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Abstract

Schistosomiasis is a serious parasitic disease in humans, which can lead to liver fibrosis and death. 

Accumulating evidence indicated that targeting the deregulated microRNAs could mitigate disease 

outcomes. Here, we showed that progressive hepatic schistosomiasis caused elevation of miR-21 

and efficient and sustained inhibition of miR-21 by using highly hepatic tropic adeno-associated 

virus serotype 8 (rAAV8) protected mice against the lethal schistosome infection through the 

attenuation of hepatic fibrosis. We demonstrated an additive role of IL-13 and TGF-β1 in up-

regulating the miR-21 expression in the hepatic stellate cells (HSCs) by activation of the SMAD 

proteins. Further, the down-regulation of miR-21 in the HSCs reversed hepatic fibrosis by 

enhancing SMAD7 expression, thus repressing TGF-β1/Smad and IL-13/Smad pathways.

Conclusion—Our study revealed the mechanism of IL-13-mediated schistosomiasis hepatic 

fibrosis by up-regulation of miR-21 and highlights the potential of rAAV8-mediated miR-21 

inhibition as a therapeutic intervention for hepatic fibrotic diseases, such as schistosomiasis.
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Schistosomiasis is a serious parasitic disease throughout the world's tropical regions, 

affecting over 200 million people.1 The life cycle of Schistosoma japonicum (S. japonicum) 
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is complex. Post-mating, female schistosoma located in the mesenteric veins of the large 

intestine produce numerous eggs that can be transported via portal veins to the liver. Here, 

the larval miracidia within the mature eggs secrete toxins that elicit host immune responses 

including granulomatous inflammation and fibrotic reactions. Liver fibrosis results in portal 

hypertension and variceal bleeding, and is the primary cause of mortality from 

schistosomiasis.1

Hepatic fibrosis is a common outcome of chronic liver injuries and occurs when hepatic 

stellate cells (HSCs) are activated to become proliferative, contractile, and fibrogenic 

myofibroblasts.2 Activated HSCs secrete excess extracellular matrix (ECM), which is 

deposited in the liver resulting in fibrosis. HSCs also play an important role in linking 

hepatic inflammation to fibrogenesis.3

The deregulation of miRNAs is associated with many human diseases.4 Recent 

investigations revealed that over-expression of miR-21 have been observed in numerous 

cancers and fibrotic diseases.5-8 Other studies provide further evidence that miRNAs can 

mediate the outcomes of host-pathogen interactions. For example, miR-155 has an anti-

HIV-1 effect by targeting HIV-1 dependency factors,9 while miR-122 appears to regulate 

replication of the hepatitis C virus.10 These findings have generated much interest in 

targeting deregulated miRNAs to mitigate human diseases.

As schistosome egg-induced hepatic granulomatous and fibrotic process is complex, we 

hypothesized that host miRNAs are involved in the pathogenesis of hepatic schistosomiasis. 

We tested this hypothesis in a well-studied murine model of human schistosomiasis by 

miRNA profiling and by using a recently developed recombinant adeno-associated virus 

(rAAV)-based approach for potent and sustained miRNA inhibition in the liver.11 We report 

that a number of miRNAs are deregulated in the progression of hepatic schistosomiasis and 

that rAAV-mediated down-regulation of one of these miRNAs (miR-21) provided protection 

against lethal schistosome infection in a mouse model.

Materials and Methods

Mice and parasite infections

Six-week-old male BABL/c mice were purchased from the experimental animal center of 

Second Military Medicine University. For infections, mice were exposed percutaneously to 

16-30 S. japonicum cercariae which were shed from the lab-infected snails 

(Oncomelaniahupensis), obtained from the National Institute of Parasitic Disease, Chinese 

Center for Disease Control and Prevention. All procedures performed on animals within this 

study were conducted in accordance with and by approval of Second Military Medical 

University.

Other Materials and Methods

A detailed description of methodologies (miRNA microarray, RT-PCR, western blot, in situ 

hybridization, primary cell isolation and culture, construction of plasmids and vectors, etc.) 

used in this study can be found in the Supporting Materials and Methods.
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Statistics

Results are reported as mean ± s.d. and compared among groups using two-tailed Student's 

t- test, one-way ANOVA or Kaplan-Meier method. Data were considered statistically 

significant for P values less than 0.05.

Results

Identification of altered miRNA expression profiles

To assess miRNA expression profiles in the liver of mice infected with cercaria of S. 

japonicum, we analyzed the liver samples collected at various time points following the 

infection by using miRCURYTM locked nucleic acid (LNA) miRNA arrays. We showed 

significant differences in the miRNA expression profiles of the samples from day 42 

onwards but not the early-stage infections (Supporting Fig. 1A). Compared with normal 

livers, 25 of up-regulated and 9 of down-regulated miRNAs were found in the mice infected 

with S. japonicum for 70 days (Supporting Fig. 1B). The expression levels of a selected 

subset of the miRNAs from miRNA array analysis were verified by Real-time PCR (RT-

PCR), and the results revealed strong concordance between the two methods (Supporting 

Fig. 1C).

rAAV8-anti-miR-21-TuD mediated down-regulation of miR-21

To investigate if those up-regulated miRNAs were involved in the progression of hepatic 

schistosomiasis, we selected four up-regulated miRNAs (i.e. miR-21, miR-223, miR-146a 

and miR-146b) as the primary candidates for their sustained inhibition using highly hepatic 

tropic rAAV8 vectors expressing Tough Decoy RNAs (TuDs). 11 The potency and 

specificity of the four TuD constructs were validated for inhibition of the corresponding 

miRNAs in HEK293 cells (Supporting Result and Supporting Fig. 2; miR-21 as an 

example).

To examine their potential roles in ameliorating schistosomiasis in vivo, mice were first 

exposed to a lethal dose of S. japonicum cercaria and then intravenously injected with either 

rAAV8-anti-miR-TuD vectors or the scramble vector or PBS control at 10 days post-

infection (Fig. 1A). We found that a single dose of rAAV8-anti-miR-21-TuD protected 

infected mice from the lethal effect of schistosomiasis. All the mice (n=6) receiving rAAV8-

anti-miR-21-TuD survived to the end of the study duration (i.e. 80 days; Fig. 1B, p < 0.001). 

In contrast, all the mice receiving other rAAV8-anti-miRNA-TuD vectors (3 vector groups, 

n=6 per group) or the control vector expressing anti-scramble-TuD (n=6) or PBS (n=6) died 

within 60 days post-infection except for that one mouse each that was treated with rAAV8-

anti-miR-146a-TuD and rAAV8-anti-miR-223-TuD respectively, survived to the end of the 

study duration (Fig. 1B).

Attenuation of hepatic fibrosis by the down-regulation of miR-21

Next, we investigated if the rAAV8-anti-miR-21-TuD-mediated intervention is indeed 

through effective and specific inhibition of miR-21 activity that in turn attenuates the 

pathological progression of the disease. To this end, mice were exposed to a mild dose of 

parasites that would lead to a slower disease progression and prolonged survival and then 
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administered with the rAAV8-anti-miR-21-TuD (Fig. 2A). Our data revealed that the level 

of miR-21 in the anti-miR-21-TuD treated group was significantly lower than the control 

groups at all three post-infection time points (Fig. 2B and 2C). To examine possible off-

target miRNA inhibition of anti-miR-21-TuD, we also analyzed the levels of hepatic 

miR-122 that is the most abundant miRNA in liver. Our data confirmed significant reduction 

of hepatic miR-21 but not miR-122 in the mice receiving rAAV8-anti-miR-21-TuD vector 

(Fig. 2C and Supporting Fig. 3A). We also quantified the miR-21 levels in the other organs 

including heart, kidney, lung, pancreas, spleen, brain, and muscle, and found no significant 

differences of the miR-21 expression among the three groups infected by parasites 

(Supporting Fig. 4), which could reflect the highly hepatic tropism of AAV8. We assessed 

hepatic hydroxyproline content and examined liver histopathology. Inhibition of miR-21 in 

the anti-miR-21-TuD treated animals significantly reduced the hydroxyproline content in 

their livers by 38.3 ± 8.3%, 34.8 ± 4.4% and 39.9 ± 4.5% at the 3 time points as compared to 

the control groups (Fig. 2D). Masson's trichrome staining of liver sections showed 

significantly reduced collagen deposition in the treated mice (Fig. 2E and 2F). Interestingly, 

the hepatic granulomas in the anti-miR-21-TuD group were also significantly shrunk as 

compared to those in the control groups (Supporting Fig. 3B and 3C). However, there were 

no significant differences of the recovered worm and egg burden among these groups, 

indicating the rAAV-delivered TuD treatments had no effect on the parasite development, 

reproduction and survivals (Supporting Fig. 3D and 3E). Besides, comparison of liver 

indexes and transduced vector genomes in the liver showed no significant differences among 

all study groups (Supporting Fig. 3F and 3G).

rAAV8-anti-miR-21-TuD mediated reduction of hepatocellular damage

Mortality from murine schistosomiasis is also associated with other factors such as the 

Th1/Th2 responsive cytokines, hepatic and intestinal histopathology as well as sepsis.12 The 

results from a separate experiment revealed that mice treated with rAAV8-anti-miR-21-TuD 

showed significant reduction in circulating levels of alanine transaminase (ALT), suggesting 

the treatment alleviated hepatocellular damage (Supporting Fig. 5A). Conversely, there were 

no significant differences in serum lipopolysaccharides (LPS) levels among the groups, 

indicating that down-regulation of miR-21 in liver did not relieve the damage to the 

intestinal mucosal barrier (Supporting Fig. 5B). Furthermore, lack of significant differences 

in the levels of IFN-γ and IL-4 among the groups suggested that down-regulation of miR-21 

did not alter Th1/Th2 responses to schistosome parasite infection in mice (Supporting Fig. 

5C and 5D). Consistent with previous studies,13 IFN-γ levels in all groups decreased after 

day 35, while IL-4 was non-detectable in all groups at day 35 but dramatically elevated at 

later time points. This observation was verified by analysis of the intracellular IFN-γ and 

IL-4 production in the CD4+ T cells isolated from the spleens of study animals (Supporting 

Fig. 5E, 5F and 5G). In addition, we detected the expression level of TNF-α, IL-5 and IL-10 

in the liver tissues, and found no significant differences among all study groups (Supporting 

Fig. 6).

Therapeutic potential of rAAV8-anti-miR-21-TuD mediated inhibition of miR-21

To investigate if the down-regulation of miR-21 can reverse the egg-inducing hepatic 

fibrosis, mice were infected with a moderate dose of the parasites. At 42 days post-infection, 
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when hepatic fibrosis and egg granulomas became evident, mice were treated with 

praziquantel. Following administration of praziquantel, mice were injected either with 

rAAV8 vectors or PBS, and then necropsied at 70 days post-infection (Fig. 3A). Again, the 

expression of miR-21 was significantly depleted in the rAAV8-anti-miR-21-TuD treated 

mice (Fig. 3B). Importantly, the rAAV8-anti-miR-21-TuD treatment diminished 

hydroxyproline content by 36.0 ± 4.1% and collagen expression by 39.7 ± 6.9%, as 

compared with the controls (Fig. 3C, 3D and Supporting Fig. 7A). Further, such a treatment 

also reduced the size of egg granulomas by 27.1 ± 13.0% (Fig. 3E and Supporting Fig. 7A) 

and the ALT level in serum by 44.1 ± 19.1% (Fig. 3F). However, comparison of liver 

indexes and egg burdens showed no significant differences among all study groups 

(Supporting Fig. 7B and 7C).

The IL-13-mediated up-regulation of miR-21 expression in HSCs

To identify the specific hepatic cell types involved in the up-regulation of miR-21 

expression, we used in situ hybridization to detect miR-21 expression in mouse liver 

sections. The result showed that the hybridization signals were primarily restricted to the 

small interstitial cells in periphery of egg granulomas (Fig. 4A). Furthermore, the up-

regulation of miR-21 was primarily observed in the isolated HSCs (10.2 ± 1.2 folds, p< 

0.001) and Kupffer cells (4.6 ± 0.9 folds, p=0.002), but not in hepatocytes of the infected 

mice (p = 0.13) (Fig. 4B). We also analyzed the relative expression of miR-21 in different 

hepatic cell types by qPCR and found no significant difference of the expression in HSCs, 

Kupffer cells and hepatocytes of uninfected livers, while in infected livers, miR-21 

expression level was significantly up-regulated in HSC relative to that in Kupffer cells 

(209%) and hepatocytes (646%) (Fig. 4C).

Both TGF-β1 and IL-13 have been identified as major mediators to promote schistosomiasis 

hepatic fibrosis by activating HSCs.14,15 We demonstrated that the expressions of the two 

cytokines, particularly of IL-13, were significantly up-regulated in the schistosome infected 

livers (Fig. 5A and 5B). Moreover, the up-regulation of their expressions seemed to be 

concurrent with the elevation of miR-21 peaked at day 56 after infection. However, the anti-

miR-21-TuD intervention did not alter the expressions of both TGF-β1 and IL-13, indicating 

that the miR-21 should not involve with regulation of both TGF-β1 and IL-13 expressions.

The TGF-β1/Smad pathway has been shown to induce fibrosis by up-regulating miR-21 

expression,6,7 but the mechanism of IL-13-induced hepatic fibrogenesis in schistosomiasis is 

largely unclear. The fact that miR-21 inhibition effectively attenuated the fibrosis prompted 

us to ask whether the IL-13-mediated schistosomiasis haptic fibrosis is also through 

elevating miR-21 expression.We isolated the primary HSCs and stimulated the cells with 

recombinant IL-13 and TGF-β1, respectively. We found that the TGF-β1 induced both 

miR-21 and collagen expression as expected (Fig. 5C); but, importantly, addition of IL-13 

also resulted in significant increases in both miR-21 and collagen expression in a dose-

dependent manner (Fig. 5D). In addition, the combined stimulations of the TGF-β1 and 

IL-13 led to an additive increase in the miR-21 expression (Fig. 5E). These data indicated 

that besides TGF-β1, the IL-13 also significantly up-regulated the miR-21 expression in the 

HSCs and their additive roles in modulating miR-21 expression.
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To verify the observation that the down-regulation of miR-21 by the anti-miR-21-TuD 

intervention did not affect the expression of both TGF-β1 and IL-13 in vivo, we transfected 

a HSC cell line with either miR-21 mimics or inhibitors (anti-miR-21) in vitro. We found 

that the transfection with either miR-21 mimics or the inhibitor altered the miR-21 level and 

production of collagen, but did not affect the expression level of TGF-β1 (Supporting Fig. 

8). In addition, we carried out another experiment with a DC cell line that can produce TGF-

β1 by induction of SEA (soluble egg antigens of S. japonicum). We showed that the SEA 

stimulated the DC line to elevate expression of TGF-β1 (Supporting Fig. 8, NC+SEA and 

Mock+SEA) as compared to that in the control (blank). However, transfection of the DC 

line with either miR-21 mimics or inhibitor did not affect the expression of TGF-β1 

(miR-21+SEA and anti-miR-21+SEA groups), indicating the miR-21 level did not affect 

production of the TGF-β1 in the cell lines.

The IL-13-mediated up-regulation of miR-21 through the SMAD signaling

The TGF-β1/SMAD pathway has been shown to up-regulate miR-21 expression through a 

post-transcriptional regulation in which the activation of SMAD proteins by phosphorylation 

is required.16 We asked whether the up-regulation of miR-21 upon schistosome infection is 

also dependent on the activation of SMAD proteins in HSCs. Therefore, we assayed the 

SMAD proteins in the isolated HSCs of the infected mice by western blot, and found that 

SMAD proteins 1/5, 2 and 3 were all phosphorylated at all the three time points after 

infection, which signifies activation of SMAD proteins, and the intensity of p-SMAD 

proteins peaked at 56 days after infection, well correlated with the trend of miR-21 

expression (Fig. 6A). To identify specific molecules that activate the SMAD proteins, we 

stimulated the mouse primary HSCs with recombinant TGF-β1 and IL-13, respectively, and 

found that the TGF-β1 activated the SMAD2 and 3 proteins while IL-13 activated all the 

SMAD proteins tested including SMAD1/5 (Fig. 6B). These data suggested that the 

activation of SMAD proteins by IL-13, in addition to TGF-β, also trigger the up-regulation 

of miR-21 upon schistosome infection.

SMAD7 is a major inhibitory regulator of SMAD signaling, but also a target of miR-21.6 

We further postulated that the elevated miR-21 activates SMAD proteins by inhibiting 

SMAD7 in HSCs, resulting in the increased expression of collagens. To this end, we 

quantified the transcripts of miR-21, SMAD7 and collagens in the isolated HSCs of the 

infected mice. As expected, significantly elevated miR-21 expression was observed in the 

infected mice without anti-miR-21-TuD treatment (Fig. 6C, group 3 and 4), resulting in 

dramatically decreased SMAD 7 expression (Fig. 6D, group 3 and 4 and Supporting Fig. 

9B) and thereby increased collagen expression such as collagen I and III (Supporting Fig. 

9A, group 3 and 4). In contrast, the anti-miR-21-TuD intervention generated the opposite 

results as observed in the uninfected group (Fig. 6C, 6D, and Supporting Fig. 9A, 9B; group 

1 and 2).

To further study the roles of SMAD7 in the schistosomiasis hepatic fibrosis, we transfected 

the isolated mouse HSCs with a plasmid expressing SMAD7. The overexpression of 

SMAD7 significantly decreased the TGF-β1- induced miR-21 and collagen expressions 

(Fig. 6E and 6F). More importantly, the overexpression also significantly reduced the IL-13-
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induced miR-21 and collagen expression (Fig. 6E and 6F), further demonstrating that IL-13-

mediated hepatic fibrosis be through the up-regulation of miR-21.

Discussion

It is well known that the regulation and function of miRNAs is both organ and cell-type 

specific. The HSCs are the main source of myofibroblasts in the liver. Our data showed that 

up-regulation of miR-21 primarily occurred in the HSCs during hepatic fibrosis, which is 

different from other fibrotic organs such as the fibrotic lung in the myofibroblasts6 and the 

fibrotic kidney in distal tubular epithelial cells.7,8 Moreover, the regulators of 

schistosomiasis hepatic fibrosis are far more complicated than expected. Several persuasive 

infection studies with TGF-β knockout mice demonstrated that TGF-β1 should play a 

modest role in the pathogenesis of schistosomiasis, while the IL-13 is a critical pro-fibrotic 

factor in schistosomiasis associated liver fibrogenesis and its profibrogenic effect is TGF-β 

independent. 15,17 IL-13 canonically signals through activating JAK/STAT6 pathway to 

exert its effects, but it is controversial whether JAK/STAT6 pathway mediates IL-13-

dependent fibrogenesis.18 Recently, Liu et al found that IL-13 activated TGF-β-independent 

SMAD signaling, and Smad1 and Smad2, rather than Smad3, are key mediators of IL-13–

dependent CTGF expression in HSCs via the Erk-MAPK pathway rather than the JAK/

STAT6 pathway,18 which indicated that IL-13 exerts its profibrogenic effect in HSCs via 

SMAD pathway. Here we showed that TGF-β1 and IL-13 additively activated HSCs to 

produce collagens through up-regulation of the same miRNA (i.e. miR-21) by activation of 

distinct SMAD proteins, and down-regulation of miR-21 expression by rAAV8-anti-

miR-21-TuD in the liver repressed IL-13- and TGF-β1-induced hepatic fibrosis via 

inhibition of SMAD signaling but not affecting the expression of both TGF-β1 and IL-13. 

This finding provided substantial basis for developing a miR-21-targeted therapeutic 

strategy to limit the progression of hepatic fibrosis by feedback regulation of both TGF-β1 

and IL-13 pathways.

SMAD7 is a well-documented key antagonist of the SMAD signaling.19 Decreased 

expression of SMAD7 is always observed in the fibrotic tissue, while gene transfer of 

SMAD7 has been shown to be an effective method of blocking fibrogenesis. In addition, 

SMAD7 has been identified as a target gene of miR-21.6 Our data showed that SMAD-

regulated collagen expression was significantly reduced by the overexpression of SMAD7, 

implying that the elevated expression of miR-21 enhanced the production of the collagens 

by targeting SMAD7 and thereby activation of the SMAD proteins. Thus, we proposed a 

positive feedback loop for regulation of the process of HSCs activation (Supporting Fig. 10): 

Infection with schistosome parasites elicits the up-regulation of TGF-β1 and IL-13 

expression, which in turn increases the expression of miR-21 in HSCs through activation of 

SMAD 2 and 3 proteins by TGF-β1 and SMAD1/5, 2 and 3 by IL-13. This elevated 

expression of miR-21 then prompts TGF-β1/Smad and IL-13/Smad signaling to induce 

fibrogenic effects by relieving the inhibitory effect of SMAD7 in the Smad pathways. It is 

worthy pointing out that other signals and pathways that regulate the liver fibrosis through 

the mediators might also be involved in regulating this process.
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MiRNAs have been identified as important regulators of gene expression and their 

deregulation is a common feature of a variety of human diseases. Therefore, targeting these 

regulators by gene delivery offers a new miRNA-directed therapeutic approach.20 It is 

possible that normalizing or correcting the deregulated expression of miRNAs could return a 

cell from a pathological state to its normal phenotype. As the primary cause of mortality in 

schistosomiasis is the formation of liver egg granulomas and secondary hepatic fibrosis, we 

set out to investigate the possibility to mitigate schistosomiasis-mediated liver fibrosis by 

down-regulating miR-21 expression. However, efficient, long-term and safe delivery of 

miR-21 inhibitor to the liver is the bottleneck of this strategy. To this end, we exploited 

recombinant adeno-associated virus (rAAV) as the vector platform for liver gene transfer. 

rAAV holds the promise for different in vivo gene transfer applications because of its broad 

tissue tropism, low immunogenicity, long-term episomal persistence, and encouraging track 

record of safety in a variety of preclinical and clinical studies.21 Particularly, AAV serotype 

8-based rAAV has a strong liver tropism,22,23 and proven to be efficacious and safe for 

liver-directed clinical gene therapy of hemophilia B.24 Importantly, we have recently 

reported to use rAAV for efficient and long-term delivery of a tough RNA decoy (TuD) to 

deplete the most abundant hepatic miRNA, miR-122, and regulate cholesterol metabolism in 

mice.11 Therefore, we opted to use rAAV8 for liver-directed gene transfer of anti-miR-21-

TuD to down-regulate miR-21 in the liver of mice with schistosomiasis. We demonstrated 

that a single administration of rAAV8-anti-miR-21-TuD provided a stable and efficient 

reduction of miR-21 expression, leading to an increase in expression of its target molecule 

and a corresponding phenotypic change. The rAAV8-mediated down-regulation of the 

single miRNA-21 in infected liver effectively prevented the progression of hepatic 

schistosomiasis and protected mice against the lethal effects of schistosomiasis infection. 

More importantly, the single administration of rAAV8-anti-miR-21-TuD to the infected 

mice reversed hepatic fibrosis and reduced the production of collagen and hydroxyproline 

contents, as well as the size of egg granulomas. Although praziquantel has proven to be an 

effective anthelmintic drug for destroying the parasite in schistosomiasis, there is no highly 

effective approach to mitigate hepatic fibrosis caused by schistosomiasis. Our data has 

clearly illustrated that the rAAV8-mediated miR-21 inhibition alleviates such a hepatic 

fibrosis. Thus, we may integrate the conventional schistosome parasite-specific anthelmintic 

drug treatment with miR-21-targeted hepatic fibrosis therapy as a novel combinatory drug-

gene therapy to achieve better overall clinical outcomes in the patients with schistosomiasis. 

In addition, this study highlights the utility of the rAAV8-mediated regulation of miRNAs, 

particularly miR-21, as a method of gene therapy for the treatment of other human diseases. 

For example, as miR-21 over-expression has been reported to occur in numerous cancers,25 

cardiovascular diseases,26 and in other pathophysiological conditions,5 the findings from our 

study may have profound implications for the treatment of those human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Down-regulation of miR-21 protected mice from lethal schistosome infection. (A) Time 

schedule for parasite infection and intravenous injections of various virus constructs or PBS. 

Mice were infected with 30 S. japonicum cercariae at day 0 and treated with various vectors 

at a dose of 1×1012 virus genomes, or PBS at day 10 post-infection. The animals were 

subjected to an 80-day survival study. (B) Kaplan Meier Survival curves were plotted for all 

groups as indicated.
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Fig. 2. 
Down-regulation of miR-21 attenuated schistosomiasis-induced hepatic fibrosis in mice. (A) 

Time schedule for parasite infection and intravenous injections of virus constructs or PBS 

and sample withdrawal. Mice were infected with 16 S. japonicum cercariae at day 0 or 

remained uninfected. Infected mice received various vectors at a dose of 6×1011 virus 

genomes or PBS at day 10 post-infection. Liver samples were collected at the indicated time 

points. (B) RT-PCR analysis of expression levels of miR-21 in the liver samples. (C) 

Northern blots analysis of miR-21, miR-122, and U6 in total RNA from liver of mice after 

56-day infection. Three or four biological replicates are shown. (D) Collagen content of the 

livers determined as hydroxyproline content. (E) Masson's trichrome staining of collagen in 

He et al. Page 12

Hepatology. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the liver sections. Scale bar, 200 μm. (F) Fibrosis scores measured from Masson's trichrome 

staining liver sections.
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Fig. 3. 
Down-regulation of miR-21 partially reversed schistosomiasis-mediated hepatic fibrosis. (A) 

Time schedule for parasite infection and intravenous injections of virus constructs or PBS 

and sample withdrawal. Mice were infected with 25 S. japonicum cercariae or remained 

uninfected. The infected mice were treated with praziquantel to kill the parasites, and then 

received either the different vectors at a dose of 1×1012 virus genomes or PBS at day 42 

post-infection. Liver and serum samples of the mice were collected at day 70 post-infection. 

(B) RT-PCR analysis of expression levels of miR-21 in the liver samples. (C, D) Collagen 

content of the livers was measured as (C) hydroxyproline content and (D) fibrosis score 

determined from Masson's trichrome staining liver sections (Supporting Fig. 6A). (E) Mean 

area of granuloma measured from Mayer's H&E staining liver sections (Supporting Fig. 6A) 

using a calibrated measuring eyepiece. (F) Levels of serum ALT.
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Fig. 4. 
MiR-21 was primarily located in the activated HSCs. (A) In situ hybridization of miR-21 in 

liver sections from infected mice after 56-day infection. Scale bar, 200 μm. (B) RT-PCR 

analysis of miR-21 expression levels in HSCs, hepatocytes, and Kupffer cells isolated from 

livers of three to five uninfected or infected mice after 56-day infection. (C) Hepatocytes, 

Kupffer cells (KC), HSCs were isolated from livers of uninfected or infected mice (56 days 

post-infection), and relative miR-21 expression in comparison with hepatocytes of 

uninfected mice was determined by qPCR.
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Fig. 5. 
The additive role of the TGF-β1 and IL-13 in the schistosomiasis hepatic fibrosis through 

up-regulation of miR-21expression. (A, B) RT-PCR analysis of expression levels of TGF-β1 

(A) and IL-13 (B) in the infected livers from the 4 groups described in Fig. 2A. (C, D) 

MiR-21 or Col1α1 expression levels in HSCs after TGF-β1 or IL-13 stimulation. Primary 

mouse HSCs were treated at day 3 after seeding with 0, 5, 25, 50, 100 ng/mL TGF-β1 or 

IL-13 for 24 hours. Total RNA was extracted for RT-PCR analysis. (E) Primary mouse 

HSCs were treated at day 3 after seeding with 25 ng/mL TGF-β1, 50 ng/mL IL-13 or the 

mixture of 25 ng/mL TGF-β1 and 50 ng/mL IL-13 for 24 hours, respectively. Total RNA 

was extracted for RT-PCR analysis of miR-21 expression levels.
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Fig. 6. 
The TGF-β1- and IL-13-mediated up-regulation of miR-21 involves the SMAD pathway. 

(A) Phosphorylation-mediated activations of SMAD proteins were determined by western 

blot for HSCs isolated from the livers of three to five uninfected or infected mice at various 

time points. (B) Primary mouse HSCs were treated at day 3 after seeding with 25 ng/mL 

TGF-β1 or 50 ng/mL IL-13 for 24 hours. Total protein was extracted and analyzed for 

phospho-SMAD proteins by western blot. (C, D) HSCs were isolated from the livers of three 

to five mice from the four groups aforementioned after 56-day infection, respectively. Total 

RNA was extracted for RT-PCR analysis of (C) miR-21 and (D) SMAD7 expression levels. 

(E, F) Primary mouse HSCs were transfected with either EGFP or SMAD7 plasmids at day 

2 after seeding and then treated with 25 ng/mL TGF-β1 or 50 ng/mL IL-13 at day 3 for 24 

hours. Total RNA was extracted for RT-PCR analysis of (E) miR-21 and (F) Col1α1 

expression levels.
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