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Abstract: Placenta-derived mesenchymal stem cells (PD-MSCs) have been highlighted as therapeutic 18 

sources in several degenerative diseases. Recently, microRNAs (miRNAs) were mediated one of the 19 

therapeutic mechanisms of PD-MSCs in regenerative medicine. To enhance the therapeutic effects of 20 

PD-MSCs, we established functionally enhanced PD-MSCs with phosphatase of regenerating liver-1 21 

overexpression (PRL-1(+)). However, the profile and functions of miRNAs induced by PRL-1(+) PD-22 

MSCs in a rat model with hepatic failure prepared by bile duct ligation (BDL) remained unclear. 23 

Hence, the objectives of the present study were to analyze the expression of miRNAs and investigate 24 

their therapeutic mechanisms for hepatic regeneration via PRL-1(+) in a rat model with BDL. We 25 

selected candidate miRNAs based on microarray analysis. Under hypoxic conditions, compared with 26 

invaded naïve PD-MSCs, invaded PRL-1(+) PD-MSCs showed improved integrin-dependent 27 

migration ability through RHO family-targeted miRNA expression (e.g., hsa-miR-30a-5p, 340-5p, 28 

and 146a-3p). Moreover, rno-miR-30a-5p and 340-5p regulated engraftment into injured rat liver by 29 

transplanted PRL-1(+) PD-MSCs through the integrin family. Additionally, an increase in PDGFRA 30 

by suppressing rno-miR-27a-3p improved vascular structure in rat liver tissues after PRL-1(+) PD-31 

MSCs transplantation. Furthermore, decreased rno-miR-122-5p was significantly correlated with 32 

increased proliferation of hepatocytes in liver tissues by PRL-1(+) PD-MSCs by activating IL-6 33 

signaling pathway through the repression of rno-miR-21-5p. Taken together, these findings improve 34 

the understanding of therapeutic mechanisms based on miRNA-mediated stem cell therapy in liver 35 

diseases. 36 

 37 
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1. Introduction 43 

 Although the liver has an exceptional regenerative ability, hepatic diseases are induced by 44 

several environmental factors, such as viral infection and chemical exposure [1]. Accumulated 45 

fibrosis, progressive hepatic vascular pressure, and inflammatory reaction due to continuous hepatic 46 

damage are the main causes of liver cirrhosis [2]. In particular, failure of the hepatocyte-endothelium 47 

crosstalk in the damaged liver results in abnormal healing, which is shown by the formation of 48 

fibrosis or scar tissues [3]. Additionally, the abnormal hepatic vasculature system not only represses 49 

metabolic ability but also exhibits fibrotic pathophysiology [4,5]. Presently, orthotopic transplantation 50 

of the liver is credited as the only therapeutic surgical method to treat irreversible hepatic failure. 51 

However, this operation has many limitations (e.g., insufficiency of donors and the problem of 52 

immunity) [6]. 53 

 Recently, the facilitation of hepatic regeneration in chronic liver injuries by mesenchymal 54 

stem cells (MSCs) was shown to be a useful cell therapy source [7,8]. In previous reports, we 55 

demonstrated that placenta-derived MSCs (PD-MSCs) have a therapeutic effect on carbon 56 

tetrachloride (CCl4)-injured rat liver through antifibrotic, antiapoptotic, and autophagic mechanisms 57 

and epigenetic alterations of interleukin-6 (IL-6)/signal transducer and activator of transcription 3 58 

(STAT3) signaling [9,10]. Also, the migration activity of MSCs into injured tissues is an important 59 

factor in maximizing their therapeutic effects because transplanted MSCs adhere to the endothelium 60 

of vessel and migrate into damaged tissues through chemoattraction [11,12]. We previously 61 

demonstrated that PD-MSCs migrated and invaded endothelial cells in a hypoxic environment 62 

through Integrin alpha 4 (ITGA4) and RHO signaling [13]. Integrin-dependent signaling activates 63 

adhesion to enhance MSC migration into injured target tissues. Additionally, migrated MSCs promote 64 

microvessel regeneration in damaged tissues [14]. It is well known that MSCs have angiogenic 65 

paracrine effects via secreted molecules, including several growth factors and secretomes, and 66 

vascular remodeling, which increase the proliferation and viability of endothelial cells. However, 67 

there are still unclear the mode of action of naive MSCs as well as low efficacies of MSCs in 68 

degenerative diseases. Due to the reason, many scientists have been tried to develop next-generation 69 

stem cells, which have functionally enhanced potentials.  70 
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 Recently, it was reported that phosphatase of regenerating liver-1 (PRL-1; protein tyrosine 71 

phosphatase type IVA, member 1; PTP4A1; PTPCAAX1), which was identified as an immediate 72 

early gene, is involved in vascular regeneration by increasing portal flow in a partial hepatectomy 73 

model during hepatic regeneration [15] and in mitogenic upregulation [16]. Moreover, PRL-1 induces 74 

migration and adhesion by activating c-Src levels [17], and p115 Rho GTPase-activating protein 75 

(GAP) binds PRL-1 through the Src homology 3 domain [18]. In particular, miR-26a, miR-944, and 76 

miR-601 suppressed cell migration and invasion by targeting PRL-1 [19-21]. 77 

 MicroRNAs (miRNAs) are small, noncoding, single-stranded RNA sequences, 18-22 78 

nucleotides in length, that regulate diverse cellular processes by binding to the 3'-untranslated region 79 

(3'-UTR) of target mRNAs, resulting in mRNA degradation and translational repression [22]. 80 

miRNAs are important regulators of stem cells in the treatment of various diseases, such as liver 81 

fibrosis [23]. Downregulation of miR-30e expression in a CCl4-induced hepatic fibrosis model by 82 

human bone marrow-derived MSCs (hBM-MSCs) resulted in migration ability [24]. Moreover, 83 

umbilical cord MSCs (UC-MSCs) transplantation reduced the severity of hepatic fibrosis in a CCl4-84 

injured mouse model through the suppression of miR-199 expression targeted to the 3'-UTR site of 85 

keratinocyte growth factor mRNA to decrease translation [25]. 86 

 However, the profile and functions of the miRNAs that mediate liver regeneration following 87 

the administration of functionally enhanced PD-MSCs with PRL-1 overexpression (PRL-1(+)) to the 88 

bile duct ligation (BDL)-injured rat model remain unclear. Therefore, the major objective of the study 89 

was to analyze the expression patterns of miRNAs and to investigate miRNA-mediated therapeutic 90 

effects on hepatic regeneration on the engraftment of PRL-1(+) PD-MSCs through changes in 91 

adhesion molecules and angiogenic factor-targeted miRNAs in a rat model with BDL. 92 

 93 

2. Results 94 

2.1. miRNA Profiling of Invaded Naïve PD-MSCs Under Hypoxic Conditions and in BDL-Injured 95 

Liver in Rats 96 

 To determine miRNA-mediated regulation of the migration ability of PD-MSCs, we assessed 97 

the microarray of invaded naïve PD-MSCs under hypoxic conditions and from the liver samples of 98 
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rats with BDL administered naïve PD-MSCs at 1 and 2 weeks. First, the mRNA expression profile 99 

revealed significantly increased hypoxia-inducible factor 1 alpha (HIF1A) and vascular endothelial 100 

growth factor (VEGF) in the invaded naïve PD-MSCs under hypoxic conditions compared with those 101 

under normoxic conditions (Figure 1A, *p<0.05). In the microarray data, 57 miRNAs were detected in 102 

invaded naïve PD-MSCs under hypoxic conditions and in BDL-injured rat liver samples transplanted 103 

with MSCs. We found the 2 miRNAs were downregulated and 18 miRNAs were upregulated under 104 

hypoxic conditions compared with normoxic conditions (Hyp/Nor), in the transplanted naïve (TTx 105 

Naïve) group at 1 week compared with the nontransplanted (NTx) group at 1 week (TTx/NTx 1w), 106 

and in the TTx Naïve group at 2 weeks compared to the NTx group at 2 weeks (TTx/NTx 2w). 107 

Moreover, we identified 3 downregulated miRNAs and 34 upregulated miRNAs shared by the 108 

Hyp/Nor and TTx/NTx 1w comparisons and 9 downregulated miRNAs and 25 upregulated miRNAs 109 

shared by the Hyp/Nor and TTx/NTx 2w comparisons. Also, we identified 3 downregulated miRNAs 110 

and 26 upregulated miRNAs shared by the TTx/NTx 1w and TTx/NTx 2w comparisons (Figure 1B, 111 

C). The data suggested that the miRNA profiles of naïve PD-MSCs with migration ability under 112 

hypoxic conditions and of BDL-injured rat liver samples were identical. 113 

 114 

2.2. PRL-1-Dependent Migration Ability Under Hypoxic Conditions Regulated by miRNAs Targeting 115 

the Integrin Family 116 

 To investigate whether invaded PD-MSCs with PRL-1(+) regulate adhesion-related 117 

molecules for cell migration, we assessed mRNA and targeting miRNA expression in invaded PD-118 

MSCs with PRL-1(+) under hypoxic conditions. We analyzed the migration ability of naïve PD-119 

MSCs and PD-MSCs with PRL-1(+) using a transwell insert system. Increased HIF1A and VEGF 120 

levels were confirmed in invaded PD-MSCs with PRL-1(+) under hypoxic conditions compared with 121 

those under normoxic conditions (Figure 2A, *p<0.05). Interestingly, the mRNA expression of PRL-1 122 

was increased in invaded naïve PD-MSCs under hypoxia compared with those under normoxia. 123 

Moreover, hypoxia-treated PRL-1(+) PD-MSCs are higher PRL-1 expression than normoxia. We 124 

found that the hsa-miR-30a-5p binding site is conserved in the 3'-UTR of the PRL-1 mRNA. hsa-125 

miR-30a-5p expression clearly matched the mRNA expression of PRL-1 in naïve and PRL-1(+) PD-126 
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MSCs under hypoxic conditions (Figure 2B, #p<0.05). The invaded naïve PD-MSCs showed 127 

decreased ITGA4 expression under hypoxic conditions compared with normoxic conditions. The 128 

evidence supported our previous report that decreased ITGA4 expression controls the migration 129 

ability of hypoxic naïve PD-MSCs [13]. On the other hand, PRL-1(+) PD-MSCs exposed to hypoxia 130 

had a significant increase in ITGA4 expression. The targeting of hsa-miR-340-5p to ITGA4 was 131 

confirmed (Figure 2C, #p<0.05). Additionally, integrin beta 7 (ITGB7) expression in naïve PD-MSCs 132 

was higher under hypoxia than under normoxia. Interestingly, we found that PRL-1(+) PD-MSCs 133 

under hypoxia had remarkably increased ITGB7 mRNA levels. Moreover, hsa-miR-146a-3p 134 

expression was capable of more markedly downregulating the expression of ITGB7 in PRL-1(+) PD-135 

MSCs than in naïve (Figure 2D, #p<0.05). These results suggest that the hypoxia-mediated migration 136 

ability of PRL-1(+) PD-MSCs regulates miRNAs through the integrin family. 137 

 138 

2.3. PRL-1-Targeted miRNA Expression Regulates Migration Ability Through the RHO Family 139 

 Interestingly, we found that PRL-1(+) PD-MSCs had increased migration ability under 140 

hypoxic conditions compared with normoxic conditions. Therefore, we hypothesized that PRL-1 may 141 

be positively related to migration ability. To confirm the function of PRL-1 in the migration of PD-142 

MSCs, we used siRNA-PRL-1 (siPRL-1) treatment to knock down PRL-1 expression. The number of 143 

invaded PRL-1(+) PD-MSCs was higher than that of naïve. On the other hand, in the invasion of 144 

naïve and PRL-1(+) PD-MSCs was significantly decreased with siPRL-1 treatment (Figure 3A, B, 145 

#p<0.05). Moreover, we verified PRL-1 expression with or without siPRL-1 treatment. hsa-miR-30a-146 

5p expression was decreased in invaded PRL-1(+) PD-MSCs compared to invaded naïve PD-MSCs. 147 

The knockdown of PRL-1 induced increased hsa-miR-30a-5p levels (Figure 3C, #p<0.05). The 148 

expression levels of ras homolog family member A (RHOA) and rho-associated coiled-coil-149 

containing protein kinase 1 (ROCK1) were significantly increased in invaded PRL-1(+) PD-MSCs 150 

and without siPRL-1 treatment compared to invaded naïve PD-MSCs. Following siPRL-1 treatment, 151 

the mRNA expression levels of RHOA and ROCK1 were clearly attenuated in naïve and PRL-1(+) 152 

PD-MSCs (Figure 3D, #p<0.05). The data demonstrate that PRL-1-dependent miR-30a-5p regulates 153 

migration through the RHO family. 154 
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 155 

2.4. Integrin Family Regulates miRNA Expression for PRL-1(+) PD-MSC Homing in vivo in a Rat 156 

Model with BDL 157 

 One function of MSCs is efficient stem cell homing and migration into injured target tissue 158 

for therapy [26]. Activated integrin family, RHOA and downstream factor ROCK regulate MSC 159 

adhesion and migration by regulating phosphorylated focal adhesion kinase (FAK) [27]. Therefore, 160 

we confirmed that the integrin family regulates miRNA expression for stem cell engraftment in a 161 

BDL-injured rat model. After each MSC transplantation, the human-specific Alu sequence in cirrhotic 162 

liver samples from each rat group was confirmed using quantitative real-time polymerase chain 163 

reaction (qRT-PCR) analysis. Compared to the Non-transplantation (NTx) group, the tail-vein 164 

transplantation (TTx) Naïve group had increased human-specific Alu expression. Interestingly, we 165 

found that compared to the TTx Naïve group, the TTx PRL-1(+) group exhibited a remarkable 166 

increase in Alu level (Figure 4A, #p<0.05). Consistently, ITGA4 and ITGB7 expression in the TTx 167 

PRL-1(+) group was significantly increased compared to the TTx Naïve group (Figure 4B, #p<0.05). 168 

We searched for differences in hsa-miR-30a-5p and rno-miR-30a-5p. Although hsa-miR-30a-5p 169 

targets PRL-1 mRNA, rno-miR-30a-5p targets integrin alpha 6 (ITGA6) in miRNA-target prediction 170 

databases (http://www.mirdb.org and http://www.targetscan.org). rno-miR-340-5p also targets 171 

integrin beta 1 (ITGB1). The mRNA level of ITGA6 was decreased in the NTx group compared to the 172 

TTx group. rno-miR-30a-5p was increased in the NTx groups compared with the TTx groups except 173 

at 1 week. Interestingly, ITGA6 expression was significantly increased in the TTx PRL-1(+) group 174 

compared with the TTx Naïve group by repressing rno-miR-30a-5p level (Figure 4C, #p<0.05). 175 

Moreover, the ITGB1 expression of the TTx PRL-1(+) group was remarkably improved compared to 176 

that of the NTx and TTx Naïve groups by suppressing rno-miR-340-5p level (Figure 4D, #p<0.05). 177 

The results suggested that the integrin family regulates miRNA expression for engraftment into 178 

injured liver by PRL-1(+) PD-MSC transplantation in a rat model with BDL. 179 

 180 
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2.5. Improved Vascular Remodeling by PRL-1(+) PD-MSCs Through the Regulation of miRNA 181 

Expression by PDGFRA in a BDL-injured Rat Model 182 

Generally, vascular structure and their functions in tissues are one of important factors to maintain 183 

homeostasis of organs. However, they are changed to abnormal conditions when they exposed to 184 

stress or damaged conditions. So, abnormal vascular structures in damaged liver tissues are common 185 

evidences. To analyze vascular remodeling following the transplantation of naïve and PRL-1(+) PD-186 

MSCs into a BDL rat model, we confirmed the expression and localization of angiogenic factors. 187 

Compared to that in the NTx group, the mRNA expression of endoglin (ENG) in the TTx Naïve group 188 

was increased at 2 and 3 weeks. Interestingly, compared with the TTx Naïve groups, the TTx PRL-189 

1(+) group had significantly improved ENG expression and platelet-derived growth factor receptor 190 

beta (PDGFRB) level (Figure 5A, B, #p<0.05). Furthermore, the PDGF receptor alpha (PDGFRA)-191 

targeted rno-miR-27a-3p was significantly repressed in the TTx Naïve group at 2, 3, and 5 weeks and 192 

the TTx PRL-1(+) group at 1, 2, and 3 weeks compared to the NTx group. In contrast to the 193 

expression of rno-miR-27a-3p, the expression pattern of PDGFRA in the TTx PRL-1(+) group was 194 

remarkably increased (Figure 5C, #p<0.05). To investigate the localization and expression of 195 

PDGFRA in BDL rat liver tissues transplanted with PRL-1(+) PD-MSCs, we performed 196 

immunofluorescence assays. PDGFRA was localized in the membrane of liver sinusoidal endothelial 197 

cells and in the hepatic nucleus. In particular, the expression of PDGFRA was upregulated in the TTx 198 

PRL-1(+) group compared with the NTx and TTx Naïve groups (Figure 5D). These results indicate 199 

that vascular remodeling is improved by PRL-1(+) PD-MSCs through the PDGFRA-mediated 200 

regulation of miRNA expression in a rat model of BDL. 201 

 202 

2.6. miRNAs Mediated Hepatic Regeneration by PRL-1(+) PD-MSCs in a Rat Model with BDL 203 

through IL-6/STAT3 Signaling 204 

 To determine whether the administration of PRL-1(+) PD-MSCs could induce liver 205 

regeneration by regulating miRNAs, interleukin-6 (IL-6)/signal transducer and activator of 206 

transcription 3 (STAT3) signaling, which is a representative pathway that promotes liver regeneration 207 

and well-known cytokine of hepatocyte protection, the expression of mRNA, protein, and regulating 208 
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miRNAs was confirmed in rat livers with BDL-injured model. We examined whether PRL-1(+) PD-209 

MSCs promoted hepatocyte proliferation in rat BDL-injured livers, and proliferating cell nuclear 210 

antigen (PCNA) immunohistochemistry was used to analyze liver tissues. The mRNA expression of 211 

interleukin 6 receptor (IL-6R) was increased in the TTx Naïve group compared with that the NTx 212 

group at 2 and 5 weeks. Interestingly, compared with the TTx Naïve groups, the TTx PRL-1(+) 213 

groups had significantly improved IL-6R levels. rno-miR-21-5p-targeted IL-6R expression was 214 

downregulated in the TTx Naïve group at 2, 3, and 5 weeks and in the TTx PRL-1(+) group at 1 and 2 215 

weeks compared with the NTx group (Figure 6A, #p<0.05). We analyzed the protein levels of IL-6 216 

and glycoprotein 130 (gp130), which is a type I cytokine receptor of IL-6, and the phosphorylation 217 

level of STAT3 in rat BDL-injured liver. Although the gp130 level showed no significant differences 218 

among the groups except for in the sham control (Con) group, the expression of endogenous IL-6 and 219 

phosphorylated STAT3 in the liver was higher in the TTx Naïve group than in the NTx group at 1 220 

week. In particular, the TTx PRL-1(+) group had equally improved IL-6 and phosphorylated STAT3 221 

levels compared with the TTx Naïve group (Figure 6B). Furthermore, to analyze the transcription 222 

factors involved in the liver regeneration of rats with BDL-injured liver, the mRNA expression levels 223 

of HNF1 homeobox A (HNF1A) and hepatocyte nuclear factor 4 alpha (HNF4A) were measured and 224 

were found to be increased in the TTx Naïve group compared with the NTx group. Prominent 225 

increases in HNF1A and HNF4A expression were observed in the TTx PRL-1(+) group compared to 226 

the TTx naïve group. rno-miR-122-5p, which is a representative liver-enriched miRNA that targets 227 

HNF1A in the TTx groups, also caused downregulated expression in the TTx groups compared with 228 

the NTx group. In particular compared with the TTx Naïve group, the TTx PRL-1(+) group showed 229 

remarkably decreased expression of rno-miR-122-5p (Figure 6C, D, #p<0.05). Consistently, to 230 

confirm the proliferation of hepatocytes following the transplantation of PRL-1(+) PD-MSCs, we 231 

analyzed immunohistochemical staining for PCNA in rat liver tissues. The largest number of PCNA-232 

positive hepatocyte was observed in the TTx PRL-1(+) group, followed by the TTx Naïve and NTx 233 

groups (Figure 6E, F, #p<0.05). These data indicate that PRL-1(+) PD-MSCs may regulate miRNA-234 

mediated hepatic regeneration through IL-6/STAT3 signaling. 235 

 236 
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3. Discussion 237 

 Mesenchymal stem cells (MSCs) have promising potential in regenerative medicine, 238 

including self-renewal, differentiation, and immunomodulatory effects [28,29]. Recent studies 239 

revealed that the modulation of miRNA by MSCs is involved in the therapeutic effect between MSCs 240 

and injured tissues [30].  In our study, miRNA candidates for stem cell engraftment and vascular 241 

remodeling were selected because they were involved in invaded placenta-derived MSCs (PD-MSCs) 242 

under hypoxic conditions as well as bile duct ligation (BDL)-injured rat livers at 1 and 2 weeks post-243 

transplantation and had demonstrated effects on liver regeneration (Figure 1). First, integrin-244 

dependent targeting miRNAs (e.g., hsa-miR-30a-5p, has-miR-340-5p, and has-miR-146a-3p) were 245 

selected. Target genes were searched in miRNA databases (http:// www.mirdb.org and 246 

http://www.targetscan.org). 247 

 Generally, the migration of MSCs under low oxygen concentrations is affected by the altered 248 

integrin expression and cell-to-cell adhesion [31]. Our previous reports confirmed that invaded naïve 249 

PD-MSCs under hypoxia showed decreased integrin alpha 4 (ITGA4) and increased integrin beta 7 250 

(ITGB7) expression for homing effects through the RHO family [13]. In bone marrow-derived MSCs 251 

(BM-MSCs), hypoxia inducible factor 1 alpha (HIF1A)-induced microenvironment factors, including 252 

hypoxia and ITGA4 expression, impacting the migration ability of BM-MSCs [32]. We confirmed that 253 

ITGA4 expression under hypoxia was decreased in naïve PD-MSCs by suppressing hsa-miR-340-5p. 254 

Interestingly, compared with naïve, PRL-1(+) PD-MSCs under hypoxia significantly increased both 255 

ITGA4 and ITGB7 expression (Figure 2). These data are well matched with the characteristics of 256 

PRLs (e.g., PRL-1, PRL-2, and PRL-3), which identically promote cell migration and invasion [33-35]. 257 

In general, integrin-mediated adhesion initiated signal transduction by inducing the 258 

autophosphorylation of FAK [36,37]. Previous evidence suggested that PRL-1 may regulate the 259 

activation of the integrin family. Interestingly, we found that hsa-miR-30a-5p, which targets PRL-1, 260 

also regulated ITGA4 and its targeted sequences (Table S3). In addition, we confirmed that the 261 

knockdown of PRL-1 decreased migration ability and suppressed hsa-miR-30a-5p though the RHO 262 

family (Figure 3). Also, Ma F et al and their colleagues suggested that the targeting of ITGA4 by the 263 

hsa-miR-30s family decreased the proliferation of human coronary artery endothelial cells.   264 
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 Therefore, we hypothesized that PRL-1(+) PD-MSCs in a liver failure model had improved 265 

engraftment into targeted injured tissues and mediated repair through MSC migration. To verify this 266 

hypothesis, an increase in the human-specific Alu sequence was confirmed after the administration of 267 

PRL-1(+) PD-MSCs to a rat model of BDL but not after the administration of naïve PD-MSCs, 268 

resulting in ITGA4 and ITGB7 expression. Drescher et al. suggested that the cell migration mediated 269 

by the adhesion molecule ITGB7 was involved in the outcome of nonalcoholic steatohepatitis [38]. 270 

We confirmed that the targeting of integrin alpha 6 (ITGA6), but not ITGA4, by rno-miR-30a-5p and 271 

the targeting of ITGB1, but not ITGA4, by rno-miR-340-5p were significantly repressed in following 272 

transplantation with  PRL-1(+) PD-MSCs (Figure 4). Human MSC engraftment into the CCl4-injured 273 

liver of a murine model regulated ITGB1 in a cluster of differentiation 44 (CD44)-dependent manner 274 

[39]. These results are similar with our data. 275 

 The transplanted MSCs were found to undergo endothelial transmigration along sinusoidal 276 

endothelial cells [40]. A previous study suggested that increased platelet-derived growth factor 277 

(PDGF) levels induced liver regeneration by releasing umbilical cord-derived MSCs (UC-MSCs) in a 278 

carbon tetrachloride (CCl4)-injured rat model [41]. Moreover, the direct targeting of PDGF receptor 279 

beta (PDGFRB) by miR-26b-5p is associated with the negative regulation of angiogenesis and 280 

fibrosis in a liver fibrosis model treated with methionine-choline-deficient and high-fat diets [42]. 281 

Interestingly, we confirmed that the mRNA expression levels of endoglin (ENG), PDGF receptor 282 

alpha (PDGFRA), and PDGFRB induced by PRL-1(+) PD-MSC transplantation in a rat model with 283 

BDL were higher than that those induced by transplantation with naïve PD-MSC at 1 week through 284 

the suppression of rno-miR-27a-3p and the localization of PDGFRA in the hepatic nucleus and in 285 

endothelial cells (Figure 5). 286 

 We previously reported the hepatic regeneration induced by naïve PD-MSCs is involved with 287 

activated interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) signaling and 288 

the methylation of inhibited IL-6/STAT3 promoters in a CCl4-injured rat model [10]. We confirmed 289 

the protein expression of IL-6/STAT3 in the TTx Naïve and the NTx groups of a rat model with BDL. 290 

Interestingly, compared with the TTx Naïve group, the TTx PRL-1(+) group had significantly 291 

increased IL-6/STAT3 at 1, 2, and 3 weeks post-transplantation. This result may suggest that PRL-1 292 
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led to the phosphorylation of downstream factors, including STAT3, by Src activation for liver 293 

regeneration [43]. Additionally, we found that rno-miR-21-5p-targeted interleukin 6 receptor (IL-6R) 294 

expression was significantly repressed in the TTx PRL-1(+) group at 1 week and 2 weeks post-295 

transplantation. A previous report indicated that miR-21-5p expression was upregulated in patients 296 

with hepatitis B-related acute-on-chronic liver failure compared with controls [44]. These results show 297 

a possibility of mo-miR-21-5p as a biomarker for prediction liver regeneration after stem cell therapy. 298 

Moreover, miR-122, which is a liver-enriched miRNA, plays a central role in liver function and in the 299 

progression of liver disease [45]. In a liver fibrosis model induced by CCl4, miR-122-modified 300 

adipose-derived MSCs inhibited collagen accumulation by suppressing the activation of hepatic 301 

stellate cells (HSCs) [46,47]. Our result indicated that rno-miR-122-5p-targeted HNF1A, which is a 302 

major transcription factor during liver development and regeneration, and PCNA expression in 303 

proliferating hepatocytes were dramatically decreased in PRL-1(+) PD-MSCs compared with naïve 304 

(Figure 6). However, miRNA expression in rat liver tissues after transplantation with PRL-1(+) PD-305 

MSCs was not the same each week because tissue-specific miRNA patterns vary according to the 306 

stage of diseases. 307 

 In conclusion, our findings provide clear evidence that PRL-1(+) PD-MSCs promote miRNA-308 

mediated MSC migration under hypoxic conditions through integrin-dependent signaling and promote 309 

hepatic regeneration by increased engraftment and vascular remodeling. However, our future studies 310 

will consider whether specific miRNAs have strict standards for selection and transfected into PRL-311 

1(+) PD-MSCs recover hepatic function for liver regeneration. These findings will improve the 312 

understanding of therapeutic mechanisms based on miRNA-mediated stem cell therapy in liver 313 

diseases. 314 

 315 

4. Materials and Methods 316 

4.1. Cell Culture and Gene Transfection 317 

 Placentas from healthy women (≥ 37 gestational weeks) were collected by the Institutional 318 

Review Board of CHA Gangnam Medical Center, Seoul, Korea (IRB 07-18). The isolation of naïve 319 

PD-MSCs was previously described, their characterization was confirmed, [48,49] and they were 320 
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maintained in alpha-modified minimal essential medium (α-MEM; HyClone, Logan, UT, USA) 321 

supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 25 ng/ml human 322 

fibroblast growth factor 4 (hFGF4) (PeproTech, Rocky Hill, NJ, USA), 1 µg/ml heparin (Sigma-323 

Aldrich, St. Louis, MO, USA), and 1% penicillin/streptomycin (P/S; Gibco). To overexpress human 324 

PRL-1 (phosphatase of regenerating liver-1; protein tyrosine phosphatase type 4 A, member 1; 325 

PTP4A1) in naïve PD-MSCs, a PRL-1 plasmid containing the CMV6-AC vector and antibiotic 326 

neomycin for mammals was obtained from Origene (Origene Inc., Rockville, MD, USA). Naïve PD-327 

MSCs (5x105 cells/cuvette) were transfected using the 4D AMAXA Nucleofector™ system (Lonza, 328 

Basel, Switzerland). After transfection, the cells were maintained in naïve PD-MSC medium 329 

containing 1.5 mg/ml neomycin for selection. Cells were maintained below 5% CO2 at 37 ℃. To 330 

induce hypoxia, the cells were placed in a hypoxia chamber and maintained at 1% O2 and 37 ℃. 331 

 332 

4.2. Animal Models and MSC Transplantation 333 

 All animal experimental procedures were approved by the Institutional Animal Care 334 

Committee of CHA University, Bundang, Korea (IACUC-190048). Seven-week-old male Sprague-335 

Dawley (SD) rats (Orient Bio Inc., Seongnam, Korea) were used to induce chronic liver cirrhosis by 336 

the common BDL model as previously described [50]. The rats were randomly assigned to each of the 337 

following groups: sham control (Con; n = 5), BDL-injured nontransplantation (NTx; n = 20), naïve 338 

PD-MSC transplantation (TTx Naïve; n = 20), and PRL-1(+) PD-MSC transplantation (TTx PRL-339 

1(+); n = 20). For the administration of each MSC, PKH67-labeled cells were intravenously 340 

transplanted into the tail vein. After 1, 2, 3, and 5 weeks, rats from each group were sacrificed, and 341 

liver tissues were extracted to analyze therapeutic effects using qRT-PCR, western blotting, and 342 

immunostaining.  343 

    344 

4.3. Quantitative Real-time Polymerase Chain Reaction (qRT-PCR) 345 

Total RNA was isolated from naïve and PRL-1(+) PD-MSCs and rat liver tissues using 346 

TRIzol (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed with 500 ng total 347 

RNA and Superscript III reverse transcriptase (Invitrogen). cDNA was amplified by PCR. In the case 348 
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of cDNA synthesis for miRNAs, we used the miR-X miRNA First-Strand Synthesis kit (Takara bio, 349 

Kusatsu, Shiga, Japan). Real-time PCR was performed using SYBR Master Mix (Roche, Basel, 350 

Switzerland) and CFX Connect™ Real-Time System (Bio-Rad, Hercules, CA, USA). Normalization 351 

was assessed by human and rat GAPDH for gene expression and U6 for miRNA expression. The 352 

sequences of the primers are shown in Tables S1, S2, and S3. All reactions were performed in 353 

triplicate. 354 

 355 

4.4. Immunohistochemistry 356 

 To observe the degree of hepatocyte proliferation following transplantation with MSCs or the 357 

control, BDL rat liver tissues were stained with anti-PCNA (Santa Cruz Biotechnology, Dallas, 358 

Texas, USA) using immunohistochemistry. The liver tissues were embedded in paraffin and 359 

sectioned. The sectioned tissues were incubated in 3% H2O2 in methanol to block endogenous 360 

peroxidase activity. After antigen retrieval, the tissues were incubated with a primary antibody 361 

(1:200) at 4 ℃ overnight, followed by a 1-h incubation with biotinylated secondary anti-rabbit 362 

antibody at room temperature. Incubation with horseradish peroxidase-conjugated streptavidin–biotin 363 

complex (DAKO, Santa Clara, CA, USA) and 3,3-diaminobenzidine (EnVision Systems, Santa Clara, 364 

CA, USA) was performed to generate a chromatic signal. The samples were counterstained with 365 

Mayer’s hematoxylin (DAKO). Additionally, the percentage of hepatocytes with PCNA-positive 366 

nuclei relative to the total number of hepatocytes was calculated in randomly selected sections using a 367 

digital slide scanner (3DHISTECH Ltd., Budapest, Hungary). 368 

 369 

4.5. Immunofluorescence 370 

 To confirm hepatic vascular remodeling following the administration of MSCs or the control, 371 

the liver tissues from each group (n = 5) were sectioned into 7-μm thick slices and fixed with 4% 372 

paraformaldehyde. The tissue sections were blocked using blocking solution (DAKO) for 1 h under 373 

dark conditions. The primary antibody against PDGFRA (1:100; Santa Cruz Biotechnology) was 374 

added in a diluent solution (DAKO) at 4 ℃ overnight. The secondary antibody, Alexa Fluor™ 594 375 

goat anti-rabbit IgG (H+L) (1:250; Invitrogen), was reacted for 1 h. The slides from each group were 376 
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counterstained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) and observed by confocal 377 

microscopy (LSM 700). Images were analyzed with ZEN blue software (ZEISS). 378 

 379 

4.6. Western Blotting 380 

Homogenized rat liver tissues were lysed in RIPA buffer (Sigma-Aldrich) supplemented 381 

with protease inhibitor cocktail (Roche) and phosphatase inhibitor (Sigma-Aldrich). Briefly, 40 μg 382 

protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 383 

The separated proteins were transferred onto PVDF membranes (Bio-Rad). The membranes were 384 

incubated with primary antibodies at 4 °C overnight. The following antibodies were used: anti-gp130 385 

(1:500; Santa Cruz Biotechnology); anti-IL-6 (1:1000; Abcam, Cambridge, UK); phospho-STAT3 386 

(1:1000; Cell Signaling Technology, Denvers, MA, USA); and anti-GAPDH (1:3000; Abfrontier, 387 

Seoul, Korea). The membranes were then incubated with horseradish peroxidase-conjugated 388 

secondary anti-mouse IgG (1:5000, Cell Signaling Technology) and anti-rabbit IgG (1:10000, Cell 389 

Signaling Technology) for 1 h at room temperature. Bands were detected using a Clarity Western 390 

ECL kit (Bio-Rad). 391 

 392 

4.7. Transwell Migration Assay 393 

 The migration of naïve and PRL-1(+) PD-MSCs was assessed using a Transwell assay. Naïve 394 

and PRL-1(+) PD-MSCs (2x104 cells/well) were seeded onto inserts (8-µm pore size; Corning, NY, 395 

USA) with or without siPRL-1 (Integrated DNA Technologies, Coralville, IA, USA) at final 396 

concentrations of 50 nM in serum-free medium. The migrated cells in each group were fixed with 397 

100% methanol for 10 min and stained with Mayer’s hematoxylin (DAKO). The stained cells in eight 398 

random nonoverlapping fields were counted at a magnification of 200X. The experiments were 399 

conducted in triplicate. 400 

 401 

4.8. Deep Sequencing and Analysis of Small RNAs 402 

 We performed miRNA sequencing experiments on PD-MSCs using Illumina platforms. We 403 

obtained total 10 million clean reads that aligned with the rat genome in the NTx and TTx Naïve at 404 
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1 and 2 weeks in rat model with BDL and invaded PD-MSCs under normoxic and hypoxic 405 

conditions. We compared the normalized counts of mature miRNAs in NTx versus TTx at 1 week, 406 

NTx versus TTx at 2 weeks, and hypoxic versus normoxic conditions. The construction of small 407 

RNA libraries with these samples, deep sequencing, and the analysis of small RNAs were performed 408 

by LAS Inc. (Gimpo, Republic of Korea). The expression levels of miRNAs (transcripts per 10 409 

million, TPTM) in the indicated samples were calculated by normalizing the miRNA counts with the 410 

total number of clean reads in the small RNA libraries. 411 

 412 

4.9. Statistical Analysis 413 

 The data are expressed as the mean ± standard deviation of at least three independent 414 

experiments. Student’s t-test was conducted, and p < 0.05 was considered statistically significant. 415 

 416 

417 
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 432 

Figure 1. miRNA profiling of invaded naïve placenta-derived mesenchymal stem cells (PD-MSCs) 433 

under hypoxic conditions and in bile duct ligation (BDL)-injured liver in rats. (A) mRNA expression 434 

of hypoxia-inducible factor 1 alpha (HIF1A) and vascular endothelial growth factor (VEGF) in 435 

invaded naïve PD-MSCs determined using a Transwell insert system under 1% hypoxic conditions for 436 

24 h and by quantitative real-time polymerase chain reaction (qRT-PCR). (B) Heat map and (C) Venn 437 

diagram of the microarray results of naïve PD-MSCs under hypoxic conditions compared with 438 

normoxic conditions (Hyp/Nor), TTx Naïve compared to NTx at 1 week (TTx/NTx 1w), and TTx 439 

Naïve compared to NTx at 2 weeks (TTx/NTx 2w). Data from each group are shown as the mean ± 440 

SD. * p < 0.05 vs. normoxia.  441 
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 442 

Figure 2. Phosphatase of regenerating liver-1 (PRL-1)-dependent migration ability under hypoxic 443 

conditions regulated by miRNAs targeting the integrin family. (A) mRNA expression of HIF1A and 444 

VEGF in invaded PRL-1(+) PD-MSCs determined using a Transwell insert system under 1% hypoxic 445 

conditions for 24 h and by qRT-PCR. (B) mRNA expression levels of PRL-1 and targeted hsa-miR-446 

30a-5p expression, (C) Integrin alpha 4 (ITGA4) and targeted hsa-miR-340-5p expression, and (D) 447 

Integrin beta 7 (ITGB7) and targeted hsa-miR-146a-3p expression in invaded PRL-1(+) PD-MSCs 448 

under 1% hypoxic conditions for 24 h as determined by qRT-PCR. Data from each group are 449 

expressed as the mean ± SD. * p < 0.05 vs. normoxia and # p < 0.05 vs. naïve. 450 

451 
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 452 

Figure 3. PRL-1-Targeted miRNA expression regulates migration ability through the RHO family. 453 

(A) Representative images and (B) the number of invaded cells in invaded naïve PD-MSCs and PRL-454 

1(+) PD-MSCs determined using a Transwell insert system following siRNA-PRL-1 (siPRL-1) 455 

treatment (50 nM) for 24 h. (C) mRNA expression of PRL-1 and targeted hsa-miR-30a-5p expression 456 

and (D) Ras homolog family member A (RHOA) and Rho-associated coiled-coil-containing protein 457 

kinase 1 (ROCK1) in invaded naïve and PRL-1(+) PD-MSCs determined using a Transwell insert 458 

system following siPRL-1 treatment (50 nM) for 24 h as determined by qRT-PCR. Data from each 459 

group are shown as the mean ± SD. Scale bars = 100 μm. * p < 0.05 vs. mock and # p < 0.05 vs. naïve.460 
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 461 

Figure 4. Integrin family regulates miRNA expression for PRL-1(+) PD-MSC homing in vivo in a rat 462 

model of BDL. mRNA expression levels of (A) human-specific Alu sequence, (B) ITGA4 and ITGB7 463 

after the engraftment of naïve (TTx Naïve) and PRL-1(+) PD-MSCs (TTx PRL-1(+)) into injured rat 464 

liver compared with the sham control (Con) and BDL-injured nontransplantation groups (NTx) at 1, 2, 465 

3, and 5 weeks as determined by qRT-PCR. (C) Integrin alpha 6 (ITGA6)-targeted rno-miR-30a-5p 466 

and (D) Integrin beta 1 (ITGB1)-targeted rno-miR-340-5p expression in rat liver with BDL at 1, 2, 3, 467 

and 5 weeks post-transplantation as determined by qRT-PCR. Data from each group are shown as the 468 

mean ± SD. * p < 0.05 vs. NTx and # p < 0.05 vs. TTx Naïve. 469 

470 
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 471 

Figure 5. Improved vascular remodeling by PRL-1(+) PD-MSCs through the regulation of miRNA 472 

expression by platelet-derived growth factor receptor alpha (PDGFRA) in a BDL-injured rat model. 473 

(A) qRT-PCR of endoglin (ENG) and (B) platelet-derived growth factor receptor beta (PDGFRB) 474 
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and (C) PDGFRA-targeted rno-miR-27a-3p expression in BDL-injured rat liver tissue after the 475 

administration of naïve and PRL-1(+) PD-MSCs at 1, 2, 3, and 5 weeks. (D) Localization of 476 

PDGFRA expression in rat liver sections from each group (Con, NTx, TTx Naïve, and TTx PRL-477 

1(+)) at 1 week as determined by immunofluorescence (red, PDGFRA; blue, DAPI). Scale bars = 100 478 

μm. Data from each group are expressed as the mean ± SD. * p < 0.05 vs. NTx and # p < 0.05 vs. TTx 479 

Naïve. 480 

481 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 July 2019                   



 

 24 

 482 

Figure 6. miRNAs mediated hepatic regeneration by PRL-1(+) PD-MSCs in a rat model of BDL 483 

through interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) signaling. (A) 484 

qRT-PCR of rno-miR-21-5p-targeted interleukin-6 receptor (IL-6R) and (B) western blotting of 485 

glycoprotein 130 (gp130), IL-6, and phosphorylated STAT3 levels in BDL-injured rat liver tissue 486 
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following the administration of naïve and PRL-1(+) PD-MSCs at 1, 2, 3, and 5 weeks. (C) mRNA 487 

expression of hepatocyte nuclear factor 4 alpha (HNF4A) and (D) miR-122-5p-targeted HNF1 488 

homeobox A (HNF1A) in BDL-injured rat liver tissue by qRT-PCR. (E) Proliferating cell nuclear 489 

antigen (PCNA) expression in the rat liver sections from each group (Con, NTx, TTx Naïve, and TTx 490 

PRL-1(+)) at 1 week as determined by immunohistochemistry. (F) Quantification of the PCNA-491 

positive area in hepatocytes. Scale bars = 50 μm. Data from each group are expressed as the mean ± 492 

SD. * p < 0.05 vs. NTx, # p < 0.05 vs. TTx Naïve. 493 

 494 

495 
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Table S1: Primer sequences for human using quantitative real time polymerase chain 496 

reaction  497 

Gene Accession Number Sequence 
Tm 

(℃) 

HIF1A NM_001530.4 
F: 5'-GTTTACTAAAGGACAAGTCA-3'                          

R: 5'-TTCTGTTTGTTGAAGGGAG-3' 
60 

VEGF NM_001204384.1 
F: 5'-GCCTTGCCTTGCTGCTCTAC-3'                                  

R: 5'-ACATCCATGAACTTCACCACTTCG-3' 
60 

PRL-1 NM_003463.4 
F: 5'-TACTGCTCCACCAAGAAGCC-3'                                 

R: 5'-AGGTTTACCCCATCCAGGTC-3' 
60 

ITGA4 NM_000885.6 
F: 5'-TTCCTACGGGCTGTGTTC-3'                                             

R: 5'-CTGAAGTTTGCCAGTTTGG-3' 
55 

ITGB7 NM_000889.3 
F: 5'-AGCAGCAACAACTCAACTGG-3'                          

R: 5'-TTACAGACCCACCCTTCCTCT-3' 
55 

RHOA NM_001664.4 
F: 5'-TGGAAAGCAGGTAGAGTTGG-3'                                 

R: 5'-GACTTCTGGGGTCCACTTTT-3' 
55 

ROCK1 NM_005406.3 
F: 5'-GAAGAAAGAGAAGCTCGAGA-3'                              
R: 5'-GATCTTGTAGCTCCCGCATCTGT-3' 

55 

GAPDH NM_002046.7 
F: 5'-GCACCGTCAAGGCTGAGAAC-3'                                 

R: 5'-GTGGTGAAGACGCCAGTGGA-3' 
60 

498 
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Table S2: Primer sequences for rat using quantitative real time polymerase chain reaction 499 

Gene Accession Number Sequence 
Tm 

(℃) 

ITGA4 NM_001107737.1 
F: 5'-GGAAGCCCCAGTGGAGAAC-3'                  

R: 5'-ATTGTCACTCCCAGCCACTGA-3' 
55 

ITGA6 NM_053725.1 
F: 5'-AGCCCCAGGGACTTACAACT-3'                              
R: 5'-CTTCATAGGGCCCATCTTCA-3' 

55 

ITGB1 NM_017022.2 
F: 5'-AACAGTGAAGACATGGATGC-3'                          

R: 5'-CTCTCTCTTCCTGCACACAC-3' 
55 

ITGB7 NM_013171.1 
F: 5'-AGTGCCCTCCAAGCTTAACCAC-3'                             

R: 5'-CGTCCCACCTCTCTCTCGAA-3' 
55 

ENG NM_001010968.2 
F: 5'-AAGGTGTGACTGGACACAAG-3'                                 

R: 5'-CCAGATCTGCATATTGTGGT-3' 
60 

PDGFRA NM_012802.1 
F: 5'-GAGGACGATTCTGCCATCAT-3'                                 

R: 5'-CAGTTCTGACGTGGCTTTCA-3' 
60 

PDGFRB NM_031525.1 
F: 5'-TGTTCGTGCTATTGCTCCTG-3'                                      

R: 5'-TGTCAGCACACTGGAGAAGG-3' 
60 

IL-6R NM_017020.3 
F: 5'-CCTTGTAAATGCCTTTTGTG-3'                                                          

R: 5'-GTACACTTTGTCACCCTCCA-3' 
60 

HNF1A NM_012669.1 
F: 5'-AAGATGACACGGATGACGATGG-3'                     

R: 5'-GGTTGAGACCCGTAGTGTCC-3' 
60 

HNF4A NM_022180.2 
F: 5'-AAATGTGCAGGTGTTGACCA-3'                                                           

R: 5'-CACGCTCCTCCTGAAGAATC-3' 
60 

GAPDH NM_017008.4 
F: 5'-TCCCTCAAGATTGTCAGCAA-3'                                 

R: 5'-AGATCCACAACGGATACATT-3' 
60 

 500 

501 
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Table S3: miRNA sequence and target gene in 3' UTR site    502 

miRNA Target Gene Accession Number Target Sequence 

hsa-miR-30a-5p MIMAT0000087 3'-GAAGGUCAGCUCCUACAAAUGU-5' 

hPRL-1 NM_003463.4 5'-GCCUGCUCACUUUAUGUUUACA-3' 

hITGA4 NM_000885.6 5'-AAUUUAAAAGACACUGUUUACA-3' 

hsa-miR-340-5p MIMAT0004692 3'-UUAGUCAGAGUAACGAAAUAUU-5' 

hITGA4 NM_000885.6 5'-CUUUAAAGCCCUUUAUUUAUAA-3' 

hsa-miR-146a-3p MIMAT0004608 3'-GACUUCUUGACUUAAAGUCUCC-5' 

hITGB7 NM_000889.3 5'-CACCCUACUUCAUUUUCAGAGU-3' 

rno-miR-340-5p MIMAT0004650 3'-UUAGUCAGAGUAACGAAAUAUU-5' 
rITGB1 NM_017022.2 5'-UCCCAACGCCUUCUCUUUAUAA-3' 

rno-miR-30a-5p MIMAT0000808 3'-GAAGGUCAGCUCCUACAAAUGU-5' 

rITGA6 NM_053725.1 5'-UACAAAUGAUGCCUUGUUUACA-3' 

rno-miR-27a-3p MIMAT0000799 3'-CGCCUUGAAUCGGUGACACUU-5' 
rPDGFRA NM_012802.1 5'-GUCUUGGGAAGCCUCUGUGAA-3' 

rno-miR-21-5p MIMAT0000790 3'-AGUUGUAGUCAGACUAUUCGAU-5' 

rIL-6R NM_017020.3 5'-CCUUUUGACUUUUUAUAAGCUA-3' 

rno-miR-122-5p MIMAT0000827 3'-GUUUGUGGUAACAGUGUGAGGU-5' 

rHNF1A NM_001530.4 5'-CCUGUGCCUCCCAGGCCACUCCA-3' 

503 
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