR with TaqMan Micro-RNA assay (Applied Biosystem,
USA). The PCR conditions were incubation at 95�C for 10 min, 50
cycles at 95�C for 15 s, and 60�C for 1 min.

Western blot analysis

Proteins were separated by SDS-PAGE and then transferred to a
nitrocellulose membrane (Bio-Rad Laboratories, USA). The mem-
brane was first blocked with 5% milk for 1 h at room temperature
and then incubated with a primary antibody for 2 h. Subsequently,
HRP-conjugated goat anti-mouse or anti-rabbit IgG (Sigma-Aldrich,
USA) was used to incubate the membrane for 2 h at room tempera-
ture. Proteins were detected using Western Lightning Plus-ECL
Oxidizing Reagent Plus (PerkinElmer, USA).

Statistical analysis

The means and standard deviations of three replicates were calculated
using one-way analysis of variance (ANOVA). Student’s t test was
used to determine the statistical significance among different
treatments.
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