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Abstract: Background: microRNAs (miRNAs) are a small, endogenous non-coding RNAs that are 
involved in post-transcriptional gene regulation of many biological processes, including embryo 
implantation and placental development. In our previous study, miR-146a-5p was found expressed 
higher in the serum exosomes of pregnant sows than non-pregnant. The research on miR-146a-5p 
has been mainly related to human diseases, but there are few studies on its effects on the 
reproduction of sows in early pregnancy. 

Objective: In this article, our motivation is to study the role of miR-146a-5p in the early pregnancy 
of sows on the cell proliferetion and apoptosis by targeting SMAD3 and SMAD4. 

Methods: Bioinformatics software was used to identify the target genes of miR-146a-5p. The wild-
type and mutant-type recombinant plasmids of dual-luciferase reporter with 3'-UTR of Smad3 or 3'-
UTR of Smad4 were constructed, and co-transfected in porcine kidney cell (PK-15 cell) with miR-
146a-5p mimic, mimic-NC(M-NC), inhibitor and inhibitor-NC(IN-NC), then dual-luciferase 
activity analysis, qRT-PCR and Western blot were performed to verify the target genes. After the 
transfection of BeWo choriocarcinoma cell (BeWo cell) with miR-146a-5p mimic, M-NC, inhibitor 
and IN-NC, the mRNA expression of Caspase-3, BAX and Bcl-2 was measured using qRT-PCR, 
and the cell proliferation was measured using CCK-8 kit. 

Results: The luciferase, mRNA and protein expression of Smad3 in PK-15 cells treated by Smad3-
3'-UTR-W co-transfected with miR-146a-5p mimic were significantly lower than that with miR-
146a-5p M-NC, and the results of Smad4 were similar to Smad3, but the protein expression had a 
trend to lower in mimic group. The expression level of Bcl-2 in the miR-146a-5p mimic group was 
significantly lower than that in the miR-146a-5p M-NC group, but the expression pattern of 
Caspase-3 was just opposite. The mimic of miR-146a-5p reduced the proliferation of BeWo cells, 
however the inhibitor increased. 

Conclusion: Smad3 and Smad4 are the direct target genes of miR-146a-5p. The expression of 
Smad3 and Smad4 were affected by the mimic and inhibitor of miR-146a-5p. miR-146a-5p affects 
cell apoptosis and proliferation by regulating their target genes. This study provided new data to 
understand the regulation mechanism of early pregnancy in sows. 

Keywords: Smad3, Smad4, miR-146a-5p, cell proliferation, apoptosis, luciferase. 

1. INTRODUCTION 

 microRNAs (miRNAs) are short RNAs that direct 
messenger RNA degradation or disrupt mRNA translation in 
a sequence-dependent manner [1]. The primary biological 
function of miRNAs is to repress the translation of 
messenger targets, typically RNAs (mRNA), by binding to 
highly complementary the 3’ untranslated region [2]. In 
addition, the biological characteristics of microRNAs are  
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extremely stable. For example, microRNAs are well 
preserved in tissue samples even after formalin fixation and 
paraffin embedding, and they can be efficiently extracted and 
evaluated [3]. Therefore, the stability and longevity of 
microRNAs in body fluids have made them attractive targets 
as biomarkers for a variety of conditions, including 
pregnancy disorders [4]. 

 Lawrie et al. reported that miR-21 had the potential as a 
diagnostic biomarker to diffuse large B-cell lymphoma 
(DLBCL) and that the levels of serum miR-21 were 
associated with relapse-free survival in DLBCL patients [5]. 
Bogunia-Kubik et al. found that miR-146a might be 
involved in the pathogenesis of rheumatoid arthritis (RA) 
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and suggested that miR-146a-3p polymorphism might be 
associated with miR-146a-5p levels in serum after anti-TNF-
α treatment [6]. Momen-Heravi et al. found that the 
exosome-based delivery of miRNA-155 mimic or inhibitor 
had significant biological effects on hepatocytes and 
macrophages [7]. Certainly, many exosome miRNAs play 
important roles in human diseases. Vaksman et al. found that 
the exosomal miRNAs from ovarian carcinoma (OC) 
effusion supernatants affected cells in both tumors and the 
surrounding microenvironment, and they could induce more 
aggressive disease [8]. Wenchao et al. identified and 
analyzed the miRNAome of endometrial tissues on the 9th, 
the 12th and the 15th day of the pregnancy and the 12th day 
of non-pregnancy in Meishan and Yorkshire sows using 
Illumina sequencing and identified some miRNAs which 
may be involved in the embryonic implantation [9]. Xipeng 
Zhang et al. found that microRNA-23b inhibited the 
proliferation and migration of heat-denatured fibroblasts by 
targeting Smad3 [10]. Interestingly, in patients with 
endometriosis, miR-142-5p, miR-146a-5p, miR-1281, miR-
940, and miR-4634 were significantly upregulated 
implantation [11]. At the implantation window phase, miR-
142-5p and miR-146a-5p showed significantly enhanced 
expression in endometrium tissues of endometriosis 
infertility patients and may affect embryo implantation by 
acting on a variety of endometrial receptivity marker 
molecules [12].  

 Smad3 bound to the promoter region of P450arom and 
regulated aromatase expression in endometriosis [13]. Smad 
2/3 transcripts were present in oocytes, early cleavage stages 
of embryos, and blastocysts. The presence of TGF-β 
receptors and their transducer proteins Smad 2/3 in the 
oocyte indicates a possibility that TGF-β can regulate oocyte 
processes [14]. During murine embryo development, Smad4 
is required for gastrulation and later for anterior development 
[15]. In addition, the expression levels of Smad2, 3 and 4 in 
human granulosa cells are correlated with the oocyte quality 
and may contribute to fertilization rates [16]. 

 Exosome miRNAs play an important role in 
reproduction, however, there were few reports on the 
miRNAs in serum exosome of sows during early pregnancy. 
In our previous study, miR-146a-5p was found differentially 
expressed in the serum exosomes of pregnant and non-
pregnant sows on the 14th day after mating, and the 
predicted target genes were involved in the regulation of 

embryonic implantation. Therefore, we conducted this study 
to confirm it's predicted targeting genes Smad3, Smad4 and 
their regulation on cell proliferation and apoptosis. 

2. MATERIALS AND METHODS 

2.1. Prediction of Target Genes of miR-146a-5p and 

Construction of Dual-Luciferase Reporter Vector 

 Three online software programs (miRanda, RNAhybrid, 
and targetscan) were used to predict the target genes of miR-
146a-5p, and the intersection of the three results was selected 
as candidate target genes [17, 18]. The candidate target genes 
were screened using the sequencing data and by referring to 
the published references.  

 The primers of wild type and mutant type vectors were 
designed according to the binding site predicted in 3'-UTR of 
target genes (Table 1). The recombinant plasmid of the dual-
luciferase reporter with wild type or mutant type 3'-UTR of 
Smad3 was constructed as per the manual of dual-luciferase 
reporter system, so did Smad4. 

2.2. Dual-Luciferase Assay 

 PK15 cells cultured in a culture flask were digested when 
the cell density reached 60% to 80% confluence. The cells 
were starved with Opti-MEMTM medium and transfected 24 
hours later. Each group of samples was set up in three 
parallel experimental groups with three replicates. The 
miRNA mimics, mimics NC (Ribobio, Guangzhou), 
psiCHECK-2-3'-UTR-wild-type plasmid and psiCHECK-2-
3'-UTR-mutant plasmid were co-transfected into PK15 cells, 
respectively. Six hours after transfection, the culture medium 
was replaced, and cells were harvested 24 hours later.  

2.3. qRT-PCR and Western Blot of Smad3 and Smad4 

 The PK-15 cells were resuscitated, passaged, and 
transfected at 60%-80% confluence. Four treatments were 
set in this experiment: miR-146a-5p mimic, miR-146a-5p M-
NC, miR-146a-5p inhibitor and miR-146a-5p IN-NC. The 
cells were harvested 24 hours after transfection and then the 
cellular RNA and protein were extracted. Reverse 
transcription of cellular RNA was performed for qPCR 
(Table 2). The extracted cellular proteins were checked and 
denatured for Western blot using antibody Rabbit mAb 
#9523 for Smad3 (C67H9), Rabbit mAb #38454 (CST, 

Table 1. Primers information of candidate target genes. 

Target Name Sequence (5'→3') Products Length (bp) 

Ssc-Smad3-W-F CCCTCGAGAGGCAATCAGGGCAGTTCTCGG 

Ssc-Smad3-M-F CCCTCGAGAGGCAATCAGGGCAGTGACCGG 

Ssc-Smad3-W-R ATTTGCGGCCGCTCGGGGCTTGTCTCAAAATGT 

413 

Ssc-Smad4-W-F CCCTCGAGTTAAAGGCAGAGAAGTTCTCAAAG 

Ssc-Smad4-M-F CCCTCGAGTTAAAGGCAGAGAAGGGATCAAAG 

Ssc-Smad4-W-R ATTTGCGGCCGCTTTAGTAACCAACCTTGTGCCT 

442 

Note: Bold and italic bases are protected bases, and the underlined sequences are recognition sequences of restriction enzyme Not I and Xho I. 
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USA) for Smad4 (D3M6U) and β-actin (I102) polyclonal 
antibody (Bioworld Technology, USA) as an internal 
reference.  

2.4. qRT-PCR of Apoptosis-related Genes 

 BeWo cells were cultured and transfected with the miR-
146a-5p mimic, miR-146a-5p M-NC, miR-146a-5p inhibitor 
and miR-146a-5p IN-NC. The cells were seeded in 96-well 
plates at 1 x 104 cells/well. Transfection was conducted 
when the cells reached 60%-80% confluence. The cells were 
harvested and total RNA was purified for reverse 
transcription, then qRT-PCR was performed (Table 3).  

2.5. Proliferation of BeWo Cells 

 BeWo cells were cultured as the proliferation of cells was 
determined at day 1, 2, 3, 4, and 5 after culturing using 
CCK-8 solution (Beyotime).  

3. RESULTS 

3.1. Target Gene Prediction and Construction of 

psiCHECK-2 Recombinant Plasmid 

 Smad3 and Smad4 were predicted as the target genes of 
miR-146a-5p. The 3′-UTR regions of the target genes were 
amplified by PCR. The recombinant psiCHECK plasmids 
with wildtype and mutation 3'-UTR of Smad3 or Smad4 
were constructed using primer site-directed mutation of 

miRNA binding sites (Figure 1). The psiCHECK-2-3'-UTR-
Smad3/4-W and psiCHECK- 2-3'-UTR-Smad3/4-M 
plasmids were successfully constructed (Figure 2).  

 
Figure 1. The binding site of miR-146a-5p to the Smad3 / Smad4 
3'-UTR region. 
Note: The underlined area indicates the target gene mutation site. 

3.2. Dual-Luciferase Assay 

 Co-transfection of psiCHECK-2-Smad3/4-W or 
psiCHECK-2-Smad3/4-M dual-luciferase reporter vectors 
into PK15 cells was performed with the miR-146a-5p mimic 
or miR-146a-5p M-NC. The dual-fluorescence reporter 
system showed that luciferase activity of the Smad3-3'-UTR-
W recombinant plasmid in the miR-146a-5p co-
transformation group was significantly lower than that of the 
miR-146a-5p M-NC group, whereas, in the co-transformed 
Smad3-3'-UTR-M group, there was no significant change in 
luciferase activity between the miR-146a-5p mimic and miR-

Table 2. Real-time PCR primers of SMAD3 and SMAD4. 

Target Name Sequence (5'→3') Products Length (bp) Tm (ºC)  

F:AGGAGGAGAAGTGGTGCGAGAA 
Smad3 

R:AGGCGGCAGTAGATGACATGGG 
196 64 

F:CCATAGACAAGGTGGAGAGAGTG 
Smad4 

R:CTCCAGAGACGAGCATAAATCAC 
225 59 

F:AACATCATCCCTGCTTCTACCG 
GAPDH 

R:GGTCAGATCCACAACCGACAC 
126 59 

 
Table 3. Real-time PCR primers of apoptosis-related genes. 

Target Name Sequence (5'→3') Products Length (bp) Tm (ºC)  

F:GTCGATGCAGCAAACCTCAGGGAA  
Caspase-3 

R:GCTCAGAAGCACACAAACAAAACT 
156 60. 8 

F:CTGTCGCAGAGGGGCTACGAGTGG  
Bcl-2 

R:TCTGCAGCGGCGAGGTCCTGGCGA  
154 60. 8 

F:CCTTTTGCTTCAGGGTTTCATCCA 
BAX 

R:AGTCTGTGTCCACGGCGGCAATCA 
188 60. 8 

F:GCACCGTCAAGGCTGAGAAC 
GAPDH 

R:TGGTGAAGACGCCAGTGGA 
138 60. 8 
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146a-5p M-NC, this further confirmed that the ssc-miR-
146a-5p binds to the 3'-UTR of Smad3 via base comple-
mentation (Figure 3a). The miR-146a-5p transfected group 
significantly reduced luciferase activity, indicating that 
Smad4 is the direct target gene of miR-146a-5p. When the 
recombinant plasmid Smad4-3'-UTR-M was co-transfected, 
there was no significant difference between the two groups, 
which further confirmed the above results (Figure 3b).  

 
 

Figure 2. Double enzyme digestion picture of psiCHECK-2-3'-
UTR -Smad3/4-M recombinant plasmid. 
Note: M is DNA Maker DL 600, 1-3 is the double enzyme digestion picture 
of psiCHECK-2-Smad3-M; 4-6 is the double enzyme digestion picture of 
psiCHECK-2-Smad4-M. 

3.3. Mimic and Inhibitor of miR-146a-5p Affect the 
Expression of Smad3 and Smad4 

 To further study the role of miRNAs in the regulation of 
the target genes, the expression levels of Smad3 and Smad4 
in the miR-146a-5p mimic, miR-146a-5p M-NC, miR-146a-
5p inhibitor and miR-146a-5p IN-NC groups were measured 
using qRT-PCR and Western blotting (Figures 4 and 5). 
Compared with the miR-146a-5p M-NC group, the 
expression of Smad3 mRNA and protein was extremely 
significantly decreased in the miR-146a-5p mimic group 
(P<0. 01). Compared with the IN-NC group, both mRNA 
and protein expression of the Smad3 gene were significantly 
increased in the inhibitor group (P<0. 01). Smad4 was also 
proved as target gene of miR-146a-5p, because transfection 
of mimic reduced the mRNA expression of Smad4 
significantly (P<0.01) and trend to reduce the protein 
expression of Smad4 compared with the M-NC group, the 
miRNA inhibitor group increased the mRNA expression of 
Smad4 extremely significantly (P<0.01) and had a trend to 
reduce the protein expression of Smad4 compared with the 
M-NC group. miR-146a-5p showed inhibitory effects on 
both mRNA and protein expression of SMAD3/4.  

 

    
Figure 3. (a, b) Double luciferase activity analysis of the miR-146a-5p on it’s target genes.

 
Figure 4. mRNA expression of Smad3 and Smad4 in different treatment groups 
Note: **P<0.01, The difference is highly significant. *P<0.05, The difference is significant, the same below. 

(a) (b) 
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Figure 5. (a, b) Protein expression of Smad3 and Smad4 in 
different treatment groups.

3.4. The effect of miRNA on mRNA Expression of 
Apoptosis-related Genes in BeWo cell 

 We examined the effects of miR-146a-5p via over-
expression and inhibition of the miRNA in cultured BeWo 
cells. We quantified the mRNA expression levels of 
apoptosis-related genes by qRT-PCR. After 24 hours, we 
evaluated the expression level of the apoptosis genes Bcl-2, 
Caspase-3 and BAX. The expression level of the apoptosis 
suppressor gene Bcl-2 in the miR-146a-5p mimic group was 
significantly lower than that in the miR-146a-5p M-NC 
group (P<0.05), but there was no significant difference 
between the treatment of miR-146a-5p inhibitor and IN-NC 
(Figure 6). The expression of Caspase-3 mRNA was 

significantly increased after overexpression of the miRNA 
(P<0. 05), but there was no significant difference between 
the miR-146a-5p inhibitor group and IN-NC group; another 
apoptotic gene, BAX, had no difference between the miR-
146a-5p mimic and M-NC group or the miR-146a-5p 
inhibitor and IN-NC group. But after the overexpression of 
miR-146a-5p, the expression of the apoptotic gene BAX 
appeared to be higher than that in the M-NC group. 
Adversely, after inhibition of miR-146a-5p, the expression 
level of BAX was lower than that in the IN-NC group 
(Figure 6). The above results demonstrated that the cells may 
undergo apoptosis after transfection with miR146a-5p 
mimic.  

3.5. Regulation of Cell Proliferation by miR-146a-5p 

 After miR-146a-5p mimic, miR-146a-5p M-NC, miR-
146a-5p inhibitor and miR-146a-5p IN-NC were transfected 
into BeWo cells. The cell proliferation was measured at day 
1, 2, 3, 4, and 5 after culturing using CCK-8 solution. On the 
third day, cell proliferation in the miRNA mimic group was 
significantly lower that in the M-NC group (Figure 7a). On 
the fifth day, the overexpressed miRNA and negative control 
cells showed a decreased trend. The cell proliferation under 
inhibition of miR-146a-5p was significantly higher than that 
of the NC group on the third day (Figure 7b), and the cell 
proliferation showed a gradually increased trend. The results 
demonstrated that the overexpression and inhibition of 
miR146a-5p affected cell proliferation.  

4. DISCUSSION 

 The stability and specificity of miRNAs as biomarkers 
have made them a topic of interest in recent years [19]. 
Related studies have shown that miRNAs play important 
roles in many processes involved in embryonic development 
[20], organogenesis [21], fetal development [22] and 
pluripotency of embryonic stem cells, cell differentiation, 
proliferation, apoptosis, organ development, and growth 
control [23].  

 This study showed that miR-146a-5p regulates cell 
proliferation and apoptosis by targeting Smad3/4. Zhang et 
al. used high-throughput sequencing to identify differentially 
expressed miRNAs in swine lung tissues infected with 
PCV2, and found that four miRNAs were upregulated. They 
suggested that the target genes of those miRNAs may play 
an important role in disease resistance [24]. It had been 
reported that miR-146a-5p targeted IR and inhibited protein 
expression, thereby inhibited adipogenesis [25]. The 
expression of miR-146a-5p can be used as a biomarker for 
the prognosis of patients with Ias [26]. It can also be used as 
a novel biomarker of cisplatin in the treatment of non-small 
cell lung cancer patients and in monitoring drug resistance 
[27]. The above studies demonstrate that miRNAs may play 
important roles in mediating the occurrence, diagnosis, and 
treatment of diseases.  

 TGF-β exerts its biological effects mainly through the 
TGF-β/Smad pathway. Smad3/4 play important roles in 
mammalian physiological processes. Previous studies have 
showed in a mouse model that Smad4 is the target gene of 
miR-146a-5p, and overexpression of Smad4 inhibits miR-
146a-5p expression in muscle cells [28]. In addition, miR-

(a) 

(b) 
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146a may affect the proliferation of APL cells through the 
TGF-β1/Smad signaling pathway [29]. In this study, a dual 
luciferase assay demonstrated that Smad3/4 are the target 
genes of miR-146a-5p, the same results were obtained by 
qRT-PCR and Western Blot. The above results showed that 
miR-146a-5p significantly inhibited Smad3/4 at the mRNA 
level, and also had an inhibitory effect on the post-
transcriptional levels of Smad3/4, which is consistent with 
the hypothesis of miRNA regulation of target genes.  

 In rat primary follicle granulosa cells and follicular cells, 
Smads 1, 2, 3, 4, 5 and 7 are present at all stages of follicular 
development [30]. The regulatory factors of Smad2/3 in the 
TGF-β signaling pathway play an important role in the 
regulation of trophoblast cell function and placental 
preeclampsia [31, 32]. Smad 2/3 and Smad4 are located in 
the cytoplasm of oocytes, ovarian granulosa cells and fetal 
ovarian granulosa cells [33].  

 BeWo cell, an immortalized human placental chorionic 
trophoblast cell line, is similar in morphology and function 
to trophoblast cells. BeWo cell is often used as cell models 
to study cell invasion, secretion, proliferation and apoptosis. 
Zhang et al. showed that under hypoxic conditions, HIF-1α 

and miR-146a promoted the autophagy of chondrocytes by 
inhibiting the expression of Bcl-2 [34]. Zhou et al. found that 
the apoptosis genes Caspase7 and Bcl-2 were target genes of 
miR-146a through bioinformatic analysis and dual-luciferase 
assays [35]. The overexpression of miR-146a can effectively 
reduce the mRNA and protein expression of Caspase-7 and 
Bcl-2, thereby promoting apoptosis. Zhou et al. showed that 
knockdown of miR-146a suppressed cell proliferation and 
colony formation in vitro and in vivo [36]. Zou et al. found 
that miR-146a-5p could regulate the TGF-β1/Smad and 
LPS/NF-κB/Bambi pathways to attenuate liver fibrosis, and 
the overexpression of miR-146a-5p also suppressed the 
proliferation and the activation of HSCs [37]. Inactivating 
mutations in the TGF-β Type-II receptors and SMAD4 have 
been described in tumors even though cancer cells can lose 
the cytostatic responsiveness due to defects in downstream to 
SMAD factors [38]. Li et al. found that the overexpression 
of Smad3 inhibited the expression of both MyoD and 
myogenin in chicken, and suppressed the cell proliferation 
and differentiation [39]. Other miRNAs such as miR-224 and 
miR-26b also targeted the regulation of Smad4 gene and 
affected the proliferation of granulosa cells [40]. Tomic et al. 
showed that knocking out the Smad3 gene caused female 

 
Figure 6. mRNA expression of apoptotic genes.

    
Figure 7. (a, b) Effect of miR-146a-5p on cell proliferation.

(a) (b) 
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mice to aggravate the apoptosis of ovarian granulosa cells, 
hindering the development of follicles, leading to an increase 
in follicular atresia [41]. In our study, the expression of Bcl-
2 gene in cells treated by miR-146a-5p mimic was 
significantly lower than that by miR-NC, which was similar 
to the previous researchers. Therefore, we speculate that 
miR-146a-5p may regulate the target gene Smad3/4, and thus 
regulate the expression of Bcl-2 and Caspase-3 genes. In 
addition, on the third day, the proliferation of cells treated by 
miR-146a-5p mimic was significantly lower than that by M-
NC, while the proliferation of cells treated by miR-146a-5p 
inhibitor was significantly higher than that by IN-NC. These 
results suggested that miR-146a-5p may affect cell 
proliferation by regulating the Smad3/4 genes.  

CONCLUSION 

 This study verified that Smad3 and Smad4 are the direct 
target genes of miR-146a-5p, and miR-146a-5p can regulate 
cell proliferation and apoptosis by targeting Smad3 and 
Smad4. 
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