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LncRNA Neat1 expedites the progression of liver fibrosis in mice through
targeting miR-148a-3p and miR-22-3p to upregulate Cyth3
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ABSTRACT

Liver fibrosis is a common response to chronic liver injury, ultimately leading to cirrhosis. The
activation of hepatic stellate cells (HSCs) plays a dominant role in liver fibrosis. The regulatory
roles of long noncoding RNAs (IncRNAs) in multiple human diseases have been observed. This
study was dedicated to investigating the regulatory effects of the IncRNA nuclear paraspeckle
assembly transcript 1 (Neat1) on liver fibrosis and HSC activation. Upregulation of Neat1 and
cytohesin 3 (Cyth3) and downregulation of miR-148a-3p and miR-22-3p were observed in mouse
fibrotic liver tissues. Knockdown of Neat1 or Cyth3 attenuated liver fibrosis and collagen deposi-
tion in vivo and the activation of HSCs in vitro. An miR-148a-3p and miR-22-3p inhibitor facilitated
HSC activation and collagen fiber expression. Neat1 directly targeted miR-148a-3p and miR-22-3p
to modulate Cyth3 expression. Knockdown of Neat1 inhibited Cyth3 expression via the competing
endogenous RNA (ceRNA) mechanism of sponging miR-148a-3p and miR-22-3p to regulate liver
fibrosis and HSC activation. The ceRNA regulatory network may promote a better understanding
of liver fibrogenesis, contribute to an original agreement of liver fibrosis etiopathogenesis and
provide insights into the development of a novel domain of IncRNA-directed therapy against liver
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fibrosis.

Introduction

As one of the most common consequences of
chronic hepatic injury, liver fibrosis is character-
ized by a sophisticated network of molecular
mechanisms affecting the accumulation of extra-
cellular matrix (ECM) proteins during liver fibro-
genesis, which distorts the normal structure of the
liver, ultimately resulting in cirrhosis and hepatic
carcinoma [1-3]. Hepatic stellate cells (HSCs) have
been identified as the crucial cell type responsible
for ECM production during liver fibrogenesis [4].
Activation of HSCs is a momentous event in the
progression of liver fibrosis [5]. Further studies of
the regulatory molecular mechanism of HSC acti-
vation will be conducive to the prevention or
treatment of liver fibrosis [6]. However, the patho-
logical mechanism of liver fibrosis is currently
only partially understood.

Noncoding RNAs are important constituents of
the mammalian transcriptome and include long
noncoding RNAs (IncRNAs, >200 nt) and
microRNAs (approximately 20-22 nt), which

have already been shown to play a pivotal role in
tibrotic diseases [7]. Previous investigations have
shown that the aberrant expression of IncRNAs is
associated with the progression of liver fibrosis by
serving as competing endogenous RNAs
(ceRNAs), leading to the dysregulation of related
gene products [8,9]. Han et al. provided evidence
that the IncRNA Tugl accelerates the progression
of liver fibrosis by downregulating miR-29b [10].
As shown in the study by Tu et al., lincRNA-p21
coordinates miR-30 expression levels by serving as
a ceRNA in liver fibrosis [11]. The IncRNA Neatl
has been shown by Yu et al. to control the tran-
scription of multiple genes, including some genes
that participate in cancer progression [12].
Moreover, a reduction in Neatl expression inhibits
liver fibrosis and HSC activation through the miR-
122/KLF6 molecular axis [13]. However, Neatl
may affect diseases by regulating numerous down-
stream-related genes, and the underlying molecu-
lar mechanisms of Neatl in the progression of
liver fibrosis are still not completely clear.
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Recent studies have also revealed that various
miRNAs are involved in HSC activation and liver
fibrosis processes via complex mechanisms, such
as miR-21, miR-19b-3p, miR-214, and miR-199a-
3p [14-18]. MicroRNA-148a (miR-148a) is abnor-
mally expressed in subjects with liver fibrosis and
has already been identified as a suppressor,
depending on the particular target genes. For
example, Li et al. revealed a negative effect of
miR-148a on HSC activation by regulating
TGFBR2 and TGFBRI1 [19]. Jung et al. verified
that miR-148a overexpression in vivo reduces
tumor malignancy and liver fibrosis [20]. The
role of another miRNA investigated in the present
study, microRNA-22 (miR-22), has not been
reported in liver fibrosis. Zhou et al. predicted
that miR-22-3p might participate in the activation
of HSCs [21]. In addition, many studies have
reported that miR-22 is involved in a series of
liver diseases, including hepatic carcinoma
[22,23] and liver cirrhosis [24]. Despite the
immense amount of concrete research, studies on
the mutual effects of miR-148a or miR-22 on tar-
geting genes involved in liver fibrosis are still
worthwhile. Cytohesin 3 (Cyth3), a common target
gene of miR-148a and miR-22 predicted by
a bioinformatics analysis, is associated with full
insulin signaling in mammals [25]. However, the
effective mechanism by which Cyth3 functions in
liver fibrosis, particularly its reciprocity with non-
coding RNAs such as IncRNAs and miRNAs,
remains vague.

In the present study, we aimed to reveal the
biological functions and the potential molecular
mechanism of the IncRNA Neatl in liver fibrosis
by performing in vivo and in vitro experiments.
Knockdown of Neatl obviously inhibited liver
fibrosis and HSC activation by sponging miR-
148a-3p and miR-22-3p to suppress Cyth3 expres-
sion levels. Our basic experimental outcomes pro-
vide plenary evidence to reveal a novel IncRNA/
miRNA/mRNA signaling pathway and regulatory
network of Neatl/miR-148a-3p/miR-22-3p/Cyth3
in liver fibrosis, supplying a crucial insight into
the regulatory mechanism of IncRNAs in liver
fibrosis progression and new therapeutic options
for liver fibrosis.
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Materials and methods
Mouse model of liver fibrosis

Eight-wk-old male C57BL/6 ] mice were acquired
from Hunan SJA Laboratory Animal Co., Ltd.
(Changsha, China) and fed in a temperature-
controlled room with a stabilized temperature of
25 + 2°C, a humidity level of 50-70% air and
a stable 12 h light/12 h dark cycle at a specific
pathogen-free (SPF) level. Liver injury developed
in normal mice after an intraperitoneal injection of
carbon tetrachloride (CCly). In simple terms, a set
of mice (N = 6) was injected with 10% CCl,
(Aladdin, Shanghai, China) dissolved in olive oil
at a dose of 6 ul/g of body weight two times per
week for 6 consecutive weeks (twelve times).
Another set of mice (N = 6) was deemed the
controls and injected with olive oil alone. After
6 wk, the mice were sacrificed by cervical disloca-
tion, and hepatic tissues were collected for analy-
sis. Animal protection measures and all
experimental procedures were completely enforced
according to the protocol of the animal experi-
ment regulations authorized by The Third
Xiangya Hospital.

Microarray analysis

The expression of microRNAs was analyzed using
the GSE77271 microarray in the GEO public data-
base based on the data published by Jeongeun
et al. [26], in which three pairs of liver tissue
samples and liver tissue samples from corn oil-
treated and CCl,-treated Mus musculus were col-
lected. Aberrantly expressed miRNAs were
screened using R software and the GPL17912 plat-
form with a fold change greater than 2 and P value
less than 0.05 as screening conditions. The top 10
differentially expressed miRNAs are shown in
a heat map.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from the liver tissues and
cells using TRIzol™ (Invitrogen, Carlsbad, CA,
USA), and 2.0 pg of total RNA were applied to
reverse transcription using the PrimeScript® Stra
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Strand Synthesis Kit (TaKaRa, Tokyo, Japan).
Quantitative PCR was conducted using the
QuantiTect® SYBR® Green RT-PCR Kit
(QIAGEN, Dusseldorf, Germany). The quantified
expression of the IncRNA Neatl, Cyth3 mRNA,
miR-22-3p, and miR-148a-3p were standardized
to U6 (for miRNAs) or B-actin (for the IncRNA
and mRNA) using the 27**“" method. The primer
sequences are listed in Table S1.

Lentiviral vector for shRNA-Neat1

The Neatl shRNA or nonsense shRNA was
inserted into the BLOCK-iT™ lentiviral RNAi
expression system (Invitrogen). The sequences of
Neatl shRNA are listed in Table S1. Briefly, 293 T
cells were cotransfected with packaging vectors
and lentiviral vectors. The supernatant was col-
lected after 48 h. The viral supernatant was con-
centrated with Virus Concentration Kits &
Titering (System Biosciences, Palo Alto, CA,
USA). High titer virus (1 x 10° PFU/mL) was
resuspended in PBS. The CCly-induced mice
received Lv-shNeatl (1 x 10° PFU/mL) or its vec-
tor control (1 x 10° PFU/mL) via intravenous
injection once every 2 wk for 6 wk (3 times). The
experimental mice were casually separated into 4
groups (N = 6 per group): (i) Control group, (ii)
CCly group, (iii) CCly+ Lv-shCtrl group, and (iv)
CCly+ Lv-shNeatl group. After 6 wk, mice were
sacrificed, and hepatic tissues were harvested, fixed
and embedded for hematoxylin & eosin (HE) and
Masson’s trichrome staining.

Hepatic hydroxyproline content

A hydroxyproline content assay was performed to
determine the total collagen content. Liver tissue
samples (50 mg) were homogenized, processed in
HCI and hydrolyzed at 110°C overnight. After
centrifugation of the lysate at 12,000 g for 10 min
at 4°C, the liquid supernatant was dried in
a vacuum concentrator. Then, the samples were
incubated with Ehrlich’s reagent, and the hepatic
hydroxyproline content was evaluated using
a Hydroxyproline Assay Kit (Colorimetric)
(Abnova, Taipei, Taiwan) in a microplate reader

at 560 nm. Data were standardized to the liver
weight.

Histopathological examination

The histopathological examination of mouse liver
tissues was implemented using hematoxylin &
eosin (HE) staining or Sirius Red staining. The
liver tissue samples were placed in a 10% formalin
solution, dehydrated in an ethanol gradient,
embedded in paraffin, and sliced into 4 pm thick
slices. After deparaffinization, the slices were sub-
jected to H&E staining or Sirius Red staining.
Then, the samples were observed and photo-
graphed under a light microscope (Olympus,
Tokyo, Japan).

Masson’s trichrome staining

Preprocessed mouse liver tissues were sliced into
4 pm thick slices. Wiegerts’ Iron Hematoxylin
Solution (Sigma-Aldrich, St. Louis, MO, USA)
was applied to stain the cell nucleus for 5 min.
After 3 washes with sterile deionized water, the
slices were dyed using 0.7% Masson-Ponceau-
acid fuchsin staining solution (Sigma-Aldrich) for
10 min. The slices were then rinsed with 2% glacial
acetic acid and differentiated in phosphomolybdic
acid for 4 min. The slices were directly stained
with a 2% aniline blue dye solution (Sigma-
Aldrich). Following dehydration with an ethanol
gradient, clearing with xylene and mounting with
neutral resins, images of the stained slices were
observed and photographed wusing a light
microscope.

Western blot assay

Total protein was extracted from liver tissues and
HSCs using RIPA lysis buffer (Beyotime, Shanghai,
China). After a quantitative analysis using the
bicinchoninic acid method, 80 pg of total protein
were separated using SDS-polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene
difluoride (PVDF) membranes. Membranes were
blocked with TBS-T buffer containing 5% nonfat
milk for 1 h. Then, the membranes were incubated



with primary antibodies, including anti-alpha
smooth muscle actin (Cat# ab32575, 1/1000,
Abcam, Cambridge, MA, USA), anti-collagen
I (Cat# ab34710, 1/1000, Abcam) and anti-beta
actin (Cat# ab8227, 1:1000, Abcam) antibodies, at
4°C overnight. After three washes with TBST, the
membranes were then hybridized with the horse-
radish peroxidase (HRP)-linked rabbit anti-mouse
IgG H&L secondary antibody (Cat# ab6728,
1:2000, Abcam) at 25°C for 1.5 h. Signals were
detected with an ECL system (Life Technologies
Corporation, Gaithersburg, MD, USA).

Cell lines and culture

Mouse hepatic stellate cell lines (HSCs) were
acquired from BeNa Culture Collection (Beijing,
China). The HSCs were cultivated in 90% high
glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich, St. Louis, MO, USA)
in a humidified atmosphere of 5% CO, at 37°C.
HSCs were exposed to 10 ng/ml transforming
growth factor (TGF)-B1 for 24 h. Cells were har-
vested for further experiments.

Cell transfection

The shRNA sequences targeting Neatl and Cyth3
were designed by BLOCK-iT™ RNAi Designer
(Invitrogen). A lentivirus carrying shRNA-Neatl
(Iv-shNeatl), a lentivirus carrying shRNA-Cyth3
(Iv-shCyth3), scrambled shRNA, miR-148a-3p
inhibitor, miR-22-3p inhibitor and inhibitor con-
trol were acquired from GenePharma Technology
Co., Ltd. (Shanghai, China). The sequences are
listed in Table S1. HSCs were cultivated in 6-well
plates at a density of 1 x 10° cells per well for 24 h
at 37°C with 5% CO, until cell confluence reached
80-90%. Lipofectamine™3000 (Life Technologies
Corporation, Gaithersburg, MD, USA) was used
for transfection according to the manufacturer’s
instructions. HSCs stimulated with TGF-p1 were
divided into 11 groups: (i) a negative control
group, (ii) Iv-shCtrl group (transfected with the
scrambled shRNA), (iii) lv-shNeatl group
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(transfected with the lentivirus carrying shRNA-
Neatl), (iv) Iv-shCyth3 group (transfected with the
lentivirus carrying shRNA-Cyth3), (v) inhibitor
NC group (transfected with the blank vector of
the inhibitor), (vi) miR-148a-3p inhibitor group
(transfected with the miR-148a-3p inhibitor),
(vii) miR-22-3p inhibitor group (transfected with
the miR-22-3p inhibitor), (viii) Mix1 group (trans-
fected with lv-shNeatl+ the miR-148a-3p inhibi-
tor), (ix) Mix2 group (transfected with lv-shNeatl
+ the miR-22-3p inhibitor), (x) Mix3 group (trans-
fected with 1v-shCyth3+ the miR-148a-3p inhibi-
tor), and (xi) Mix4 group (transfected with lv-sh
Cyth3+ the miR-22-3p inhibitor). The transfected
HSCs were harvested for further experiments.

EdU staining

Cell proliferation was measured using Click-iT*
EdU Alexa Fluor 488 Flow Cytometry Assay Kits
(Thermo Fisher Scientific) according to previously
described methods [27]. HSCs were incubated
with a 10 uM 5-ethoxy 2-deoxyuridine (EdU) solu-
tion at 37°C for 2 hours. After 48 h, HSCs were
digested with trypsin and collected. After washes
with PBS containing 1% BSA and fixation in 100 pl
of Click-iT® fixative for 15 min, HSCs were per-
meabilized with 100 pl of 1x Click-iT* saponin and
washed with the reagent at 25°C for 15 min. Then,
HSCs were incubated in a 500 pl reaction mixture
supplemented with Alexa Fluor 488, CuSQO,, buffer
additive and PBS at 25°C for half an hour. Next,
HSCs were washed with 3 ml of 1x Click-iT®
saponin-based permeabilization and wash reagent
once. Finally, the cells were resuspended in 500 pl
of 1x Click-iT® saponin-based permeabilization
and wash reagent and analyzed using
a Beckmann FC 500 MCL/MPL flow cytometer.

Immunofluorescence staining

HSCs were incubated with 4% paraformaldehyde
for 20 min and then incubated with 0.1% Triton
X-100 for 5 min. After the pretreatment, the
cells were incubated with antibodies against a-
SMA (Cat# ab32575, 1/500, Abcam) and col-
lagen I (Cat# ab34710, 1/500, Abcam) overnight
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at 4°C, followed by an incubation with second-
ary antibodies conjugated with FITC or
Cy5 (Abcam, Cat#ab6717 and ab6564) at 37°C
for 60 min. Immunofluorescence staining was

observed and photographed under
a fluorescence microscope (Leica, Wetzlar,
Germany).

Immunohistochemistry (IHC)

Immunohistochemical staining was performed on
4 pum-thick slices of mouse liver tissues. Briefly, the
tissues were embedded in paraffin, and then the
slices were deparaffinized and rehydrated through
a graded series of alcohol solutions and washed
with phosphate-buffered saline (PBS) 2 times for
10 min. Next, the sections were incubated with
0.3% H,O, for 15 min and further incubated over-
night with rabbit polyclonal primary antibodies
against smooth muscle actin (Cat# ab32575, 1/
200) and collagen I (Cat# ab34710, 1/50, Abcam).
Then, the sections were incubated with 45 pl of
horseradish peroxidase-conjugated goat polyclonal
anti-rabbit IgG H&L (HRP) secondary antibody
(1:500, ab6721, Abcam) at 37°C for 30 min. Slices
were stained with the 3,3¥-diaminobenzidine
(DAB) working solution for 3 min and then
washed with water for 10 min. Slices were counter-
stained with hematoxylin. After washing the slices
with water for 10 min, the sections were finally
dehydrated and mounted. The slices were
observed under a microscope.

Luciferase assay

The targeting relationships between Neatl and
miR-22-3p or miR-148a-3p were predicted using
the ENCORI database (http://starbase.sysu.edu.
cn). Then, targeting relationships between
Cyth3 and miR-22-3p or miR-148a-3p were pre-
dicted using the TargetScan v7.2 database
(http://www.targetscan.org/vert_72/).

The  pmirGLO, pmirGLO-Neatl-wt  or
pmirGLO-Neatl-mut, pmirGLO-Cyth3-wt and
pmirGLO-Cyth3-mut plasmids were purchased
from Youbio (Changsha, China) and then cotrans-
fected with miR-148a-3p or miR-22-3p mimics/

inhibitor or mimics/inhibitor control into HSCs
using Lipofectamine-mediated gene transfer.
HSCs were collected 48 h after gene transfection,
and luciferase activity was determined according
to the specification of the dual-luciferase reporting
assay system (Promega, Madison, WI, USA).

Statistical analysis

The animal experiments were performed at least
six independent times. The cellular experiments
were performed at least three independent times.
The data are presented as the means + SD.
Statistical calculations were performed with
GraphPad Prism 6.0 software. Student’s t-test was
used to compare the differences between two
groups. One-way ANOVA was applied to analyze
differences among three or more groups. P-values
<0.05 were regarded as statistically significant.

Results

Neat1 was upregulated in mice with liver fibrosis
and targeted both miR-148a-3p and miR-22-3p

Abnormally expressed microRNAs in the CCl,-
induced mouse model of hepatic fibrosis were
screened by analyzing the GSE77271 microRNA
microarray based on the Agilent-046065 Mouse
miRNA V19.0 platform and are presented as
a heat map. The top 10 upregulated and down-
regulated miRNAs are shown in Figure la. Then,
the outcomes of the qPCR assay showed that miR-
148a-3p and miR-22-3p were the most substan-
tially downregulated miRNAs in CCls-induced
mice compared with other miRNAs in the top 10
downregulated miRNAs (P< 0.01, Figure 1b).
Next, a bioinformatics analysis (ENCORI data-
base) was conducted to predict target IncRNAs
for miR-148a-3p or miR-22-3p. Four IncRNAs
(1700020114Rik, Tugl, Neatl, and Xist) targeted
both miR-148a-3p and miR-22-3p (Figure Ic).
Among them, the IncRNA Neatl showed the
most marked increase following CCl, treatment,
and its expression in the CCl, group exceeded the
expression in the control group by two times
(P< 0.01, Figure 1d). The putative binding
sequence between Neatl and miR-22-3p or miR-
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Figure 1. Neat1 was upregulated in mice with liver fibrosis and targeted both miR-148a-3p and miR-22-3p. (a) The expression profile
of microRNAs in liver tissues from 3 pairs of CCls,-induced mice and normal mice was analyzed. The top 10 differentially expressed
miRNAs are depicted in a heatmap, and the threshold value was set to P< 0.05 and a fold change value >2. (b) The expression levels
of miR-148a-3p and miR-22-3p were downregulated to the greatest extent among the top 10 differentially expressed miRNAs
analyzed using gPCR. *P< 0.05, **P< 0.01 compared to the Control group. (c) Four IncRNAs (1700020114Rik, Tug1, Neat1, and Xist)
were targets of both miR-148a-3p and miR-22-3p according to the ENCORI database. (d) The expression level of Neat1 was
upregulated to the greatest extent in CCl4-induced mice. N = 6; *P< 0.05, **P< 0.01 compared to Control group. (e) Prediction of
binding sites in the Mus musculus Neat1 3XUTR and Homo sapiens Neat1 3XUTR for miR-148a-3p or miR-22-3p. (f-g) The targeting
relationship between Neat1 and miR-148a-3p (f) or miR-22-3p (g) was verified by performing luciferase reporter assay in HSCs. N = 3;
**p< 0,01 compared to mimics NC group; **P< 0.01 compared to inhibitor NC group.
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148a-3p was predicted in both Homo sapiens and
Mus musculus using the online database ENCORI
(Figure le). Both miR-22-3p and miR-148a-3p
directly interacted with the corresponding Neatl
3XUTR in mice and the Neatl 3XUTR in humans.
Luciferase activity assays revealed that miR-148a-
3p or miR-22-3p mimics decreased the luciferase
activity of Neatl-wt, while the miR-148a-3p or
miR-22-3p inhibitor significantly increased the
luciferase activity of Neatl-wt. However, none of
the transfection groups affected the luciferase
activity of Neatl-mut (figure 1f-G).

Knockdown of Neat1 suppressed hepatic fibrosis
in vivo

The Neatl shRNA was transfected into mice to
regulate the expression of the IncRNA Neatl and
assess the function of Neatl in the progression of
hepatic fibrosis. The expression level of Neatl in
the lv-shNeatl group was significantly decreased
compared to the shRNA control group (P< 0.01,
Figure 2a). The expression levels of miR-148a-3p
or miR-22-3p were decreased in CCly-induced
mice, while knockdown of Neat1 relieved the inhi-
bitory effect of CCl, on miR-148a-3p or miR-22-
3p levels (P< 0.01, Figure 2b). The hepatic hydro-
xyproline content in mice transfected with
shNeatl was reduced by approximately 120% com-
pared with mice exposed to CCl, (P< 0.01, Figure
2c). The severity of hepatic fibrosis was evaluated
by performing H&E staining (Figure 2d), Masson’s
trichrome staining (Figure 2e) and Sirius Red
staining (figure 2f&G). Moreover, western blot
and IHC staining showed that Neatl knockdown
resulted in the inhibition of CCly-induced expres-
sion of the a-SMA and type I collagen proteins
(Figure 2h&I). All the aforementioned outcomes
suggested that the damage to tissues and accumu-
lation of collagen caused by CCl; were dramati-
cally relieved by Neatl downregulation in vivo.

Knockdown of Neat1 suppressed the activation
of HSCs in vitro

Next, the effect of Neatl on HSC proliferation and
collagen expression was investigated in vitro.

Treatment with transforming growth factor (TGF)-
B1, a widely used stimulus for HSC activation, sig-
nificantly upregulated the expression level of Neatl
in HSCs (P< 0.01, Figure 3a). Then, HSCs stimulated
with TGF-B1 were divided into the negative control
group (untransfected HSCs), shCtrl group (HSCs
transfected with the scrambled shRNA) and
shNeatl group (HSCs transfected with the Neatl
shRNA). qPCR results showed that Neatl was dra-
matically downregulated by approximately 50%
compared to the negative control group, portending
efficient transfection (P< 0.01, Figure 3b). The EAU
assay revealed that knockdown of Neatl observably
restrained HSC activation (P< 0.05, Figure 3c). As
confirmed by the western blot assay (Figure 3d) and
immunofluorescence staining (Figure 3e-F), the a-
SMA and type I collagen contents were markedly
reduced by Neatl knockdown. These outcomes indi-
cated that Neatl knockdown inhibited HSC activa-
tion and collagen expression.

The effects of miR-148a-3p and miR-22-3p on
HSC activation

As shown in Figure 4a, Neatl knockdown notice-
ably increased miR-148a-3p or miR-22-3p expres-
sion levels (P< 0.01). Moreover, miR-148a-3p or
miR-22-3p expression levels were dramatically
downregulated in HSCs stimulated with TGF-f1
compared to normal HSCs (P< 0.01, Figure 4b).
HSCs were divided into 5 groups to further study
the effects of miR-148a-3p and miR-22-3p on HSC
proliferation and collagen expression: the inhibitor
NC group (cells transfected with the blank vector
of the inhibitor), miR-148a-3p inhibitor group
(cells transfected with the miR-148a-3p inhibitor),
miR-22-3p inhibitor group (cells transfected with
the miR-22-3p inhibitor), Mix1 group (cells trans-
fected with shNeatl+ miR-148a-3p inhibitor) and
Mix2 group (cells transfected with shNeatl+ miR-
22-3p inhibitor), and then the transfection effi-
ciency was detected using qPCR (Figure 4c). EAU
data showed that the miR-148a-3p or miR-22-3p
inhibitor markedly promoted HSC proliferation
compared with the inhibitor NC group, while the
stimulatory effect of the inhibitor was eliminated
by Neatl knockdown (P< 0.01, Figure 4d).
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Similarly, the miR-148a-3p or miR-22-3p inhibitor
markedly increased a-SMA and type I collagen
protein expression (P< 0.01, Figure 4e). These out-
comes proved that the inhibition of miR-148a-3p
or miR-22-3p promoted HSC proliferation and
collagen expression, while the effects of the miR-
148a-3p or miR-22-3p inhibitor were eliminated
by Neatl knockdown.

Interaction between Cyth3 and miR-148a-3p or
miR-22-3p

The downstream mRNA targets of miR-148a-3p and
miR-22-3p were predicted by the TargetScan v7.2
database, and Cyth3 was selected as the only candi-
date under the screening condition of a total context
++ score < —0.5 (Figure 5a). The binding sites
between Cyth3 and miR-22-3p or miR-148a-3p are
shown in Figure 5b. Then, the targeting relationships
between Cyth3 and miR-148a-3p or miR-22-3p were
validated by performing a luciferase activity assay
(Figure 5c-D). The Cyth3 mRNA and protein
expression levels were also verified to be high in
CCly-induced mice compared with normal mice
and were reduced by Neatl knockdown (P< 0.01,
Figure 5e). However, the miR-148a-3p or miR-22-3p
inhibitor markedly increased Cyth3 mRNA and pro-
tein expression levels in HSCs (P< 0.01, figure 5f).
Therefore, Cyth3 was the direct target of miR-148a-
3p or miR-22-3p and regulated by Neatl, miR-148a-
3p and miR-22-3p.

Knockdown of Cyth3 inhibited the activation of
HSCs in vitro and hepatic fibrosis in vivo

This study first investigated the expression of
Cyth3 in activated HSCs to confirm the specific
roles of Cyth3 in the activation of HSCs. Cyth3
mRNA expression levels were markedly upregu-
lated in HSCs stimulated with TGF-B1 compared
to normal HSCs (P< 0.01, Figure 6a). HSCs were
pretransfected and separated into five groups:
a negative control group (untransfected cells),
shCtrl group (cells transfected with the scrambled
shRNA), shCyth3 group (cells transfected with the
Cyth3 shRNA), Mix3 group (cells transfected with
shCyth3+ miR-148a-3p inhibitor) and Mix4 group

(cells transfected with shCyth3+ miR-22-3p inhi-
bitor), and then the transfection efficiency was
detected using qPCR (Figure 6b). Knockdown of
Cyth3 observably inhibited HSC proliferation and
a-SMA and type I collagen protein expression,
whereas the inhibitory effect was offset by the
miR-148a-3p or miR-22-3p inhibitor (P< 0.01,
Figure 6c-D). Therefore, Cyth3 downregulation
attenuated the activation of HSCs in vitro.

In addition, the effect of Cyth3 knockdown on
hepatic fibrosis in vivo was also evaluated in
a mouse model of CCly-induced liver fibrosis.
First, the lentivirus carrying the Cyth3 shRNA
was injected into CCly-induced mice to regulate
the expression of the Cyth3 mRNA. The expres-
sion level of the Cyth3 mRNA in the lv-shCyth3
group was dramatically decreased compared to the
control group (P< 0.01, Figure 7a). The hepatic
hydroxyproline content in the lv-shCyth3 group
was markedly reduced (P< 0.01, Figure 7b). The
severity of hepatic fibrosis was evaluated by per-
forming H&E staining (Figure 7c), Masson’s tri-
chrome staining (Figure 7d) and Sirius Red
staining (Figure 7e). Knockdown of Cyth3 notably
relieved CCly-induced liver fibrosis in mice.
Additionally, western blot results revealed that
knockdown of Cyth3 prominently reduced a-
SMA and type I collagen protein expression
(P< 0.01, figure 7f). Taken together, this evidence
revealed an original regulatory pathway through
which Neatl knockdown obstructed Cyth3 expres-
sion by regulating miR-148a-3p and miR-22-3p
and participated in liver fibrosis and HSC activa-
tion (Figure 7g).

Discussion

Based on accumulating evidence, many IncRNAs
modulate protein-coding gene expression at both
the posttranscriptional and transcriptional levels
and participate in the crucial development of mul-
tiple types of human diseases, including liver
tibrosis [28,29]. In the current study, the expres-
sion of the IncRNA Neatl expression was obser-
vably upregulated in the CCly-induced mouse
fibrotic liver tissues compared with normal
mouse liver tissues, indicating that Neatl may
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function as a hepatic fibrosis gene. Next, the bio-
logical function of Neatl in liver fibrosis was
investigated in CCly-induced mice in vivo and
HSCs in vitro. Knockdown of Neatl dramatically
relieved the damage to the tissue and accumula-
tion of collagen induced by CCl, to restrain HSC
activation. Similar to our observations, Yu et al.
reported that a loss of NEATI1 alleviated liver
tibrosis in vivo and in vitro [13]. Kong et al. pro-
posed that NEAT1 aggravates HSC autophagy and
activation via the miR-29b/Atg9a regulatory axis
[30]. Furthermore, clinical studies indicated that
the upregulation of NEATI is an independent risk
factor associated with the prognosis of patients
with hepatocellular carcinoma [31]. All these out-
comes revealed that Neatl is closely related to the
progression of liver fibrosis.

According to recent studies, IncRNAs serve as
endogenous miRNA sponges and participate in
posttranscriptional regulation through mutual
effects with miRNAs [32-34]. For example, Yu
et al. reported that MALAT1 functions as
a ceRNA to modulate Racl expression levels by
sequestering miR-101b in hepatic fibrosis [35]. In
the current study, we specified the targeted recipro-
city between Neatl and miR-148a-3p or miR-22-3p
through a bioinformatics prediction and luciferase
reporter assay. As shown in previous studies, miR-
148a-3p and miR-22-3p have different functions in
liver disease [36,37]. Deng et al. emphasized that
miR-148a-3p inhibits the proliferation of hepatic
carcinoma cells infected with HCV by regulating
c-Jun [38]. Zhu et al. argued that miR-148a
restrains the activation of HSCs and the EMT pro-
gram by suppressing USP4 [39]. Chen et al. docu-
mented that miR-22 overexpression inhibits hepatic
carcinoma cell growth, invasion, and metastasis
both in vitro and in vivo [40]. Chen et al. argued
that miR-22 inhibits the metastasis of liver cancer
and its knockdown signifies shorter survival [41].
Similarly, our study determined that a miR-148a-3p
or miR-22-3p inhibitor induced HSC proliferation
and collagen expression. Importantly, downregula-
tion of miR-148a-3p or miR-22-3p nearly comple-
tely reversed the phenotype induced by Neatl
knockdown. In addition, based on the binding
sequence between Neatl and miR-148a-3p or

miR-22-3p, we propose that miR-148a-3p and
miR-22-3p are likely direct targets of Neatl. Thus,
miR-148a-3p and miR-22-3p are downstream of
Neatl in a signaling cascade that is involved in
liver fibrosis progression. Another issue to remem-
ber is that many other factors influence the mole-
cular reciprocity of miRNAs and IncRNAs;
therefore, we were unable to exclude the possibility
that Neatl targets other miRNAs. Furthermore,
chronic liver inflammation has been proven to
lead to fibrosis and cirrhosis [42]. Multiple
miRNAs are involved in hepatic inflammation and
fibrosis [43,44]. Previous studies have provided evi-
dence that miR-148a inhibits inflammation in var-
ious diseases, including endometritis [45], disc
degeneration [46], and colitis [47]. Moreover,
miR-22-3p participates in inflammatory damage in
diverse diseases. Hu et al. suggested protective
effects of miR-22-3p on retinal pigment epithelial
inflammatory damage by targeting the NLRP3
inflammasome [48]. As shown in the study by
Fang et al., overexpression of miR-22-3p relieves
inflammation in response to spinal cord ischemia/
reperfusion injury [49]. However, the functions of
miR-148a-3p and miR-22-3p in regulating the
inflammatory response in liver fibrosis remain
unclear and require further clarification.

Potential target genes were examined to obtain
a better understanding of the molecular mechan-
ism by which miR-22-3p and miR-148a-3p mod-
ulate the progression of liver fibrosis. Cyth3 was
predicted as a direct target gene of both miR-148a-
3p and miR-22-3p that bound to its 3X-UTR
mRNA by bioinformatics. Although the effect of
Cyth3 on liver fibrosis has not been specifically
studied, a previous study showed that Cyth3 is
upregulated in hepatocellular carcinoma and con-
tributes to tumor growth and vascular invasion
[50]. In the current study, functional experiments
revealed that knockdown of Cyth3 observably
inhibited HSC proliferation and collagen protein
deposition. Moreover, knockdown of Cyth3 nota-
bly relieved liver fibrosis in mice treated with
CCly. Therefore, we conclude that Neatl is coex-
pressed with Cyth3 in liver fibrosis and might
positively regulate Cyth3 expression levels by com-
petitively sponging miR-148a-3p and miR-22-3p.



This study still has several limitations. First,
other miRNAs might be sponged by Neatl that
are involved in liver fibrosis progression, and other
target genes of miR-148a-3p and miR-22-3p might
play a role as well. Moreover, since all our experi-
ments were performed in mice and cells, the
research outcomes might not be directly extrapo-
lated to humans. In future studies, we may per-
form tests on other animal models, such as rats or
rabbits.

Conclusion

Ongoing studies have identified high expression of
Neatl in mouse liver tissues, and exhaustive
authentication contributed to the finding that
knockdown of Neatl inhibited liver fibrosis and
HSC activation by sponging miR-148a-3p and
miR-22-3p and regulating Cyth3 expression. This
evidence is conducive to a better understanding of
the development and progression of liver fibrosis,
thus supplying novel therapeutic strategies for this
fatal disease.
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