A miR-340/SPP1 axis inhibits the activation and proliferation
of hepatic stellate cells by inhibiting the TGF-B1/Smads pathway
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Abstract

Background. Hepatic fibrosis (HF) is a common pathological complication of liver cirrhosis which affects
human health. It is well established that microRNAs (miRNAs) requlate the proliferation, activation and
apoptosis of hepatic stellate cells (HSCs).

Objectives. To determine the function and molecular mechanism of miR-340-5p/secreted phosphoprotein 1
(SPP1) axis in HF and identify potential therapeutic targets.

Materials and methods. The HF model in cholestatic rats was induced by ligating the common bile
duct. The histological sections of the liver tissues were stained with hematoxylin and eosin (H&E), Mas-
son’s trichrome or Sirius Red. The differential expression of mRNAs in the liver tissues was examined using
the microarray analysis. The expression levels of miR-340-5p, SPP1, alpha-smooth muscle actin (a-SMA),
(ollagen I, phosphorylated Smad2 (p-Smad2), and p-Smad3 were determined using quantitative real-time
polymerase chain reaction (qRT-PCR) or western blot. Cell proliferation was quantified using cell counting kit-8
(CCK-8) assays. The regulatory effect of miR-340-5p on SPP1 was determined with fluorescent reporter assay.

Results. The bile duct ligation (BDL) rat model was successfully induced, and SPP1 was uprequlated in liver
tissue from the BDL group compared to that of the sham group. The expression level of miR-340-5p was
decreased in activated human primary normal fibroblasts (NFs) and activated LX-2 cells, and the mRNA and
protein expression levels of SPP1 were increased in activated LX-2 cells. The SPP1 was the target of miR-340-
5p, and the overexpression of SPPT increased the proliferation of LX-2 cells, the expression of HF markers
a-SMA and Collagen |, and key factors p-Smad2 and p-Smad3 (all p < 0.05). However, reverse results were
obtained with the overexpression of miR-340-5p in LX-2 cells.

Conclusions. Our findings provide evidence that SPP1 targeted by miR-340-5p promotes LX-2 cell prolifera-
tion and activation through the TGF-1/Smads signaling pathway. Therefore, miR-340-5p and SPP1 may be
possible therapeutic targets for HF.
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Background

Hepatic fibrosis (HF) is a pathological complication
of many liver diseases. It is generally associated with chronic
hepatic inflammation and injury. In HF, hepatic stellate
cells (HSCs) are activated to produce extracellular matrix
(ECM), which becomes fibrous and accumulates.! Hepatic
stellate cells are activated by several signalling pathways, in-
cluding canonical tissue growth factor 1 (TGF-f1),2 which
is established in HF.? However, the complexity of HSC ac-
tivation has limited the understanding of the regulatory
mechanisms, which hinders the therapeutic options for HF*
Thus, clarifying this regulatory mechanism is essential for
the development of effective antifibrotic therapy.

MicroRNAs (miRNAs) regulate the physiological and
pathological process of fibrotic diseases by directly inter-
fering with the expression of their functional target genes,
especially genes affecting organs, such as liver, kidney, lung,
or heart.> Hepatic stellate cells are activated and trans-
formed by many miRNAs, highlighting miRNAs as poten-
tially suitable targets for the treatment of HF. One example
is miR-942, which mediates the activation of HSCs by down-
regulating bone morphogenic protein (BMP) and activin
membrane-bound inhibitor (BAMBI) in human HFE.® Also,
miR-455-3p alleviates the activation of HSCs and HF by in-
hibiting the expression of heat shock transcription factor 1
(HSF1).” The miR-340-5p alleviates lung fibrosis by target-
ing the TGF-B/P38/ATF1 signaling pathway,® and the trans-
plantation of bone marrow mesenchymal stem cell-derived
exosomes containing miR-340-5p reduces endometrial fi-
brosis.” However, the effects of miR-340-5p in the process
of HSC activation in human HF remain unknown.

In this study, a bile duct ligation (BDL) HF rat model was
successfully induced and a microarray analysis was performed
to identify genes involved in the pathophysiology of HE. One
such gene highly upregulated in the liver of BDL rats was
the secreted phosphoprotein 1 (SPPI) gene. Recent studies
have revealed that SPPI is upregulated in various human
fibrotic diseases,'-12and that several miRNAs, such as miR-
539-5p,!* miR-186"* and miR-181c,'> regulate SPPI expression.
Therefore, we tested the possible involvement of the over-
expression of SPPI in HF and its regulation by miR-340-5p.

Objectives

To determine the interactions between miR-340-5p and
SPP] in HF and identify potential therapeutic targets.

Materials and methods
BDL rat model

The use of all animals was approved by the Laboratory An-
imal Ethics Committee of North China University of Science
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and Technology, Tangshan, China (approval No. LAEC-
NCST-2020187). A total of 14 male Sprague Dawley rats (age:
8 weeks; weight: 210-260 g) (Beijing HFK Bioscience Co.,
Ltd., Beijing, China) were divided into the BDL group (n =7)
and sham group (n = 7), and maintained at 23 +2°C with
free access to water and food. Animals were anesthetized,
and those in the BDL group underwent a common bile
duct separation and ligation to establish the model, while
the sham group rats underwent a laparotomy to separate
the duct without ligation. Incisions were treated with peni-
cillin, and rats were kept flat until the anesthesia subsided.
On the 14" day after the operation, the rats were sacrificed
by exsanguination through the abdominal aorta after an-
esthesia, the blood and liver tissues were collected by flash
freezing in liquid nitrogen, and liver tissues were preserved
in RNAlater™ Stable preservation solution of animal tissue
RNA (Beyotime, Shanghai, China) at -80°C until used.

Serum enzymes

The Comprehensive Diagnostic Profile kit on a VetScan
VS2 (Abaxis Inc. North America, Union City, USA) was
used to determine the levels of liver injury markers, in-
cluding serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bile acid (TBA), and total
bilirubin (TBIL).!®

Liver histology

Livers were paraffin-embedded, cut into 5-um-thick sec-
tions, deparaffinized and rehydrated, followed by stain-
ing with hematoxylin and eosin (H&E; Beijing Yili Fine
Chemicals Co., Ltd., Beijing, China), Masson’s trichrome
(PhyEasy™ Masson Staining Kit, PH1427; Phygene, Fujian,
China) or Sirius Red (Picro Sirius Red Stain Kit, ab150681;
Abcam, Cambridge, UK), or subjected to immunohisto-
chemistry (Gibco, Thermo Fisher Scientific, Waltham,
USA), according to the manufacturer’s instruction. For
immunohistochemistry, the sections were covered with
prepared ethylenediaminetetraacetic acid (EDTA) solution
(Wanleibio, Shenyang, China), and repaired under high
pressure for 3 min. This was followed by applying peroxi-
dase blocking agent (ReportBio, Hebei, China) for 10 min,
and washing with phosphate-buffered saline (PBS). Sub-
sequently, they were incubated with alpha-smooth muscle
actin (a-SMA) primary antibodies (ab5694, 1:200; Abcam),
then with a biotin-labeled secondary antibody (ab6721,
1:500; Abcam), and finally stained with diaminobenzidine
tetrahydrochloride.

mRNA microarray and the determination
of differentially expressed genes

Differential mRNA expression in the liver tissue of BDL
and sham groups (n = 3) was analyzed using a Rat Gene
Expression Microarray (Agilent Technologies, Santa Clara,
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USA) with an 8 x 60K chip. The TIFF format image data file
of the Agilent mRNA expression chip following hybridiza-
tion scanning was preprocessed and analyzed using feature
extraction software (method No. AG-GE-WL02-01-2012,
data analysis method No. AG-GEDL00-01-2010; CapitalBio
Technology, Beijing, China).

Cell culture

The use of human primary normal fibroblasts (NFs) was
authorized by the Ethics Committee of Tangshan People’s
Hospital, China (approval No. RMYY-LLKS-2020-002).1
The cells were cultured in Dulbecco’s modified Eagle’s F12
medium (DMEM/F12; Thermo Fisher Scientific) containing
10% epidermal growth factor, 20% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (P/S) (Minhai Biotechnology
Co., Ltd., Beijing, China). The immortalized human hepatic
stellate LX-2 cell line was obtained from Peking Union Medi-
cal College (Beijing, China) and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM,; Tianjin Meiji Chemical Co.,
Ltd., Tianjin, China) containing 1% P/S and 10% FBS. All
cells were cultured and kept in an incubator with 5% CO,
at 37°C. To further activate cells, they were treated with
10 ng/mL TGEF-P1 (PeproTech, Inc., Cranbury, USA) for 24 h,
as previously described.!®

miRNA target prediction

The miRNA potential target genes were predicted using
TargetScan (targetscan.org/vert_72/) and miRDB (https://
mirdb.org/mirdb/index.html).®

Quantitative real-time polymerase
chain reaction

TRIzol reagent (Invitrogen, Thermo Fisher Scientific)
was used to extract the total RNA from tissues and cells
following the manufacturer’s protocol. NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific) was used
to measure the total RNA concentration. Next, cDNAs
were synthesized using an mRNA reverse transcription kit
(Mei5 Biotechnology Co., Ltd., Beijing, China) or miRNA
First Strand cDNA Synthesis kit (Sangon Biotech, Shang-
hai, China), with the latter kit using miRNA universal
reverse primers. The Prime Script RT-PCR kit (TaKaRa,
Kusatsu, Japan) and SYBR Select Master Mix (Thermo
Fisher Scientific) were used for quantitative real-time poly-
merase chain reaction (QRT-PCR), and the reactions were
performed on an ABI 7500 Fast Real-Time PCR system (Ap-
plied Biosystems, Thermo Fisher Scientific). The qRT-PCR
reaction conditions were set at 95°C for 3 min, and then
40 cycles at 95°C for 15 s, 60°C for 35 s and 72°C for 30 s.
The 2-24Ct method was used to analyze the relative ex-
pression of the genes, with experiments being performed
in triplicate. The mRNA expressions of Collagen I, a-SMA
and SPP1 were normalized to glyceraldehyde 3-phosphate

4an

dehydrogenase (GAPDH), and miR-340-5p was normal-
ized to U6, expression of GAPDH and U6 were set to 1.
The primer sequences were as follows:
GAPDH forward
(F): 5-CCGCATCTTCTTGTGCAGTG-3,
and GAPDH reverse
(R): 5-TCCCGTTGATGACCAGCTTC-3}
U6 F: 5-CTCGCTTCGGCAGCACATA-3}
miR-340-5p F: 5-GCGGTTATAAAGCAATGAGA-3}
SPP1 F: 5-GAGGTCTGCGTGAATCCCTA-3),
SPP1 R: 5-GGAATGGCTGTAGTCGTCCA-3;;
a-SMA F: 5-ACTGCCTTGGTGTGTGACAA-3,,
a-SMA R: 5-CACCATCACCCCCTGATGTC-3;;
Collagen I F: 5-GGGCGAGTGCTGTGCTTT-3,
Collagen I R: 5-GACCCATTGGACCTGAACC-3.

Western blot analysis

Cell proteins were extracted with NP-40 Lysis Buffer (Beyo-
time), and bicinchoninic acid (BCA) assay (Beyotime) was
used to determine protein concentration. Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
with 5% stacking gel and 10% separation gel was used to iso-
late proteins that were transferred to polyvinylidene fluoride
(PVDF) membranes. Blots were blocked with 5% skimmed
milk for 2 h and incubated with the corresponding primary
antibody overnight at 4°C. On the following day, blots were
treated with a secondary antibody at room temperature for
2 h and then developed using enhanced chemilumines-
cence (ECL) reagent (Applygen, Beijing, China). The protein
expressions of Collagen I, a-SMA and SPP1 were normal-
ized to GAPDH, while phosphorylated (p)-Smad2/3 were
normalized to Smad2/3. Protein expression in the control
group was set to 1. The antibodies used to probe the PVDF
membranes were as follows: GAPDH (ab9485, 1:5000; Ab-
cam), SPP1 (ab255435, 1:3000; Abcam), Collagen I (ab64883,
1:1500; Abcam), a-SMA (ab244177, 1:1000; Abcam), p-Smad2
(ab188334, 1:3000; Abcam), p-Smad3 (ab48054, 1:3000; Ab-
cam), Smad2 (SRP 12209, 1:2000; Tianjin Saier Biotechnology
Co., Ltd., Tianjin, China), and Smad3 (SRP 06283, 1:2000;
Tianjin Saier Biotechnology Co., Ltd.).

Cell transfection

The following vectors were used in the present study:
pcDNA3/miR-340-5p was used to overexpress miR-340-5p;
pcDNA3/SPP1 was used to overexpress SPP1; shR-SPP1
was used to interfere with SPP1 expression; pcDNA3 was
used as the negative control (NC) for pcDNA3/miR-340-5p
and pcDNA3/SPP1; and pSilencer was used as NC for shR-
SPP1. All the vectors were obtained from Tianjin Saier
Biotechnology. The LX-2 cells, growing in a 96-well cell
culture plates, were transfected with 0.25 pug DNA /well.
The miR-340-5p inhibitor and control random sequence
inhibitor (NC-inhibitor) (Zhongshi Gene Technology,
Tianjin, China) were transfected into LX-2 cells at a final
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concentration of 100 nM. All transfections were performed
according to the Lipofectamine® 2000 protocol (Thermo
Fisher Scientific).

Fluorescent reporter assay

Vector pcDNA3/EGFP-SPP1 3’'UTR containing wild-
type 3-untranslated region (UTR) of SPP1 mRNA comple-
mentary to miR-340-5p sequence, and pcDNA3/EGFP-SPP1
3UTR-MUT vector containing mutated 3'UTR of SPP1
mRNA complementary to miR-340-5p sequence, as well
as pDsRed2-N1 vector (used as internal control of transfec-
tion), were purchased from Clontech Laboratories (Mountain
View, USA). The LX-2 cells, growing in a 6-well cell culture
plates, were transfected with: 1 pg pcDNA3 or pcDNA3/miR-
340-5p, 1 ug pcDNA3/EGFP-SPP1 3’'UTR or pcDNA3/EGEFP-
SPP1 3’'UTR-MUT, and 0.1 pg pDsRed2-N1. After 48 h,
the cells were treated with lysis buffer (Beyotime), and the flu-
orescence intensities of enhanced green fluorescent protein
(EGFP) and red fluorescent protein (RFP) were determined
using an F-4500 fluorescence spectrophotometer (Molecular
Devices, San Jose, USA). The fluorescence intensity ratio
of EGFP to RFP was calculated to determine the relative fluo-
rescence intensity of the former. The pcDNA3 and pcDNA3/
EGEFP-SPP1 3'UTR transfection groups were the control for
pcDNA3/miR-340-5 and pcDNA3/EGFP-SPP1 3’'UTR, while
the pcDNA3 and pcDNA3/EGFP-SPP1 3'UTR-MUT trans-
fection groups were the control for pcDNA3/miR-340-5p and
pcDNA3/EGFP-SPP1 3’'UTR-MUT. The relative fluorescence
intensity of EGFP was set to 1 in the control group.

Cell proliferation assay

The cell counting kit-8 (CCK-8) assay (Invitrogen, Thermo
Fisher Scientific) was used to determine the proliferation
of LX-2 cells. The cells were placed in 96-well plates with
DMEM and a total of 3x10? cells per well. The pcDNA3/
miR-340-5p, pcDNA3, miR-340 inhibitor, or NC-inhibitor
were transfected individually with Opti-MEM (Tianjin
Meiji Chemical Co., Ltd.), and Lipofectamine® 2000. A to-
tal of 100 pL of medium and 10 pL of CCK-8 reagent were
added 24 h, 48 h or 72 h after transfection, and the absor-
bance at 450 nm was determined in each well after a 3-hour
incubation.
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Statistical analyses

The SPSS v. 26.0 software (IBM Corp., Armonk, USA)
was used to analyze the experimental data and Graph-
Pad Prism software (v. 8.0; GraphPad Software, San Di-
ego, USA) was used to present the results. The unpaired
Student’s t-test bootstrap was used for comparisons be-
tween the 2 groups and the one-way analysis of variance
(ANOVA) bootstrap followed by the least significant dif-
ference (LSD) test or Dunnett T3 post hoc test was used
for multiple comparisons among the 4 groups. The Welch’s
correction was used when the homogeneity of variance
assumption was not met, and the data description of sta-
tistical test results are shown in Supplementary Tables 1-6
(https://doi.org/10.5281/zenodo0.7115492). Seven rats were
used for the induced BDL rat model. The other experi-
ments were performed in triplicate. Representative results
are shown as mean + standard deviation (M +SD), with
p < 0.05 considered statistically significant.

Results

BDL-induced HF rat model
and differential gene expression

Using the BDL rat model, the characteristics of HF were
determined. The results showed that the daily growth rate
of the BDL group was significantly lower than controls,
and the liver wet weight, body mass ratio, ALT, AST, TBA,
and TBIL were significantly increased (Table 1). Significant
histological changes and deposition of Collagen I were
detected in liver tissue sections of BDL rats using H&E,
Sirius Red and Masson’s trichrome staining when com-
pared to controls (Fig. 1A). In addition, the upregulation
of a-SMA in the central venous and portal regions of BDL
rat liver tissue sections was observed with immunohisto-
chemical analysis (Fig. 1B).

To systematically identify genes involved in the patho-
physiology of HF, the differential gene expression was
analyzed in liver tissues of BDL and control rats using
mRNA microarray. Two major clusters were identified
using unsupervised hierarchical clustering analysis among
the differentially expressed mRNAs, with one set closely

Table 1. Liver to body mass ratio and serum biochemical test results of rats in each group

Serum TBIL
[u/L]

Growth rate ‘

Liver/body ‘

Serum ALT
weight [g/kg]

[u/L]

Serum AST ‘

Serum TBA
[u/L]

(daily %) [umol/L]

Sham group (n=7) 0.39 £0.05 25,53 £1.37 4513 1.7 134.03 £9.53 539 £3.54 10.65 +£1.22
BDL group (n=7) 0.30 +0.07 61.99 £2.49 101.76 +3.87 43849 +£14.33 21517 £11.39 150.16 £9.99
Lower limit of the 95% Cl 0.0205 —38.3728 —59.5055 —317.2698 —218.8642 —146.4505
Upper limit of the 95% Cl 0.1496 —34.2832 —53.2831 —292.6431 —201.0801 —131.8945

The t-test bootstrap was used to compare the difference between the sham group and the bile duct ligation (BDL) group. Each value represents the mean
+ standard deviation (M +SD) of 7 rats. ALT — alanine aminotransferase; AST — aspartate aminotransferase; TBA — total bile acid; TBIL - total bilirubin;
95% Cl — 95% confidence interval.
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Fig. 1. Differential expression of genes in bile duct ligation (BDL) rat liver. A. Macroscopic examination of rat liver and representative images of hematoxylin
and eosin (H&E) staining (x100 and x200 magnification), Sirius Red staining (X100 magnification), Masson's trichrome staining (x100 magnification)

of rat liver tissue sections, n = 7; B. Immunohistochemical staining for alpha smooth muscle actin (a-SMA) in the central vein and portal region of rat

liver tissue sections (x200 and x400 magnification), n = 7; C. Microarray analysis of liver tissue mRNAs in sham or BDL group. Hierarchical cluster analysis
was performed for differential expression mRNAs; green — low expression; black — no difference; red — high expression; G2, -3 and C-4 are the sham
group results; M-4, M-5 and M-8 are the BDL group results, n = 3; D. The expression of secreted phosphoprotein 1 (SPP1) in liver tissues was analyzed

with quantitative real-time polymerase chain reaction (qRT-PCR) using samples from the sham and BDL groups. Data for SPP1 were normalized to mRNA
expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and the data for the sham group were standardized to 1. Results are shown as mean
+ standard deviation (M £SD), n = 3, *p < 0.05 compared to the control; the results were analyzed using the Student’s t-test bootstrap
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associated with the BDL group and the other with the sham
group. Compared to the sham group, there were 1985 up-
regulated and 598 downregulated mRNAs in the BDL
group (Fig. 1C), with SPP1 being one of the most upregu-
lated mRNAs (p < 0.05, n = 3) (Fig. 1D). The SPP1 is re-
lated to the TGF-B1/Smads signaling pathway, as indicated
by Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) analyses, which suggests that SPP1
is likely critical in HF.

SPP1 enhances the proliferation and
activation of LX-2 cells through promotion
of the TGF-f31/Smads signaling pathway

To determine the function and possible mechanism
of SPP1 in HF, LX-2 cells and TGF-Bl-activated LX-2
cells were used. It is reported that LX-2 cells can be fur-
ther activated by TGF-B1.1® The TGF-B1 interacts with
receptor II (TGFBR2) on the cell surface, which leads
to the phosphorylation of receptor I (TGFBR1). Smad2
and Smad3 are phosphorylated to become p-Smad2 and
p-Smad3 by p-TGFBRI1, where they form a cytoplasmic
heteromeric complex that traffics to the nucleus to medi-
ate HF.2° This leads to the expression of SPP1 that were
detected in activated LX-2 cells. The levels of SPP1 mRNA
and protein were significantly enhanced in LX-2 cells
treated with TGF-P1, as examined using qRT-PCR and
western blot, respectively (all p < 0.05, Fig. 2A,B). Addi-
tional studies were performed in LX-2 cells by transfecting
them with pcDNA3/SPP1, shR-SPP1 or NCs. The levels
of SPP1 mRNA and protein in LX-2 cells transfected with
pcDNA3/SPP1 or shR-SPP1 were increased or decreased
relative to NCs, as detected using qRT-PCR or western
blot, respectively (all p < 0.05, Fig. 2C,F). The prolifera-
tion of LX-2 cells transfected with pcDNA3/SPP1 or shR-
SPP1 was significantly increased and decreased relative
to controls, respectively, as determined with CCK-8
analysis (all p < 0.05, Fig. 2D). Additionally, the mRNA
and protein levels of HF markers Collagen I and a-SMA
in LX-2 cells transfected with pcDNA3/SPP1 or shR-SPP1
were significantly higher and lower than in their NCs, re-
spectively (all p < 0.05, Fig. 2E,F). The protein expression
of p-Smad2 and p-Smad3 in LX-2 cells transfected with
pcDNA3/SPP1 were increased, while those transfected
with shR-SPP1 were decreased when normalized to the to-
tal Smad2 or Smad3 protein (all p < 0.05, Fig. 2G). Thus,
SPP1 might promote HSC proliferation and activation
through the TGF-f1/Smads signaling pathway.

SPP1 is directly targeted by miR-340-5p

A growing number of studies have indicated that miR-
NAs directly interfere with the expression of their target
genes, which likely happens in the occurrence and develop-
ment of HFE. Thus, the question of whether SPP1 is regu-
lated by miRNAs was investigated. The results obtained
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using TargetScan and miRDB database analysis suggested
that SPP1 can be directly targeted and regulated by miR-
340-5p (Fig. 3A). The cells co-transfected with miR-340-5p
and pcDNA3/EGFP-SPP1 3'UTR vector had a decreased
fluorescence intensity (p < 0.05, Fig. 3B). However, no sig-
nificant difference was seen in the co-transfection of miR-
340-5p and the mutant pcDNA3/EGFP-SPP1 3’ UTR-MUT
(p > 0.05, Fig. 3B). Furthermore, SPP1 mRNA and protein
levels in LX-2 cells transfected with pcDNA3/miR-340-5p
were significantly decreased, while those with miR-340-5p
inhibitor were increased (all p < 0.05, Fig. 3C,D). These
results suggest that miR-340-5p directly suppresses SPP1
by interfering with its 3’UTR.

miR-340-5p inhibits the proliferation
and activation of LX-2 cells by repressing
the TGF-31/Smads pathway

Next, LX-2 cells were used to systematically identify
the effects of miR-340-5p in the pathophysiology of HF.
The cells were transfected with pcDNA3/miR-340-5p,
pcDNA3, miR-340-5p inhibitor or NC-inhibitor, and ana-
lyzed for cell proliferation, nRNA and protein expression
levels of fibrosis markers Collagen I and a-SMA, as well
as protein levels of p-Smad2 and p-Smad3. Compared with
TGEF-Bl-untreated groups, the activated NFs and LX-2 cells
had significantly reduced levels of miR-340-5p (p < 0.05,
Fig. 4A). Also, the expression of miR-340-5p in LX-2 was
dramatically enhanced and decreased by the transfection
of its overexpression vectors and inhibitors, respectively
(both p < 0.05, Fig. 4B). The proliferation of LX-2 cells
was strikingly inhibited and promoted by pcDNA3/miR-
340-5p and miR-340-5p inhibitor, respectively (all p < 0.05,
Fig. 4C). Collagen I, a-SMA mRNA and protein levels were
significantly downregulated by pcDNA3/miR-340-5p and
significantly upregulated by miR-340-5p inhibitor (all
p <0.05, Fig. 4D,E). Additionally, the levels of p-Smad2 and
p-Smad3 were reduced with pcDNA3/miR-340-5p or in-
creased with miR-340-5p inhibitor (all p < 0.05, Fig. 4F),
when normalized to total protein Smad2 or Smad3. These
findings suggest that miR-340-5p inhibits the prolifera-
tion and activation of LX-2 cells by inhibiting the TGF-1/
Smads canonical pathway (Fig. 5).

Discussion

Factors such as viral infection, alcohol abuse and meta-
bolic or genetic disorders cause HF, and its main charac-
teristic is ECM protein accumulation, including Collagen
I and a-SMA. Activated HSCs are responsible for the ex-
cessive ECM protein accumulation.?! Hepatic stellate cells,
which account for approx. 5% of all hepatocytes, were first
described by Kupffer in 1876, and they exist in the space
between parenchymal cells, hepatocytes and sinusoidal
endothelial cells.?? They participate in liver development,
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Fig. 2. Secreted phosphoprotein 1 (SPP1) promotes hepatic stellate cell (HSC) proliferation and activation. A. The SPPT mRNA expression in activated LX-2
cells was examined using quantitative real-time polymerase chain reaction (QRT-PCR); B. The SPP1 protein expression in transforming growth factor beta 1
(TGF-B1)-activated LX-2 cells was examined with western blot; C. The SPPT mRNA expression in LX-2 cells transfected with pcDNA3/SPP1 or shR-SPP1 was
quantified using qRT-PCR; D. The proliferation of LX-2 cells transfected with pcDNA3/SPP1 or shR-SPP1 was determined using cell counting kit-8 (CCK-8)
assay; E. The mRNA expression levels of Collagen | and alpha smooth muscle actin (a-SMA) in LX-2 cells transfected with pcDNA3/SPP1 or shR-SPP1 were
quantified using gRT-PCR; F. The protein expression levels of Collagen I, a-SMA and SPP1 in LX-2 cells transfected with pcDNA3/SPP1 or shR-SPP1 were
determined with western blot; G. Phosphorylated (p)-Smad2 and p-Smad3 expression levels were determined using western blot in LX-2 cells transfected
with pcDNA3/SPP1 or shR-SPP1, which were normalized to the total Smad2 or Smad3, respectively. The gene expression levels in LX-2 cells transfected with
pcDNA3 or pSilencer were normalized to 1; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for internal control. Results are shown as mean
+ standard deviation (M +SD), n = 3, *p < 0.05 compared to the control; the results were analyzed using the Student’s t-test bootstrap or one-way analysis
of variance (ANOVA) bootstrap followed by least significant difference (LSD) test or Dunnett T3 post hoc test

NC - negative control; TGF-B1 - transforming growth factor beta 1; OD - optical density.
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and normalized to 1 in the control group; C,D. mRNA and protein expression levels of SPP1 in LX-2 cells transfected with pcDNA3/miR-340-5p or miR-340-
5p inhibitor were detected using quantitative real-time polymerase chain reaction (RT-PCR) and western blot. The mRNA levels in LX-2 cells transfected
with pcDNA3 or NGinhibitor were normalized to 1, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for internal control. Results are shown
as mean = standard deviation (M £SD), n = 3, ns — not significant, *p < 0.05 compared to the control. The results were analyzed using one-way analysis

of variance (ANOVA) bootstrap followed by least significant difference (LSD) post hoc test

differentiation, regeneration, immune regulation, inflam-
matory response, and liver blood flow control, as well
as regulate the occurrence and development of some liver
diseases. Once a liver injury occurs, quiescent HSCs are
activated and transformed into contractile myofibroblasts,
which induce the transcription of Collagen I and a-SMA,
and lead to the formation of stress fibers and ECM de-
position, which results in increased cell contact.?? Since
the complexity of HSC activation and the pathogenesis
of HF are not fully understood, it is critical to clarify
the regulatory mechanisms, so as to improve the treat-
ment options for HF.

The SPPI gene is on chromosome 4 (4q13) and encodes
amultifunctional matricellular protein that is abundantly
expressed during inflammation and repair.2* The SPPI
also promotes inflammation and fibrosis of the prostate,?®
as well as aggravates the lungs?® and promotes myocardial
fibrosis?” through different signaling pathways. It is known
to regulate radiotherapy sensitivity in gastric adenocar-
cinoma through the Wnt/B-catenin pathway.?® Similarly,

our results revealed that a high expression of SPPI occurs
in fibrotic liver tissue of BDL rats and activated LX-2 cells,
and it is related to the TGF-B1/Smads signaling pathway,
as indicated by KEGG and GO analysis.

Hepatic stellate cells gradually become activated during
culturing in vitro, and LX-2 cells used in these experiments
are an activated immortalized cell line.2*3° Therefore, LX-2
cells were used to study SPP1 in order to avoid the influ-
ence of exogenous TGF-P1. These studies showed an in-
crease in the levels of mRNA and protein for the markers
of HF (Collagen I and a-SMA), as well as the proteins p-
Smad2 and p-Smad3, with proliferation occurring when
LX-2 cells overexpressed SPP1.

The results of the bioinformatics prediction com-
bined with fluorescence reporter studies showed that
SPP1 is the target of miR-340-5p. This is the first study
to report on the effect of miR-340-5p in HF. Additional
experiments showed that the expression of miR-340-5p
was significantly downregulated both in the activated
NFs and the activated LX-2 cells. Also, when pcDNA3/
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Fig. 4. The miR-340-5p inhibits hepatic stellate cell (HSC) proliferation and activation. A. Expression of miR-340-5p in activated normal fibroblasts (NFs) and
activated LX-2 cells was detected using quantitative real-time polymerase chain reaction (QRT-PCRY); B. The expression of miR-340-5p in LX-2 cells transfected
with pcDNA3/miR-340-5p or miR-340-5p inhibitor was quantified using qRT-PCR; C. Cell proliferation was determined using cell counting kit-8 (CCK-8) assay
in LX-2 cells transfected with either pcDNA3/miR-340-5p or miR-340-5p inhibitor; D,E. The mRNA and protein expression levels of Collagen | and alpha
smooth muscle actin (@-SMA) in LX-2 cells transfected with pcDNA3/miR-340-5p or miR-340-5p inhibitor were detected using gRT-PCR and western blot;

F. The levels of p-Smad2 and p-Smad3 were detected using western blot in LX-2 cells transfected with pcDNA3/miR-340-5p or miR-340-5p inhibitor, which
were normalized to the total Smad2 or Smad3 protein. The gene expression in LX-2 cells transfected with pcDNA3 or NGinhibitor were normalized to 1; U6
was used as the internal reference for miR-340-5p and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal reference for Collagen
l, a-SMA, p-Smad2, and p-Smad3. Results are shown as mean =+ standard deviation (M +SD), n = 3, ns — not significant, *p < 0.05 compared to the control.
The results were analyzed using one-way analysis of variance (ANOVA) bootstrap followed by least significant difference (LSD) or Dunnett T3 post hoc test

NC - negative control; OD - optical density; TGF-B1 - transforming growth factor beta 1.

miR-340-5p or miR-340-5p inhibitor was transfected into
LX-2 cells to upregulate or knock down the expression
of miR-340-5p, respectively, the proliferation of LX-2 cells
was significantly downregulated with high levels of miR-
340-5p, and upregulated with low levels of miR-340-5p
in LX-2 cells. These results, along with the changes to HF
markers Collagen I, a-SMA, p-Smad2, and p-Smad3, sug-
gest altered levels of SPP1.

Limitations

In this study, we only carried out cellular experiments
to investigate the effect of miR-340-5p on LX-2 cell prolif-
eration and activation by targeting SPP1, there should be
some focus on validating these findings in vivo. Therefore,
animal experiments and clinical HF tissue samples are
needed to confirm the effect of miR-340-5p on HF.



478

Conclusions

Our findings provide evidence that SPP1 promotes LX-2
cell proliferation and activation through TGF-p1/Smads
signaling and that it is the target of miR-340-5p. Therefore,
miR-340-5p and SPP1 may be potential therapeutic targets
for HF. However, in vivo studies are needed to evaluate
the effect of miR-340-5p and SPP1 on HF.
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Fig. 5. Schematic representation
of a working model of how
miR-340-5p suppresses hepatic
stellate cell (HSC) activation via
the inhibition of the transforming
growth factor beta 1 (TGF-31)/
Smads signaling pathway
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