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Abstract. – OBJECTIVE: The function of MDR3 
is important in bile acid transport. The miRNAs 
can suppress the expression of gene through 
combining mRNA of target gene. The regula-
tion about MDR3 mediated by FXR or PPARα in 
cholestasis is clear, but the mechanism through 
miRNA is hardly reported. We aimed to find out 
the miRNA, which could suppress MDR3 expres-
sion and the significance of this connection in 
cholestasis.

PATIENTS AND METHODS: We measured 
hsa-miR-378a-5p expression level in liver tis-
sues from 20 patients with cholestasis and 15 pa-
tients without cholestasis by quantitative PCR. 
We also tested the level of clinical features of the 
same group. HepG2 cell lines were performed ex-
periments to discover the connection between 
hsa-miR-378a-5p and MDR3, including transient 
transfection, RNA and protein extraction, qPCR, 
Western blotting and luciferase reporter assay.

RESULTS: A significant decrease of miR-378a-
5p was observed in obstructive cholestasis pa-
tient liver tissues compared to control group. 
We also find that the miR-378a-5p expression is 
correlated to several clinical features, which are 
important biomarkers in cholestatic liver inju-
ry. Then we predicted that MDR3 may be the tar-
get gene of miR-378a-5p through miRanda v3.3a. 
We programed the transient transfection of mim-
ics and inhibitor on HepG2 cell lines, and detect-
ed the mRNA and protein expression of MRP2, 
MRP3 and MDR3. The results suggested that 
miR-378a-5p could negatively regulate MDR3 ex-
pression in both mRNA and protein expression 
level, and this regulation is specific. We didn’t 
find same regulation in MRP2 and MRP3. Dual lu-
ciferase assays proved this regulation is mediat-
ed by a direct binding between miR-378a-5p and 
CDS of MDR3.

CONCLUSIONS: We found that hsa-miR-378a-
5p expression was down-regulated in cholestat-
ic liver tissues, compared to control liver tissues. 
Transient transfection and luciferase reporter as-
say in HepG2 cell lines results suggest that hsa-
miR-378a-5p can directly combine MDR3 mR-

NA and suppress MDR3 protein expression. The 
down-regulated hsa-miR-378a-5p may cause a 
protective alteration through up-regulating MDR3 
expression in cholestasis.
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Abbreviations 
ALT = alanine aminotransferase; AST = aspartate ami-
notransferase; ALP, alkaline phosphatase; GGT = gam-
ma-glutamyl transferase; TBIL = total bilirubin; DBIL =  
direct (conjugated) bilirubin; IBIL =  indirect (unconjuga-
ted) bilirubin; BA = bile acids. * p < 0.001.

Introduction

Cholestasis is a kind of hepatobiliary disea-
se characterized by abnormity of synthesis and 
transport of bile acid1,2. Toxicity constituen-
ts, such as bile acid, will injury hepatocytes 
and bile duct cells, resulting in inflammation, 
fibrosis, then cirrhosis and even carcinoma1. 
To resist the cholestasis, a decrease of bile 
acid synthesis de novo and adaptive alteration 
of bile acid transporters expression have been 
found in human liver tissue3. The function of 
bile acid transporter is important in cholesta-
sis. Wagner and Trauner4 show that the bile 
acid uptake transporters (e.g. OATPs, NTCP) 
expression are down-regulated, meanwhile the 
expression of bile acid efflux transporters (e.g. 
OSTα/β, MRP3) are up-regulated. Canalicu-
lar ATP-binding cassette (ABC) transporters 
family, which are expressed at basolateral and 
apical membrane of hepatocyte, play a key role 
in bile formation and secretion1,5,6. There are 
many subfamilies in ABC transporter family 
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with different function, exporting constituents 
like BA, bili-gluc, cholesterol1,6-9. Dysfunctions 
of these transporters lead to an accumulation of 
bile acid, and subsequent liver injury1,6. Chai et 
al9 suggested that kinds of representative ABC 
transporters expression are up-regulated ob-
viously in cholestasis, such as MRP3, MRP4 
and MDR3. MDR3 (ABCB4), locating at api-
cal membrane, is a 170-kDa member of the B 
subfamily (ABCB) of ABC transporters, mainly 
including two nucleotide-binding and two 6-he-
lical transmembrane domains. MDR3 is a flop-
pase translocating phospholipids from inner 
canalicular membrane to outer1,6,7. Phospholi-
pids can be excreted to bile, and form mixed 
micelles with bile acid, which protect the bile 
duct epithelium from the detergent properties of 
bile acids10-12. Dysfunction of MDR3 caused by 
mutations results in deficiency of phospholipids 
in bile, then the cholangiocyte apical membra-
ne will be exposed to detergent toxicity of bile 
acid, and the subsequent progress will be liver 
injury5,11,12. It was reported that MDR3 mRNA 
and protein expression level are up regulated in 
PFIC3 patient liver tissues compared to control 
group9. MiRNAs are small endogenous non-co-
ding RNAs that could post-transcriptionally 
regulate gene expression by formatting RISC 
preferentially targeting the 3’-UTR of specific 
mRNAs13,14. This miRNA: mRNA interaction 
may cause translational repression or enhanced 
mRNA degradation15. Also, there are studies 
suggesting that miRNA can combine the CDS 
region even 5’-UTR, and if microRNA binds 
the CDS region of target gene mRNA, the pro-
tein expression of target gene could also be re-
pressed16,17. In the past 2 decades, the researches 
of miRNAs suggest that miRNAs are deeply re-
lated to digestive system diseases18-24. MiRNAs 
also play a key role in liver cholestasis in many 
aspects25. Cholestasis changes the miRNAs whi-
ch induce cell death, including necroptosis and 
apoptosis26. Recently scholars27,28 suggest that 
inflammatory regulation and immune activation 
induced by miRNAs is crucial in cholestasis. 
Furthermore, miRNAs are also reported to be re-
lated to cholangiocyte proliferation29. Up-regu-
lated hsa-miR-378a-5p may regulate SULT2A1 
in PSC, but in different subtypes of cholestatic 
diseases, the expression level of miR-378a-5p 
will be different30. Thus, we have investigated 
the alteration of miR-378a-5p in obstructive 
cholestasis, and its connection with MDR3, to 
find out miR-378a-5p clinical significance. 

Patients and Methods

Patients and Liver Sample Collection
Patients were recruited from the Institute of He-

patobiliary Surgery, Southwest Hospital. Corre-
sponding written informed consent was obtained 
from all patients prior to the study. Cholestatic 
liver samples (n=20) were obtained from patients 
suspected to have a pancreatic or periampullary 
malignancy. All patients had typical symptoms 
of obstructive cholestasis and jaundice caused by 
periampullary tumor growth. Control liver tissues 
were obtained from other patients who accept 
resection of liver metastases without cholestasis 
(n=15). The biochemical characteristics of the pa-
tients were described in Table I. We carried out 
this study conforming to the Declaration of Hel-
sinki (2008) of the World Medical Association. 
The study protocol was reviewed and approved 
by the Institutional Ethics Review Board at the 
Southwest Hospital Chongqing, China.

Target Gene Prediction
We used miRanda v3.3a to predict the target 

gene of miR-378a-5p, based on microRNA Target 
Scanning Algorithm, as reported by Enright et al31.

Cell Culture
Human hepatoma HepG2 cells were obtained 

from ATCC (Manassas, VA, USA). HepG2 cells 
were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (FBS), glutamax-1, and penicil-
lin/streptomycin (Gibco, Rockville, MD, USA) in a 
humidified incubator at 37°C with 5% CO2.

Cell Transfection
We obtained the miR-378a-5p mimics, miR-

378a-5p inhibitor, miR-378a-5p mimics-negative 
control, miR-378a-5p inhibitor-negative control 
from Guangzhou RiboBio Co., Ltd. (Guangzhou, 
China). We seeded HepG2 cells in 6-well plate, 
each well was seeded 5×108 HepG2. We transiently 
transfected these cells with a miR-378a-5p inhibi-
tor vs. the negative control or a miR-378a-5p mimic 
vs. the negative control. We prepared a pre-mixture 
of 200 ml DMEM (Gibco, Rockville, MD, USA), 
10 ml transfected reagent (Roche, Mannheim, Ger-
many) and 5 nmol mimics or inhibitor or negative 
control for each well. These cells were harvested 
after 24 h transfection for RNA extraction, and 36 
h transfection for protein extraction.
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RNA Extraction and qPCR Real-Time 
Quantitative RT-PCR (qPCR)

We extracted the total RNA of transient tran-
sfected cells with Promega total RNA extraction 
kit (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions. TaKaRa reverse 
transcription kit (TaKaRa Biotechnology, Otsu, 
Shiga, Japan) was used for reverse transcription. 
The specific RT primers and qPCR primers of 
miR-378a-5p and U6 were also obtained from 
Guangzhou RiboBio Co., Ltd. (Guangzhou, Chi-
na) (Table II). The probes of MDR3, MRP2, 
MRP3 were obtained by ABI (Table III). We used 
the GAPDH as the relative control for the analy-
sis of mRNA levels. The miR-378a-5p expression 
level was standardized to U6.

Western Blotting Analysis
Total protein was harvested after 36 h transient 

transfection. Proteins were extracted from cel-
ls using RIPA buffer (Sigma-Aldrich, St. Louis, 
MO, USA) containing protease and phosphatase 
inhibitors (Roche, Basel, Switzerland). Next, the 
proteins were transferred onto polyvinylidene 
difluoride (PVDF) membranes. The membranes 
were then blocked with 5% dry milk in TBST 
and incubated with a specific primary antibo-
dy overnight at 4°C. Incubation was carried out 
with horseradish peroxidase (HRP) conjugated 
secondary IgG(H+L) antibody (Santa Cruz Biote-
chnology, Inc., Santa Cruz, CA USA). The blots 
were processed with Immobilon™ Western chemi-
luminescent HRP substrate (Millipore, Billerica, 
MA, USA) and analyzed by gel imaging analysis 
system (BioRad, Hercules, CA, USA). GAPDH 
was used as a control. The dilutions of primary 
antibodies were as follows: MDR3 1:1000, MRP2 
1:2000, MRP3 1:2000 (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA), GAPDH 1:5000 (Pro-
teintech Group, Chicago, IL, USA).

Luciferase Assays
According to the prediction from miRanda 

v3.3a, the predicted binding sequence of MDR3 for 
miR-378a-5p was cloned into the pmirGLO dual 
Luciferase reporter plasmid, which was designed 
by TsingKe (Chengdu, China). HepG2 cells were 

seeded at 48-well plate and co-transfected with 
miR-378a-5p mimics and pmirGLO constructs for 
the reporter assay. Each group was divided into 
triplicate in 48-well plates. The luciferase activity 
was detected by Dual-Luciferase Reporter Assay 
System (Promega, Madison, WI, USA) after 48 h 
of transfection. Firefly luciferase activity was nor-
malized against Renilla luciferase activity.

Statistical Analysis
All data were analyzed using the indepen-

dent-samples Student’s t-test (two-tailed) and 
multiple comparison between the groups was 
performed by SNK method. All data were expres-
sed as the mean ± standard deviation (SD), using 
GraphPad Prism 6.01 (GraphPad Software Inc., 
La Jolla, CA, USA). A value of p<0.05 was con-
sidered statistically significant.

Results

Significant Down-Regulation of 
miR-378a-5p Expression in Cholestatic 
Liver Tissues and the Correlations 
between miR-378a-5p and Clinical 
Features

In obstructive cholestatic liver tissues, we found 
that miR-378a-5p expression level was down-re-
gulated. We chose 20 patients with obstructive 

Table I. Clinical features of patients.

Clinical	 Cholestasis	 Control
features	 (N=20)	 (N=15)
	
Samples 
(Male/Female)	 13/7	 12/3
Age (years)	 53 ±13	 49 ±11
ALT (IU/L)	 210.3 ± 39.22*	 35.41 ± 8.440	
AST (IU/L)	 153.6 ± 21.22*	 33.83 ± 7.377	
ALP (IU/L)	 563.5 ± 82.67*	 91.33 ± 6.223	
GGT (IU/L)	 847.7 ± 119.7*	 35.33 ± 7.341	
TBIL (μmol/L)	 189.8 ± 98.45*	 18.45 ± 4.141	
DBIL (μmol/L)	 118.4 ± 60.66*	 5.544 ± 2.263	
IBIL (μmol/L)	 100.8 ± 50.72*	 12.91 ± 1.979	
BA (μmol/L)	 137.7 ± 24.37*	 5.525 ± 0.812

Values are means ± SD.

Table II. Sense and antisense primers used for quantitative Real-time PCR (Sybr green).

Gene 	 Forward Primer (5’→3’)	 Reverse primer (5’→3’)
	
MiR-378a-5p	 ggctctcctgactccaggt	 gtgcgtgtcgtggagtcggcacacagg
U6	 gcttcggcagcacatatactaaaat	 cgcttcacgaatttgcgtgtcat
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cholestatic liver disease and 15 patients without 
obstructive liver disease (Table I). Significant 
decrease of miR-378a-5p was observed (2-fold 
p<0.05 vs. controls; Figure 1A). We also detected 
representative clinical features. After analyzing 
the values of those features, we found GGT, ALT, 
AST, ALP, TBIL, DBIL, IBIL levels were evident-
ly higher in obstructive cholestatic liver tissues than 
control group (Table I). We performed the correla-

tion analysis between miR-378a-5p expression and 
these features, and found that TBIL, DBIL, IBIL 
are negatively correlated to the expression level of 
miR-378a-5p in patients (n=20) by linear regres-
sion analysis (*p<0.05 vs. controls. Figure 1B-D), 
but we didn’t find significant correlations between 
miR-378a-5p and other clinical features.

Overexpression of miR-378a-5p 
Down-Regulated MDR3 mRNA and 
Protein Expression Level in HepG2 Cells

According to the predictive target gene of miR-
378a-5p from miRanda v3.3a, we speculated that 
the miR-378a-5p may regulate MDR3. In the pre-
paration of the previous period, we used miRanda 
v3.3a to predict the target gene of miR-378a-5p, 
including MDR3 (ABCB4). To show the correla-
tion between miR-378a-5p and MDR3, transient 

Table III. Product information for Taqman pre-designed 
primer-probe reagent from Applied Biosystems.

Gene nomenclature	 Product no.
	
MRP2	 Hs00166123_m1
MRP3	 Hs00166123_m1
MDR3	 Hs00240956_m1

Figure 1. Significant down-regulation of miR-378a-5p expression in cholestatic liver tissues and the correlations between 
miR-378a-5p and clinical features. (A) The miR-378a-5p expression level in obstructive cholestatic patients, relative to control 
group (n=15 for control group, n=20 for obstructive cholestatic patients). *p<0.05 vs. controls. (B-D) The correlations between 
miR-378a-5p and clinical features in obstructive cholestasis patients (n=20) by linear regression analysis. *p<0.05 vs. controls.
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transfection with miR-378a-5p mimics, correspon-
ding negative control was performed. After tran-
sient transfection, we found that the miR-378a-5p 
expression level was obviously increased 1190.44-
fold, meaning that miR-378a-5p mimics was tran-
sfected successfully (Figure 2A). Then we detected 
the mRNA expression of MDR3; there was a 51% 
decrease of MDR3 in miR-378a-5p mimics group 
compared to negative control group (Figure 2B). 
We detected the mRNA expression level of MRP2 
and MRP3, but there were no significant statistical 
differences (Figure 2B). We found that the expres-
sion of the proteins above was identical to the 
mRNA expression, and that the protein expression 
of MDR3 decreased 3.04-fold after transient tran-
sfection of miR-378a-5p mimics compared to the 
negative control group (Figure 2C,2D).

Inhibition of miR-378a-5p Up-Regulate 
MDR3 Protein Expression Level 
in HepG2 Cells

To verify our conjecture of the connection 
between miR-378a-5p and MDR3 in protein 

expression level, we simulated the change of miR-
378a-5p in cholestasis, and we transiently tran-
sfected miR-378a-5p inhibitor into HepG2 cells. 
After transfection, we verified the miR-378a-5p 
expression, which has a 43.2% decrease (Figure 
3A). Next, we detected the mRNA and protein 
expression level of MDR3. There was a 1.78-fold 
increase in mRNA; at the same time, MDR3 pro-
tein expression level increased 1.7-fold (Figure 
3B-D). Similarly, we also carried out the detection 
of MRP2 and MRP3 mRNA and proteins expres-
sion level, but we didn’t find significant changes 
of these proteins in inhibitor group compared to 
negative control group (Figure 3B-D).

MiR-378a-5p can Bind mRNA CDS Region 
Directly According to Luciferase Assays

The above experimental results suggest that 
miR-378a-5p was related to MDR3 expression 
in both RNA and protein level, but the detailed 
mechanism is unknown, and the most possible 
regulation is direct binding. As expected, miRan-
da v3.3a also predicted the potential binding re-

Figure 2. Overexpression of miR-378a-5p down-regulated MDR3 mRNA and protein expression level in HepG2 cells. (A) The 
expression level of miR-378a-5p after transient transfection of miR-378a-5p mimic. (B) The expression level of MDR3, MRP2, 
MRP3 mRNA after transient transfection of miR-378a-5p mimics. (C, D) The expression level of MDR3, MRP2, MRP3 protein 
after transient transfection of miR-378a-5p mimics.
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gion of MDR3 mRNA and miR-378a-5p (Figu-
re 4A) co-transfected with miR-378a-5p mimics 
into HepG2 cells. The luciferase activities were 
significantly decreased by 46.5% in the reporter 
with wild-type binding sites, but not with mutant 
(p< 0.01, Figure 4B), suggesting that miR-378a-
5p regulated MDR3 expression in a site-specific 
manner.

Discussion

In our studies, we aimed at confirming the con-
nection between miR-378a-5p and MDR3 in cho-
lestasis. We found a decrease of miR-378a-5p 
expression in obstructive cholestasis patient liver 
tissues compared to control group (Figure 1). At 
the same time, it is observed that some clinical 
features are correlated to miR-378a-5p in chole-
stasis patient liver tissues (Figure 2). In vitro, by 
transient transfection of miR-378a-5p mimics, our 
results showed a decrease of MDR3 mRNA and 
protein expression. Next, we performed a transient 
transfection of miR-378a-5p inhibitor to simulate 
the same alteration of miR-378a-5p in human ob-
structive cholestasis. We observed a result consi-

stent with detection of MDR3 in human liver tis-
sues, but it is opposite to transient transfection of 
miR-378a-5p mimics (Figure 3). Luciferase assays 
also suggested that miR-378a-5p can bind MDR3 
mRNA directly (Figure 4). Cholestasis results in 
complex alteration in liver. Previous studies sugge-
sted that miR-378a-5p could impact liver expres-
sion of several proteins. Wunsch et al30 reported 
that miR-378a-5p may regulate SULT2A1 expres-
sion in PSC. Gill et al32 also identified that CYPs 
might be regulated by miR-378a-5p in the metabo-
lism and subsequent development of APAP toxici-
ty in liver. Above studies prove miR-378a-5p could 
influence various aspects in cholestasis. To disco-
ver the change of miR-378a-5p in obstructive cho-
lestatic liver, we detected miR-378a-5p in human 
liver tissues. We divided patients into two groups, 
patients with obstructive cholestasis and patien-
ts without obstructive cholestasis. As expected, 
miR-378a-5p down-regulated significantly in ob-
structive cholestasis patients compared to patients 
without obstructive cholestasis, and its expression 
is correlated to several clinical features such as 
TBIL, IBIL and DBIL, which are important in liver 
injury caused by obstructive cholestasis. We infer 
miR-378a-5p might play a role in liver injury cau-

Figure 3. Inhibition of miR-378a-5p up-regulate MDR3 protein expression level in HepG2 cells. (A) The expression level of 
miR-378a-5p after transient transfection of miR-378a-5p inhibitor. (B) The expression level of MDR3, MRP2, MRP3 mRNA 
after transient transfection of miR-378a-5p inhibitor. (C, D) The expression level of MDR3, MRP2, MRP3 protein after transient 
transfection of miR-378a-5p inhibitor.
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ved results according to our assumption about inte-
raction between miR-378a-5p and MDR3 in both 
mRNA and protein expression level, after transient 
transfection of miR-378a-5p mimics and inhibitor 
in HepG2 cells. Considering the connection betwe-
en MDR3, MRP2 and MRP3, we detected the 3 
genes in both mRNA and protein expression level. 
Results suggested that miR-378a-5p specifically 
regulate MDR3. There are two classic regulatory 
mechanisms of MDR3. One of those is FXR-AB-
CD4 pathway33-35, another is PPARα-ABCB4 
pathway36. Our study firstly found miR-378a-5p 
could regulate MDR3 directly by binding the CDS 
region of MDR3 mRNA. It is a new regulation of 
MDR3, and the new finding will provide a poten-
tial drug target for PFIC3 and human obstructive 
cholestasis. If we could block the binding of miR-

sed by cholestasis. To clear the detailed function of 
miR-378a-5p in cholestasis, we used the miRanda 
v3.3a to predict the target gene of miR-378a-5p, 
and the MDR3 is one of those genes. MiR-378a-
5p might bind MDR3 mRNA directly, and the bin-
ding region locates in CDS region of MDR3, so the 
miR-378a-5p could influence MDR3 expression 
in obstructive cholestasis. As we know, MDR3 
is important in cholestasis, its function is translo-
cating phospholipids into bile and forming mixed 
micelles. The mixed micelles could protect the bile 
duct epithelium from detergent properties of bile 
acids. Previous studies of Chai et al8,9 pointed out 
that MDR3 expression is up-regulated in patients 
obstructive cholestatic liver disease compared to 
control patient32. The trend of MDR3 expression is 
in accordance with our prediction. We also obser-

Figure 4. MiR-378a-5p can binding MDR3 mRNA CDS region directly according to luciferase assays. (A) Schematic diagram of 
the dual luciferase miRNA target reporter vector, the wild type and mutant MDR3 CDS sequences are shown with the miR-378a-
5p sequence. (B) Luciferase assays in HepG2 cells with wild-type or mutant MDR3 CDS vectors and miR-378a-5p mimic or NC.
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378a-5p and MDR3 effectively, or down-regulate 
miR-378a-5p expression, the function of MDR3 
will be enhanced, and the protection of phospho-
lipids that keeps the bile duct epithelium from the 
detergent properties of bile acids will be stronger. 
In conclusion, a novel insight of miR-378a-5p in 
cholestasis was identified in the study, and miR-
378a-5p might potentially be an effective biomar-
ker for obstructive cholestasis. At the same time, 
our studies bring a new sight to clinical therapy 
program in cholestasis. However, further clinical 
trials are need. Considering the key role of MDR3 
in gallstone production, we plan to discover the 
function of miR-378a-5p in cholelithiasis.

Conclusions

Taken together, the findings on the protective 
effect of miR-378a-5p in human obstructive chole-
stasis and HepG2 cells provide a new sight for de-
tecting and treating cholestasis and deserve atten-
tion in the clinical practice of precision medicine.

Conflict of interest
The authors declare no conflicts of interest.

References

  1)	 Cuperus FJ, Claudel T, Gautherot J, Halilbasic E, 
Trauner M. The role of canalicular ABC transpor-
ters in cholestasis. Drug Metab Dispos 2014; 42: 
546-560.

  2)	 Trauner M, Meier PJ, Boyer JL. Molecular pathoge-
nesis of cholestasis. New Engl J Med 1998; 339: 
1217-1227.

  3)	 Goodwin B, Jones SA, Price RR, Watson MA, McKee 
DD, Moore LB, Galardi C, Wilson JG, Lewis MC, 
Roth ME, Maloney PR, Willson TM, Kliewer SA. A 
regulatory cascade of the nuclear receptors FXR, 
SHP-1, and LRH-1 represses bile acid biosynthe-
sis. Mol Cell 2000; 6: 517-526. 

  4)	 Wagner M, Trauner M. Recent advances in under-
standing and managing cholestasis. F1000Res 
2016; 5. F1000.

  5)	 Wagner M, Zollner G, Trauner M. New molecular 
insights into the mechanisms of cholestasis. J He-
patol 2009; 51: 565-580.

  6)	 Geier A, Wagner M, Dietrich CG, Trauner M. Princi-
ples of hepatic organic anion transporter regulation 
during cholestasis, inflammation and liver regene-
ration. Biochim Biophys Acta 2007; 1773: 283-308.

  7)	 Boyer JL. Bile formation and secretion. Compr 
Physiol 2013; 3: 1035-1078.

  8)	 Chai J, Cai SY, Liu X, Lian W, Chen S, Zhang L, Feng 
X, Cheng Y, He X, He Y, Chen L, Wang R, Wang H, 
Boyer JL, Chen W. Canalicular membrane MRP2/
ABCC2 internalization is determined by Ezrin 
Thr567 phosphorylation in human obstructive 
cholestasis. J Hepatol 2015; 63: 1440-1448.

  9)	 Chai J, He Y, Cai SY, Jiang Z, Wang H, Li Q, Chen L, 
Peng Z, He X, Wu X, Xiao T, Wang R, Boyer JL, Chen 
W. Elevated hepatic multidrug resistance-asso-
ciated protein 3/ATP-binding cassette subfamily 
C 3 expression in human obstructive cholestasis 
is mediated through tumor necrosis factor alpha 
and c-Jun NH2-terminal kinase/stress-activated 
protein kinase-signaling pathway. Hepatology 
2012; 55: 1485-1494. 

10)	 Small DM. Role of ABC transporters in secretion 
of cholesterol from liver into bile. Proc Natl Acad 
Sci U S A 2003; 100: 4-6.

11)	 de Vree JM, Jacquemin E, Sturm E, Cresteil D, Bosma 
PJ, Aten J, Deleuze JF, Desrochers M, Burdelski M, 
Bernard O, Oude Elferink RP, Hadchouel M. Muta-
tions in the MDR3 gene cause progressive fami-
lial intrahepatic cholestasis. Proc Natl Acad Sci U 
S A 1998; 95: 282-287.

12)	 Jacquemin E, De Vree JM, Cresteil D, Sokal EM, 
Sturm E, Dumont M, Scheffer GL, Paul M, Burdelski 
M, Bosma PJ, Bernard O, Hadchouel M, Elferink 
RP. The wide spectrum of multidrug resistance 3 
deficiency: from neonatal cholestasis to cirrho-
sis of adulthood. Gastroenterology 2001; 120: 
1448-1458. 

13)	 Lu SC, Mato JM, Espinosa-Diez C, Lamas S. Mi-
croRNA-mediated regulation of glutathione and 
methionine metabolism and its relevance for liver 
disease. Free Radic Biol Med 2016; 100: 66-72. 

14)	 Szabo G, Bala S. MicroRNAs in liver disease. Nat 
Rev Gastroenterol Hepatol 2013; 10: 542-552. 

15)	 Bushati N, Cohen SM. microRNA functions. Annu 
Rev Cell Dev Biol 2007; 23: 175-205.

16)	 Hausser J, Syed AP, Bilen B, Zavolan M. Analysis 
of CDS-located miRNA target sites suggests that 
they can effectively inhibit translation. Genome 
Res 2013; 23: 604-615.

17)	 Brummer A, Hausser J. MicroRNA binding sites in 
the coding region of mRNAs: extending the reper-
toire of post-transcriptional gene regulation. Bio-
essays 2014; 36: 617-626.

18)	 Ma DH, Li BS, Liu JJ, Xiao YF, Yong X, Wang SM, 
Wu YY, Zhu HB, Wang DX, Yang SM. miR-93-5p/
IFNAR1 axis promotes gastric cancer metastasis 
through activating the STAT3 signaling pathway. 
Cancer Lett 2017; 408: 23-32.

19)	 Takahashi H, Takahashi M, Ohnuma S, Unno M, Yo-
shino Y, Ouchi K, Takahashi S, Yamada Y, Shimodai-
ra H, Ishioka C. microRNA-193a-3p is specifically 
down-regulated and acts as a tumor suppressor 
in BRAF-mutated colorectal cancer. BMC Cancer 
2017; 17: 723. 

20)	 Caviglia JM, Yan J, Jang MK, Gwak GY, Affo S, Yu 
L, Olinga P, Friedman RA, Chen X, Schwabe RF. Mi-
croRNA-21 and Dicer are dispensable for hepatic 



Elevated hepatic MDR3/ABCB4 is directly mediated by MiR-378a-5p in human obstructive cholestasis

2547

stellate cell activation and the development of li-
ver fibrosis. Hepatology 2018; 67: 2414-2429.

21)	 Yang C, Zheng SD, Wu HJ, Chen SJ. Regulatory me-
chanisms of the molecular pathways in fibrosis 
induced by MicroRNAs. Chin Med J (Engl) 2016; 
129: 2365-2372.

22)	 Yang YL, Wang FS, Li SC, Tiao MM, Huang YH. Mi-
croRNA-29a alleviates bile duct ligation exacer-
bation of hepatic fibrosis in mice through epige-
netic control of methyltransferases. Int J Mol Sci 
2017; 18: E192.

23)	 Takata A, Otsuka M, Yoshikawa T, Kishikawa T, Hikiba Y, 
Obi S, Goto T, Kang YJ, Maeda S, Yoshida H, Omata 
M, Asahara H, Koike K. MicroRNA-140 acts as a liver 
tumor suppressor by controlling NF-kappaB acti-
vity by directly targeting DNA methyltransferase 1 
(Dnmt1) expression. Hepatology 2013; 57: 162-170.

24)	 Varshney A, Panda JJ, Singh AK, Yadav N, Bihari C, 
Biswas S, Sarin SK, Chauhan VS. Targeted delivery 
of microRNA-199a-3p using self-assembled di-
peptide nanoparticles efficiently reduces hepato-
cellular carcinoma in mice. Hepatology 2018; 67: 
1392-1407.

25)	 Marin JJ, Bujanda L, Banales JM. MicroRNAs and 
cholestatic liver diseases. Curr Opin Gastroente-
rol 2014; 30: 303-309.

26)	 Castro RE, Rodrigues CMP. Cell death and microR-
NAs in cholestatic liver diseases: update on po-
tential therapeutic applications. Curr Drug Targets 
2017; 18: 921-931.

27)	 Katsumi T, Ninomiya M, Nishina T, Mizuno K, Tomita K, 
Haga H, Okumoto K, Saito T, Shimosegawa T, Ueno Y. 
MiR-139-5p is associated with inflammatory regu-
lation through c-FOS suppression, and contribu-
tes to the progression of primary biliary cholangi-
tis. Lab Invest 2016; 96: 1165-1177.

28)	 Rieger JK, Reutter S, Hofmann U, Schwab M, Zan-
ger UM. Inflammation-associated microRNA-130b 
down-regulates cytochrome P450 activities and 
directly targets CYP2C9. Drug Metab Dispos 
2015; 43: 884-888.

29)	 Xiao Y, Wang J, Yan W, Zhou Y, Chen Y, Zhou K, Wen 
J, Wang Y, Cai W. Dysregulated miR-124 and miR-
200 expression contribute to cholangiocyte proli-
feration in the cholestatic liver by targeting IL-6/
STAT3 signalling. J Hepatol 2015; 62: 889-896.

30)	 Wunsch E, Klak M, Wasik U, Milkiewicz M, Blatkiewi-
cz M, Urasinska E, Barbier O, Bielicki D, Bogdanos 
DP, Elias E, Milkiewicz P. Liver expression of sul-
photransferase 2A1 enzyme is impaired in patien-
ts with primary sclerosing cholangitis: lack of the 
response to enhanced expression of PXR. J Im-
munol Res 2015; 2015: 571353.

31)	 Enright AJ, John B, Gaul U, Tuschl T, Sander C, Mar-
ks DS. MicroRNA targets in Drosophila. Genome 
Biol 2003; 5: R1.

32)	 Gill P, Bhattacharyya S, McCullough S, Letzig L, Mi-
shra PJ, Luo C, Dweep H, James L. MicroRNA regula-
tion of CYP 1A2, CYP3A4 and CYP2E1 expression 
in acetaminophen toxicity. Sci Rep 2017; 7: 12331.

33)	 Davit-Spraul A, Gonzales E, Jacquemin E. NR1H4 
analysis in patients with progressive familial 
intrahepatic cholestasis, drug-induced chole-
stasis or intrahepatic cholestasis of pregnancy 
unrelated to ATP8B1, ABCB11 and ABCB4 mu-
tations. Clin Res Hepatol Gastroenterol 2012; 
36: 569-573.

34)	 Huang L, Zhao A, Lew JL, Zhang T, Hrywna Y, Thomp-
son JR, de Pedro N, Royo I, Blevins RA, Pelaez F, 
Wright SD, Cui J. Farnesoid X receptor activates 
transcription of the phospholipid pump MDR3. J 
Biol Chem 2003; 278: 51085-51090.

35)	 Jung D, Elferink MG, Stellaard F, Groothuis GM. 
Analysis of bile acid-induced regulation of FXR 
target genes in human liver slices. Liver Int 2007; 
27: 137-144.

36)	 Ghonem NS, Ananthanarayanan M, Soroka CJ, Boyer 
JL. Peroxisome proliferator-activated receptor alpha 
activates human multidrug resistance transporter 
3/ATP-binding cassette protein subfamily B4 tran-
scription and increases rat biliary phosphatidylcholi-
ne secretion. Hepatology 2014; 59: 1030-1042.


