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Background: The incidence of liver fibrosis remains high due to the lack of effective therapies. Our previous work found that
microRNA (miR)-34a expression was increased, while acy1-CoA synthetase long-chain family member1 (ACSL1)
was decreased, in a dimethylnitrosamine (DNS)-induced hepatic fibrosis rat model. We hypothesized that miR-
34a may play a role in the process of hepatic fibrosis by targeting ACSL1.

Material/Methods: From days 2 to 14, cultured primary hepatic stellate cells (HSCs) underwent cell morphology, immunocytochem-
ical staining, and quantitative reverse transcription PCR (RT-gPCR) for alpha smooth muscle actin (a-SMA), des-
min, rno-miR-34a, and ACSL1 expression. Wild-type and mutant luciferase reporter plasmids were constructed
according to the predicted miR-34a binding site on the 3’-untranslated region (UTR) of the ACSL1 mRNA and
then transfected into HEK293 cells. rno-miR-34a was silenced in HSCs to confirm that rno-miR-34a negative-
ly regulates ACSL1 expression. mRNA and protein expression of a-SMA, type | collagen, and desmin were as-
sayed in miR-34a-silenced HSCs.

Results: HSCs were deemed quiescent during the first 3 days and activated after 10 days. rno-miR-34a expression in-
creased, and ACSL1 expression decreased, from day 2 to 7 to 14. rno-miR-34a was shown to specifically bind
to the 3’-UTR of ACSL1. miR-34a-silenced HSCs showed higher ACSL1and lower o-SMA, type | collagen, and
desmin expression than that of matching negative controls and non-transfected cells.

Conclusions: miR-34a appears to play an important role in the process of liver fibrosis by targeting ACSL1 and may show
promise as a therapeutic molecular target for hepatic fibrosis.
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Background
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Material and Methods

Liver fibrosis is a key pathological process underlying a variety
of chronic liver diseases, including viral hepatitis, alcoholic fat-
ty liver disease, and cholestatic liver disease [1-4]. Although
liver fibrosis is not malignant in and of itself, the process can
destroy normal tissue structure and function and can gradu-
ally develop into cirrhosis, and eventually liver cancer. Hepatic
stellate cells (HSCs) are vitamin A-storing pericytes found in
the space of Disse [5]. Activation and proliferation of HSCs is
pivotal to the development of liver fibrosis [4,6,7]. HSCs are
activated to myofibroblasts (MFs) through the epithelial-to-
mesenchymal transition (EMT) and secretion of extracellular
matrix (ECM) through autocrine and paracrine processes. In
addition, HSCs secrete tissue inhibitors of matrix metallopro-
teinases (TIMPs), which reduce ECM degradation. When ECM
synthesis outpaces ECM degradation, the resulting superabun-
dant ECM deposition can lead to liver fibrosis [8,9]. However,
the molecular mechanism(s) underlying liver fibrosis is not
yet fully understood.

As an epigenetic regulatory mechanism, microRNAs (miRNA,
miR) have become increasingly important in the process of
liver fibrosis [10-12]. In our previous study that applied chip
screening technology, a variety of miRNAs were found to be dif-
ferentially expressed in a dimethylnitrosamine (DNS)-induced
hepatic fibrosis rat model, including miR-214, miR-199a-3p,
miR-324-5p, miR-878, miR-7a, and miR-34a; in particular, miR-
34a displayed significantly increased levels and was positive-
ly correlated with liver fibrosis [13]. Simultaneously, from our
bioinformatics analysis, we discovered that miR-34a may tar-
get acy1-CoA synthetase long-chain family member 1 (ACSL1).
Previous reviews have discussed ACSL1’s important role as a
channel for fatty acid and lipid metabolism, a process which
has been previously associated with liver fibrosis [14-16].

On the basis of these previous findings, we hypothesized that
miR-34a may play an important role in the process of hepatic
fibrosis by targeting ACSL1. In the present study, we verified
that rno-miR-34a is significantly upregulated with the activa-
tion of primary HSCs and confirmed that ACSL1 is the target
gene of rno-miR-34a using a luciferase reporter system in the
tool cell line 293T. In addition, we found that rno-miR-34a reg-
ulates the deposition of ECM proteins, including type I colla-
gen, desmin, and alpha smooth muscle actin (x-SMA) via its
interaction with ACSL1’s 3’-UTR. These results suggest that si-
lencing miR-34a in HSCs may be applied as a future therapeu-
tic strategy for liver fibrosis.

HSC isolation and culture

Primary rat HSCs were isolated from male Sprague-Dawley rats
(300-400 g) by in situ liver pronase/collagenase perfusion and
18% Nycodenz density gradient centrifugation according to
Kawada et al.’s method [17,18]. Briefly, under ethyl ether an-
esthesia, the rat liver was perfused at 10 ml/min via the por-
tal vein with Gey’s balanced salt solution (GBSS, pH 7.3) for
10 min at 37°C and then with GBSS containing 0.08% pronase
E and 0.04% collagenase for 30 min at 37°C. Post-perfusion,
the rat liver was digested in GBSS containing 0.05% pronase E,
0.05% collagenase, and 20 pg/ml of deoxyribonuclease for 30
min at 37°C and then filtered through a 150-mm mesh. After
18% Nycodenz cushion centrifugation at 1400xg for 15 min
at 4°C, the HSC-enriched fraction was obtained from the up-
per white-colored layer. Cells were washed by centrifugation at
400xg for 10 min at 4°C and then cultured on uncoated plas-
tic dishes in DMEM (Thermo, China) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA). HSCs were morphologi-
cally identified by their typical star-like configuration. Cell vi-
ability and purity were more than 95%, which was confirmed
by Trypan Blue staining and auto-fluorescence.

Both HSCs and the human embryonic kidney tool cell line 293T
(ATCC, USA) were cultured in DMEM (Thermo, China) supple-
mented with 10% FBS (Gibco, USA), 100 pg/ml streptomycin,
and 100 U/ml penicillin. Cells were grown in a 37°C incubator
at 5% CO,.The medium was changed every two days, and cells
were passaged upon reaching 70-80% confluence.

Immunocytochemical staining

HSCs were rinsed in PBS three times for 3 min each. The cells
were fixed for 10 min in 4% formaldehyde and then permea-
bilized in 0.5% Triton X-100 in PBS for 20 min at room temper-
ature. Slides were dipped in PBS three times for 3 min each. A
blocking solution consisting of PBS (pH 7.5) with 1% normal
goat serum was added drop-wise on each slide and kept at
room temperature for 30 min. Then, the excess blocking solu-
tion was blotted off with absorbent paper. Slides were treated
with diluted primary antibody (anti-a-SMA, 1:100; anti-desmin,
1:100) and placed in a wet box at 4°C for overnight incubation.

After overnight incubation, fluorescent secondary antibod-
ies were applied in a dark environment. Slides were dipped in
PBST three times for 3 min each. The excess secondary anti-
body was blotted off with absorbent paper, and slides were
placed in a wet box at 20-37°C for 1 h of incubation. Slides
were dipped in PBST three times for 3 min each. Nuclei were
stained by application of DAPI stain in the dark for 5 min. Then,
excess DAPI stain was washed away with PBST four times for
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Position 161-167 of ACSL1 3UTR 5’ --*GCAGAGGGCACGGAACACUGCCU:- -
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rat:rno-miR-34a: UGUUGGUCGAUUCU GUGACGG A

3'UTR mutant UGGGCGG U

Supplementary Figure 1. Predicted binding site

re—— and mutated site construction.
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5 min each. Slides were mounted with an anti-fluorescence
quench reagent for fluorescent imaging.

Transfection

According to the phenotypic changes, HSCs were deemed qui-
escent on day 2 and then activated on day 14. HSCs were seed-
ed onto six-well plates at a density of 4.5x10°/well on day 14
and divided into three experimental groups: (i) the miR-34a-
silenced group, (ii) the miR-22-silenced negative control (NC)
group, and (jii) the non-transfected (NT) group. miR-22 was
specifically chosen as the NC based on our previous findings
in the same DMN-induced liver fibrosis model, which displayed
no changes in miR-22 expression in rat HSCs by miRNA ex-
pression microarray analysis [13].

The miR-34a-silenced group was transfected with a rno-miR-
34a silencing vector, and the NC group was transfected with a
miRNA-22 silencing vector using lipofectamine2000 (Invitrogen,
USA) according to the manufacturer’s protocol. The rno-miR-
34a silencing vector and miRNA-22 silencing vector were both
purchased from the Ribo Company (Guangzhou, China). The
adherent cells reached a 50% cell density the next day. Then,
the mRNA/miRNA/protein was extracted from the cells for RT-
PCR or Western Bolt analysis 48 h post-transfection.

RT-PCR and real-time RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen, USA).
miRNA was reverse transcribed to cDNA with a specific stem-
loop primer, and the mRNA was reversed transcribed to cDNA
with Oligo dT Primer and Random 6 mers using a PrimeScript™
RT reagent kit (TaKaRa, Japan). Then, they were subjected to
a RT reaction using SYBR Premix Ex Tag™ Il (TaKaRa, Japan)
in the ABI 7900HT Fast Real-time PCR System (Singapore)
using the following gene-specific oligonucleotide primers:
rno-miR-34a, forward-5’CTCGGATCCTTTCTCCCACAGCCTCTC
and reverse-5'CGGAATTCTAGAGCAGCTCCCGAAGTCC; a-SMA,
forward-5'TTCCTTCGTGACTACTGCTGAG and reverse-5'CAAT
GAAAGATGGCTGGAAGAG; desmin, forward-5’CAGCAGGTCC
AGGTAGAGATG and reverse-5'GAGATGTTCTTAGCCGCAATG; type
| collagen, forward-5’ATGTCTGGTTTGGAGAGAGCA and reverse-
5'GAGGAGCAGGGACTTCTTGAG;GAPDH, forward-5’ACAGCAACA
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GGGTGGTGGAC and reverse-5'TTTGAGGGTGCAGCGAACTT. The
relative amounts of miRNA and mRNA were normalized against
U6 snRNA and GAPDH, respectively. The fold-changes for miR-
NA and mRNA expression were calculated by the 2-24¢t method.

Luciferase reporter assay

A luciferase reporter assay was used to verify whether ro-miR-
34a directly binds to the 3’-UTR of ACSL1 in the HEK293T cell
line. First, the 3’-UTR of ACSL1 fragments containing the pre-
dicted binding site for rno-miR-34a and a 3’-UTR-mutation were
constructed (Supplementary Figure 1). Then, fragments were in-
serted into the 3’-end of the firefly-luciferase gene in the dual-
luciferase target gene expression vector (Promega, USA). 293T
cells were seeded onto a 96-well plate (2.5x10* cells per well)
one day before transfection. When the cells reached a densi-
ty of 70% the next day, the cells were transiently transfect-
ed with either the miR-34a-silenced (100 nm) or NC (100 nm)
versions of each constructed plasmid. Firefly and Renilla rela-
tive luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, USA) 48 hours post-trans-
fection according to the manufacturer’s protocols.

Western blot analysis

HSCs were harvested and lysed into RIPA buffer on ice. The BCA
method was used to measure protein concentration. Proteins
were transferred to a polyvinylidene difluoride (PVDF) mem-
brane after 10% (w/v) sodium dodecy! sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Membranes were blocked for
2 h and then incubated with the following primary antibodies:
anti-ACSL1 rabbit polyclonal antibody (Thermo), anti-type I col-
lagen rabbit polyclonal antibody (ab34710), anti-a-SMA rabbit
polyclonal antibody (ab5694), anti-desmin rabbit monoclonal an-
tibody (ab32362), and anti-GAPDH rabbit monoclonal antibody
(ab9485). This was followed by incubation with peroxidase-
conjugated secondary antibodies (Abmart, China) for 60 min-
utes. Protein expression was then analyzed by Western blotting.

Statistical analysis

All experiments were performed in triplicate. All values are re-
ported as means + standard deviations (SDs). Student’s t-test
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Figure 1. Identification and morphology of primary HSCs by light microscopy. (A) On day 1, HSCs were round and of uniform size and
emitting strong blue-green auto-fluorescence under 327-nm UV wavelength stimulation (10x). (B) On day 2, HSCs were
adherent by showing in vitro cell attachment and were round (or oval)-shaped (10x). (C) On day 7, the cell bodies extended
outward (i.e., forming a drop-like appearance) with aggregate growth (10x). (D) On day 14, the cell bodies fully extended
(i.e., dendritic cell-like appearance) (10x). (E) Trypan blue identification of cell viability (4x) revealed ~95% cell survival with
dead cells showing dark blue dye exclusion and living cells showing colorless transparency. (F) HSCs emit yellow-green
fluorescence under 328-nm UV wavelength stimulation (10x).

Figure 2. Immunocytochemical staining of primary HSCs. (A) On day 2, a-SMA expression (staining green) was negative with DAPI-
stained nuclei (staining blue) (20x). (B) On day 14, a-SMA expression (staining green) was positive with DAPI-stained nuclei
(staining blue) (20x). (C) On day 2, cytoplasmic desmin expression (staining red) was slightly positive with DAPI-stained

nuclei (staining blue) (20x). (D) On day 14, cytoplasmic desmin expression (staining red) was positive with DAPI-stained
nuclei (staining blue) (20x).

was used for comparisons between two groups, and a one-way Results

analysis of variance (ANOVA) test was used for multiple com-

parisons between three groups. Differences meeting a p<0.05 Identification of quiescent and activated HSCs

threshold were considered to be statistically significant. All

analyses were performed using SPSS 17.0. The status of HSCs was detected in the primary cells during
activation (Figure 1). Upon isolation from rats, the HSCs dis-
played a round morphology with a blue-green intrinsic auto-
fluorescence under 327-nm UV wavelength stimulation. Under
light microscopy on day 2, HSCs were adherent with a round
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expression in HSCs. (A) miRNA
expression of desmin and a-SMA
(p<0.05). (B) Protein expression of
desmin and a-SMA. (C) Significant
rno-miR-34a upregulation and ACSL1
mRNA downregulation observed in
activated HSCs (p<0.05). (D) ACSL1
protein expression was downregulated
in activated HSCs at day 14 compared
to quiescent HSCs at day 2.

or oval-shaped morphology. On day 7, the cell body extended
outward, and on day 14, the cell bodies were fully extended,
displaying a morphology similar to dendritic neurons. Based
on these observations, HSCs were deemed quiescent during
the first 3 days and activated after 10 days [19].

Immunocytochemical staining and RT-gPCR for a-SMA and
desmin demonstrated the quiescent and activated pheno-
types of HSCs on days 2 and 14, respectively (Figure 2). rno-
miR-34a and ACSL1 expression were determined on days 2,7,
and 14. rno-miR-34a and ACSL1 were expressed differently in
quiescent and activated HSCs — rno-miR-34a was upregulat-
ed in activated cells, while ACSL1 was downregulated in acti-
vated cells (Figure 3).

MiR-34a and ACSL1 expression in primary HSCs at days 2
and 14

rno-miR-34a and ACSL1 expression were assessed in primary
HSCs on days 2, 7, and 14. rno-miR-34a expression increased
gradually from day 2 to day 7 to day 14, while ACSL expres-
sion decreased from day 2 to day 7 to day 14, which reveals
that rno-miR-34a upregulation and ACSL1 downregulation are
associated with HSC activation. Western blotting found that
ACSL1 protein expression was downregulated in HSCs on day
14 compared to quiescent HSCs on day 2 (Figure 3).

Luc/R-luc

H2345+NC

H2345+NC+
Rno-miR-34a

H2401+NC  H2401+NC+

Rno-miR-34a

Supplementary Figure 2. Luciferase reporter activity. Luciferase
reporter activity was raised in HEK293 cells
transfected with wild-type (WT) constructive
luciferase reporter plasmid (p<0.05). There were
no changes in HEK293 cells transfected with the
mutant (MUT) constructive luciferase reporter
plasmid (p<0.05).

MiR-34a directly targets ACSL1

Our previous study found that ACSL1 may be a target of miR-
3443, so here we constructed wild-type (WT) and mutant (MUT)
luciferase reporter plasmids according to the predicted rno-
miR-34a binding site on the 3’-UTR of the ACSL1 mRNA. Then,
HEK293 cells were transfected with either the miR-34a-silenced
or NC versions of each constructed plasmid. rno-miR-34a silenc-
ing significantly raised luciferase reporter activity in HEK293
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Figure 4. miR-34a and ACSL1 expression post-transfection. (A) rno-miR-34a expression in miR-34a-silenced HSCs was significantly
lower than that of matching NC and NT cells (p<0.05), and there was no significant difference between NC and NT cells
(p>0.05). (B) ACSL1 mRNA expression in miR-34a-silenced HSCs was significantly higher than that of matching NC and
NT cells (p<0.05), and there was no significant difference between NC and NT cells (p>0.05). (C) ACSL1 protein expression
in miR-34a-silenced HSCs was significantly higher than that of matching NC and NT cells, and there was no significant

difference between NC and NT cells (p>0.05).

cells transfected with the WT constructive luciferase reporter
plasmid (p<0.05). However, there were no changes in HEK293
cells transfected with the MUT constructive luciferase report-
er plasmid (p>0.05; Supplementary Figure 2).The results indi-
cate that rno-miR-34a specifically binds to the 3’-UTR of ACSL1.

MiR-34a negatively regulates ACSL1 mRNA and protein
expression

To confirm that rno-miR-34a negatively regulates ACSL1 ex-
pression, rno-miR-34a and ACSL1 expression levels were ex-
amined in miR-34a-silenced HSCs as well as matching NC and
NT cells. As expected, rno-miR-34a expression in miR-34a-si-
lenced HSCs was significantly lower than that of the NC and
NT cells (p<0.05), and there was no significant difference be-
tween NC and NT cells (p>0.05), implying that the miR-34a-si-
lencing vector was successfully transfected into HSCs (Figure 4).

ACSL1 mRNA expression in miR-34a-silenced HSCs was sig-
nificantly higher than that of NC and NT cells (p<0.05), and
there was no significant difference between NC and NT cells
(p>0.05; Figure 4B). Accordingly, Western blotting revealed
that ACSL1 protein expression in miR-34a-silenced HSCs was
significantly higher than that of NC and NT cells (p<0.05), and
there was no significant difference between NC and NT cells
(p>0.05; Figure 4C).These findings confirm that ACSL1 expres-
sion is negatively regulated by rno-miR-34a.

MiR-34a affects HSC activation

Finally, to explore the biological role of rno-miR-34a in HSC
activation (if any), we assessed the effect of rno-miR-34a lev-
els on ECM mRNA and protein expression in HSCs. The mRNA
and protein expression of a-SMA, type | collagen, and desmin
were examined in miR-34a-silenced HSCs as well as matching

NC and NT cells. a-SMA, type | collagen, and desmin mRNA
expression in miR-34a-silenced HSCs was lower than that of
the NC and NT cells (p<0.05), and there was no significant dif-
ference between NC and NT cells (p>0.05; Figure 5A). Among
the three ECM mRNAs, the change in type | collagen mRNA ex-
pression was most obvious. Similar results were found from
the analogous protein expression experiments (Figure 5B).

Discussion

Hepatic fibrosis, which is an abnormal fibrotic hyperplasia
caused by chronic hepatopathy, is characterized by excessive
ECM deposition. ECM proteins — such as a-SMA, type | colla-
gen, type IV collagen, and desmin — are excessively secreted by
activated HSCs, which destroys the normal liver structure and
eventually results in liver fibrosis. As HSC activation plays an
important role in the course of liver fibrosis, the objective of
the present study was to explore the pro-fibrotic role of miR-
34a (if any) through its interaction with ACSL1.

MiRNAs are a class of small non-coding RNA containing about
18-22 nucleotides that regulate gene expression transcription-
ally and post-transcriptionally [20,21]. Most miRNAs play multi-
ple negative regulatory roles, such as transcript degradation and
translational suppression. MiRNAs can specifically bind to the
3’-UTR of their target genes. According to recent studies, over
1000 miRNAs are encoded by the human genome [22], which
may target up to 60% of mammalian mRNAs [23,24]. Different
miRNA expression signatures have been found across various
tissues and diseases, and miRNA-based therapeutic methods
are still an active area of investigation [25-28].

Our previous research found multiple miRNAs were dysreg-
ulated in DMN-induced liver fibrosis rat model with some
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Figure 5. a-SMA, Type | collagen, and desmin expression post-transfection. (A) a-SMA, type | collagen, and desmin mRNA expression
in miR-34a-silenced HSCs was significantly lower than that of matching NC and NT cells (p<0.05), and there was no
significant difference between NC and NT cells (p>0.05). (B) a-SMA, type | collagen, and desmin protein expression in miR-
34a-silenced HSCs was significantly lower than that of matching NC and NT cells (p<0.05), and there was no significant

difference between NC and NT cells (p>0.05).

upregulated miRNAs, such as miR-34a, being associated with
lipid metabolism [13]. In this study, we revealed that rno-miR-
34a expression was significantly increased, while ACSL1 ex-
pression was decreased, in activated primary HSCs relative to
quiescent HSCs. When rno-miR-34a expression was silenced
in activated HSCs, ACSL1 mRNA and protein expression were
both significantly increased.

ACSL is a family of enzymes that use long-chain fatty ac-
ids (LCFAs), ATP, and CoA to synthesize acyl-CoA derivatives,
a process which is required for fatty acids to enter into lip-
id pools, B-oxidation, and other biological effects of fatty ac-
ids [16]. The five ACSL isoforms that are expressed in mam-
mals (ACSL1, ACSL3, ACSL4, ACLS5, and ACSL6) are encoded
by a diverse set of genes [29,30] and possess unique biolog-
ical functions which are cell type- and content-dependent on
the availability of different fatty acid substrates under differ-
ent conditions [31]. ACSL1 has been previously detected in ad-
ipocytes [32], cardiomyocytes [33], and hepatocytes [34], and
our previous work has detected ACSL1 expression in HSCs [13].
To determine whether ACSL1 is a direct target of rno-miR-34a,
here we used a luciferase reporter assay to analyze rno-miR-
34a function on predicted binding sites. The data revealed that
rno-miR-34a could effectively bind to the WT sequence, but not
to the MUT sequence, confirming that ACSL1 is a functional
target of rno-miR-34a. Furthermore, we assessed the biologi-
cal effects of rno-miR-34a’s targeting of ACSL1, through ana-
lyzing the expression of a-SMA, type | collagen, and desmin.
We found that a-SMA, type | collagen, and desmin expression
decreased after rno-miR-34a silencing, indicating that rno-miR-
34a downregulation enables culture-activated HSCs to trans-
form to the more quiescent HSCs phenotype.

We hypothesize that miR-34a silencing disinhibits ACSL1 ex-
pression through preventing miR-34a’s binding to the 3’-UTR
of the ACSL1T mRNA. This miR-34a silencing increases ACSL1
expression, thereby activating LCFAs to form acyl-CoAs and
promoting lipogenesis by increasing fatty acid uptake into
hepatic cells [13,35]. As induction of the transcription factors
PPARa, SREBP-1, and C/EBPa has been shown to lead to lip-
id accumulation (lipogenesis) and inhibition of HSC activa-
tion [36], the increase in ACSL1 expression by miR-34a silenc-
ing may serve to promote HSC lipogenesis, thereby restoring
healthy HSC lipid metabolism and inhibiting HSC activation.
This transformation from an activated HSC phenotype to a
more quiescent phenotype can aid in preventing the progres-
sion of liver fibrosis. Further detailed studies on HSCs should
be performed to verify this hypothesis.

Conclusions

We found miR-34a is upregulated in activated HSCs via target-
ing of ACSL1, which presents a new therapeutic target oppor-
tunity for liver fibrosis. However, this study also raises some
complex questions, such as: what are the upstream stimula-
tors of miR-34a expression? what is the precise intracellular
localization of ACSL1?, and how does ACSL1’s downstream sig-
naling pathway regulate liver fibrotic activity? Further in vitro
studies are needed to address these open questions.
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