
ORIGINAL ARTICLE

NEAT1 accelerates the progression of liver fibrosis via regulation
of microRNA-122 and Kruppel-like factor 6

Fujun Yu1
& Zhe Jiang2 & Bicheng Chen3

& Peihong Dong1,4 & Jianjian Zheng3

Received: 15 May 2017 /Revised: 13 August 2017 /Accepted: 20 August 2017 /Published online: 1 September 2017
# Springer-Verlag GmbH Germany 2017

Abstract
Long non-coding RNAs (lncRNAs) have been reported to be
involved in many important biological processes including pro-
liferation, apoptosis, differentiation, and survival. Recently, nu-
clear paraspeckle assembly transcript 1 (NEAT1), a novel
lncRNA, serves as a crucial regulator in tumors. However, the
biological role of NEAT1 in liver fibrosis is largely unknown. In
this study, the role of NEAT1 was explored in primary mouse
hepatic stellate cells (HSCs) and carbon tetrachloride (CCl4)-in-
duced mouse liver fibrosis models. We found that NEAT1 ex-
pression was significantly increased in CCl4-induced mice and
activated HSCs. Loss of NEAT1 suppressed liver fibrosis in vivo
and in vitro. Conversely, NEAT1 overexpression accelerated
HSC activation, including increased cell proliferation and colla-

gen expression. Further studies indicated that themicroRNA-122
(miR-122)-Kruppel-like factor 6 (KLF6) axis was involved in
the effects of NEAT1 on HSC activation. The effects of
NEAT1 on HSC activation were almost blocked down by
miR-122 mimics or KLF6 knockdown. Interestingly, both
NEAT1 and KLF6 are targets of miR-122. In addition, miR-
122 led to a significant reduction in NEAT1 level while
NEAT1 overexpression resulted in the suppression of miR-122
expression. Pull-down assay confirmed a direct interaction be-
tween miR-122 and NEAT1. NEAT1 contributes to HSC activa-
tion via themiR-122-KLF6 axis. In human fibrotic liver samples,
increased NEAT1 levels positively correlated with liver fibrosis
markers. In conclusion, we disclose a novel NEAT1-miR-122-
KLF6 signaling cascade and its implication in liver fibrosis.

Key messages
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Introduction

Regulatory non-coding RNAs (ncRNAs), such as
microRNAs (miRNAs), have been widely studied in recent
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years [1–3]. miRNAs are highly conserved non-coding RNAs
of approximately 20–24 nucleotides. miRNAs regulate gene
expression at post-transcriptional level by blocking translation
at the initiation or post-initiation steps, inducing messenger
RNA (mRNA) deadenylation and decay [4]. miRNAs are fre-
quently deregulated in liver fibrosis and involved in a wide
range of biological processes, including cell proliferation, ap-
optosis, and differentiation [1, 5]. For instance, miR-29b sup-
presses the activation of hepatic stellate cells (HSCs) through
the de-methylation of phosphatase and tensin homolog delet-
ed on chromosome 10 (PTEN) [6]. Therefore, miRNAs are
involved in HSC activation and act as regulators of the acti-
vation of HSCs in liver fibrosis.

Long non-coding RNAs (lncRNAs), commonly defined as
a non-protein-coding RNA, are transcribed RNA molecules
(> 200 nucleotides in length). Recent studies have shown that
lncRNAs regulate vital biological processes, including prolif-
eration, survival, apoptosis, and differentiation [7–9].
LncRNAs are found to be implicated in liver fibrosis
[10–12]. For example, growth arrest-specific transcript 5
(GAS5) inhibits liver fibrosis through a mechanism of com-
peting endogenous RNA (ceRNAs) [11].

Nuclear paraspeckle assembly transcript 1 (NEAT1) is a
novel lncRNA, which is required for the formation of
paraspeckles [13]. Recently, NEAT1 has been reported to
serve as a crucial regulator in cancers and is upregulated in
gastric adenocarcinomas and human laryngeal squamous
cell cancer [14, 15]. Upregulation of NEAT1 plays a key
role in promoting cell proliferation and survival and
inhibiting apoptosis, thereby contributing to tumorigenesis
[16]. High expression level of NEAT1 is associated with
the clinical features of hepatocellular carcinoma [17].
However, the function and role of NEAT1 in liver fibrosis
are still unclear. In this study, we aimed to explore the role
of NEAT1 in liver fibrosis.

Materials and methods

Isolation and culture of primary HSCs and hepatocytes

Primary HSCs were isolated as described previously [18]. The
isolated cells were seeded in tissue culture plates and cultured
in DMEMwith 10% fetal bovine serum, 100 U/mL penicillin,
and 100 μg/mL streptomycin. The purity of cultures was con-
firmed by immunocytochemical staining forα-smooth muscle
actin (α-SMA), and the purity reached > 98%. Hepatocytes
were isolated using a two-step collagenase perfusion tech-
nique [19]. Then, gene expression levels including F4/80,
CD32b, and CYP3A11 were measured by quantitative real-
time PCR (qRT-PCR). Hepatocyte purity was found to be
greater than 95%.

Carbon tetrachloride (CCl4) liver injury model

Eight-week-old male C57BL/6J mice (n = 6) received intra-
peritoneal injection of 7 μL/g of 10% CCl4 (Sigma-Aldrich,
St. Louis, MO, USA) in olive oil two times weekly for
6 weeks. Also, mice (n = 6) treated with olive oil treatment
were considered as the control mice. As well as oil treatment
and CCl4 treatment, mice additionally received CCl4 in com-
bination with adenoviral vectors expressing the scrambled
shRNA (Ad-shCtrl) (n = 6) and CCl4 in combination with
adenoviral vectors expressing shRNA against NEAT1 (Ad-
shNEAT1) (n = 6). Ad-shNEAT1 (1 × 109 pfu/100 μL) was
injected every 2 weeks by way of the tail vein for 6 weeks. All
animals were provided by the Experimental Animal Center of
Wenzhou Medical University. The animal experimental pro-
tocol was approved by the University Animal Care and Use
Committee. Mice were sacrificed under anesthesia after CCl4
treatment. The livers from mice were removed for further
analysis. The liver tissues were used for Masson staining by
fixation with 10% formalin. Quantitative analysis for the
Masson-positive area was calculated from five fields for each
liver slice.

Statistical analysis

Data from at least three independent experiments were
expressed as the mean ± SD. Differences between multiple
groups were evaluated using one-way analysis of variance.
Differences between two groups were compared using a
Student t test. Pearson’s test was used for the correlation anal-
ysis between two groups. P < 0.05 was considered significant.
All statistical analyses were performed with SPSS software
(version 13; SPSS, Chicago, IL). Other methods are described
in Supplementary materials and methods.

Results

NEAT1 is upregulated during liver fibrosis

To gain insights into the possible involvement of NEAT1 in
liver fibrosis, NEAT1 expression was firstly examined in
CCl4-induced mice, a typical model for producing liver fibro-
sis. Compared with control liver, qRT-PCR analysis indicated
increased NEAT1 expression in CCl4-treated liver (Fig. 1a).
Next, NEAT1 expression was detected in primary HSCs iso-
lated from CCl4-induced fibrotic liver at different weeks.
During CCl4 treatment, there was a significant increase in
NEAT1 expression in primary HSCs (Fig. 1b). NEAT1 ex-
pression was additionally analyzed in primary HSCs isolated
from the livers of healthy mice. Isolated primary HSCs were
cultured for up to 8 days. There was also a significant increase
in NEAT1 expression during culture days (Fig. 1c). These data
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suggest that NEAT1 expression is increased in activated HSC
and correlates with the progression of liver fibrosis.

Silencing NEAT1 alleviates liver fibrosis in vivo

To better understand the role of NEAT1 in the progression of
liver fibrosis, Ad-shNEAT1 was injected into CCl4-treated
mice via tail vein to inhibit NEAT1. As shown by qRT-PCR
analysis, delivery of Ad-shNEAT1 significantly inhibited
NEAT1 in vivo (Fig. 2a). Interestingly, silencing of NEAT1
had no effect on ALT value (Fig. 2b). The accumulation of
collagen caused by CCl4 was inhibited by NEAT1 knock-
down, as illustrated by liver hydroxyproline content and
Masson staining (Fig. 2c–e). Moreover, NEAT1 downregula-
tion led to the suppression of CCl4-inducedα-SMA and type I
collagen (Fig. 2f). Taken together, these results demonstrate
that the progression of liver fibrosis can be inhibited by
NEAT1 knockdown in vivo.

Silencing NEAT1 suppresses the activation of HSCs
in vitro

Next, primary HSCs were isolated from the livers of healthy
mice and cultured to day 4. Ad-shNEAT1 treatment led to a
reduction in NEAT1 while adenoviral vectors expressing
NEAT1 (Ad-NEAT1) induced an increase in NEAT1
(Supporting Fig. 1A). EdU assays showed that cell prolifera-
tion in the Ad-shNEAT1 group was reduced by 53.8% (Fig.
3a). The mRNA expressions of α-SMA and Col1A1 were
decreased by 59 and 81%, respectively, in the Ad-shNEAT1
group relative to the control group (Fig. 3b). Also, the protein
levels ofα-SMA and type I collagen in HSCs transduced with
Ad-shNEAT1 were downregulated by 48 and 74%, respec-
tively (Fig. 3c). Conversely, NEAT1 overexpression promoted
HSC proliferation and α-SMA and Col1A1 expression
(Supporting Fig. 1B–D). As confirmed by immunocytochem-
ical analysis, NEAT1 overexpression enhanced the levels of
red fluorescence and actin fibers in α-SMA protein (Fig. 3d).
All the results suggest that NEAT1 accelerates HSC
activation.

miR-122 is involved in the effects of NEAT1 on HSC
activation

miRNAs serve as key regulators in liver fibrosis. Recently,
lncRNAs have been reported to function as ceRNAs for
miRNAs to regulate the activity of miRNAs [20, 21].
Therefore, whether miRNAs are involved in the role of
NEAT1 in regulating liver fibrosis is unclear. Recent studies
have shown that miRNAs including miR-19b [22], miR-29b
[2], miR-30 [23], miR-101 [3], miR-122 [24], miR-146 [25],
miR-150 [26], miR-370 [27], and miR-378 [28], are down-
regulated in liver fibrosis and act as liver fibrosis suppressors.
Due to their inhibitory role in liver fibrosis, we next analyzed
whether they are involved in the effects of NEAT1 on liver
fibrosis. qRT-PCR analysis showed that miR-122 expression
was significantly decreased by NEAT1 overexpression,
whereas others are not (Fig. 4a). Reduced miR-122 level
caused by NEAT1 overexpression was confirmed by
Northern blot (Supporting Fig. 2A). Thus, miR-122 level
was firstly examined in liver fibrosis. miR-122 was signifi-
cantly decreased in primary HSCs isolated from the fibrotic
liver during CCl4 treatment (Fig. 4b). With time in culture,
there was a significant reduction in miR-122 expression in
primary HSCs (Fig. 4c). miR-122 level inversely correlated
with NEAT1 expression in liver fibrosis, indicating that miR-
122 may be required for the effects of NEAT1 on HSC acti-
vation. NEAT1 overexpression induced HSC proliferation, α-
SMA and type I collagen were almost suppressed by miR-122
mimics (Fig. 4d–f). As confirmed by immunocytochemical
analysis, α-SMA and type I collagen induced by NEAT1
was blocked down by miR-122 (Supporting Fig. 3A). miR-

Fig. 1 NEAT1 was upregulated during liver fibrosis. NEAT1 was
detected by qRT-PCR in the livers from CCl4 mice (a), in isolated
primary HSCs from the livers of CCl4 mice at different weeks (b), and
in primary HSCs during culture days (c). *P < 0.05 compared to the
control. Each value is the mean ± SD of three experiments
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122 mimics alone led to a reduction in cell proliferation, α-
SMA, and type I collagen (Supporting Fig. 2B and Supporting
Fig. 2C).

NEAT1 accelerates HSC activation
through miR-122-mediated KLF6

We demonstrated that miR-122 plays a critical role in liver
fibrosis progression, which is consistent with a previous study
[29]. Previously, Tsai et al. reported that mice lacking miR-
122 will develop liver fibrosis, which can be partially attrib-
uted to Kruppel-like factor 6 (KLF6) [29]. Then, whether
KLF6 was involved in the effects of NEAT1 on liver fibrosis
was examined. KLF6 expression was significantly increased

in primary HSCs isolated from the fibrotic liver during CCl4
treatment as well as in primary HSCs during culture days (Fig.
5a, b, Supporting Fig. 2D, and Supporting Fig. 2E). The
mRNA and protein expressions of KLF6 were induced by
NEAT1 overexpression (Fig. 5c–e). Next, KLF6 small inter-
fering RNA (siRNA) was transfected into HSCs to silence
KLF6 expression (Supporting Fig. 1E and Supporting Fig.
1F). Notably, NEAT1-induced HSC proliferation, α-SMA,
and type I collagen were inhibited by KLF6 knockdown
(Fig. 5c–f). As confirmed by immunocytochemical analysis,
α-SMA and type I collagen induced by NEAT1 could be
blocked down by KLF6 siRNA (Supporting Fig. 3B). These
data suggest that NEAT1 promotes HSC activation, at least in
part, via KLF6. Further study was performed to confirm miR-

Fig. 2 Silencing NEAT1 inhibited CCl4-induced liver fibrosis in mice.
NEAT1 expression (a), ALT value (b), and hydroxyproline (c) were
analyzed in CCl4 mice after Ad-shNEAT1 treatment. d, e Accumulation
of collagen was assessed by Masson staining. Scale bar, 100 μm. f α-

SMA and type I collagen. *P < 0.05 compared to the control and
#P < 0.05 compared to the CCl4 group. Each value is the mean ± SD of
three experiments
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122-KLF6 axis. Bioinformatic analysis (microRNA.org) for
miRNA recognition sequences on KLF6 revealed the
presence of a putative miR-122 site (Fig. 5g). Then, we cloned
the KLF6 target region in the pmirGLO plasmid to generate a
KLF6 3′-UTR luciferase reporter containing the miR-122-
binding sites (pmirGLO-KLF6-Wt) or mutated sites
(pmirGLO-KLF6-Mut). Luciferase activity assays showed that
the luciferase activity of pmirGLO-KLF6-Wt was reduced by
miR-122, whereas the luciferase activity of pmirGLO-KLF6-
Mut was not affected by miR-122 (Fig. 5h), suggesting that
KLF6 is a target of miR-122. In addition, miR-122 could inhibit
KLF6 in HSCs with or without NEAT1 overexpression (Fig.
4e, f, Supporting Fig. 2C, and Supporting Fig. 3A). Combined
with these, NEAT1 contributes to HSC activation via the miR-
122-KLF6 axis.

Interaction between NEAT1 and miR-122

Using bioinformatic analysis (RNA22), it was found that
NEAT1 contains one target site for miR-122 (Fig. 6a).
Using pmirGLO construct, we generated a NEAT1 lucif-
erase reporter containing the miR-122-binding sites
(pmirGLO-NEAT1-Wt) or mutated sites (pmirGLO-
NEAT1-Mut) (Fig. 6a). Luciferase activity assays showed
that miR-122 mimics induced a reduction in luciferase
activity of pmirGLO-NEAT1-Wt without affecting that
of pmirGLO-NEAT1-Mut (Fig. 6b). Therefore, NEAT1
is confirmed as a target of miR-122. To further substanti-
ate these results, NEAT1 expression was detected in pri-
mary HSCs transfected with miR-122 mimics or inhibitor.
Our results showed that miR-122 mimics led to a

Fig. 3 Effects of NEAT1 onHSC proliferation, HSC transdifferentiation,
and collagen expression. Primary 4-day-old HSCs were transduced with
Ad-shNEAT1 for 48 h. a HSC proliferation. b The mRNA levels of α-
SMA and Col1A1. c Protein levels of α-SMA and Col1A1. d
Immunofluorescence staining for α-SMA (red) was evaluated in

primary HSCs 48 h after transduction with Ad-NEAT1 by confocal
laser microscopy. DAPI-stained nuclei are indicated in blue. Scale bar,
50 μm. *P < 0.05 compared to the control. Each value is the mean ± SD
of three experiments
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signif icant reduction in NEAT1 level (Fig. 6c).
Conversely, NEAT1 level was increased by miR-122 in-
hibitor (Fig. 6c). Similarly, miR-122 was increased by
NEAT1 knockdown while miR-122 was reduced by
NEAT1 overexpression (Fig. 6d). Interestingly, pri-miR-
122 expression was not affected by either Ad-shNEAT1 or

Ad-NEAT1, indicating that NEAT1 regulates miR-122
level at the post-transcriptional level (Fig. 6d). In addi-
tion, the pull-down assay was applied to detect whether
miR-122 could pull down NEAT1. As shown in Fig. 6e, f,
Bio-miR-122-Wt pulled down NEAT1 while Bio-miR-
122-Mut had no effect on NEAT1, indicating a direct

Fig. 4 miR-122 was involved in the effects of NEAT1 on HSC
activation. Primary 4-day-old HSCs were transduced with Ad-NEAT1
for 48 h and treated with miR-122 mimics for additional 48 h. a
Expressions of miR-19b, miR-29b, miR-30, miR-101, miR-122, miR-
146, miR-150, miR-370, and miR-378 were detected in NEAT1-
overexpressing cells. miR-122 was detected by qRT-PCR in isolated
primary HSCs from the livers of CCl4 mice at different weeks (b) and

in primary HSCs during culture days (c). d NEAT1-induced cell
proliferation was inhibited by miR-122. The enhanced mRNA(e) and
protein (f) levels of KLF6, α-SMA, and Col1A1 induced by NEAT1
were suppressed by miR-122. *P < 0.05 compared to the Ad-Ctrl and
#P < 0.05 compared to the Ad-NEAT1 group. Each value is the
mean ± SD of three experiments
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Fig. 5 KLF6 was involved in the effects of NEAT1 on HSC activation.
Primary 4-day-old HSCs were transduced with Ad-NEAT1 for 48 h and
treated with KLF6 siRNA for additional 48 h. KLF6 was detected by
qRT-PCR in isolated primary HSCs from the livers of CCl4 mice at
different weeks (a) and in primary HSCs during culture days (b). c, d
The protein levels of KLF6, α-SMA, and type I collagen. e The mRNA
levels of KLF6, α-SMA, and Col1A1. f HSC proliferation. g Schematic

diagram of the miR-122 binding site in the 3′-UTR of KLF6 mRNA
based on microRNA.org software. h Relative luciferase activities of
luciferase reporters bearing wild-type or mutant KLF6 were analyzed
48 h following transfection with the indicated miR-122 mimics or miR-
NC in 293T. *P < 0.05 compared to the Ad-Ctrl and #P < 0.05 compared
to the Ad-NEAT1 group. Each value is the mean ± SD of three
experiments
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interaction between miR-122 and NEAT1. Likewise, the
increased cell proliferation, KLF6, α-SMA, and type I
collagen caused by NEAT1 overexpression could not be
blocked down by miR-122-Mut (Supporting Fig. 4).
Therefore, NEAT1 may regulate KLF6 via competitively
binding miR-122 during HSC activation.

NEAT1-miR-122-KLF6 axis in hepatocytes

Hepatocytes were additionally isolated from the livers of
healthy mice, and the NEAT1-miR-122-KLF6 axis was fur-
ther confirmed in primary hepatocytes. Consistent with our

previous results, increased NEAT1 and KLF6 were found in
primary hepatocytes isolated from the fibrotic liver during
CCl4 treatment, with a reduction in miR-122 (Supporting
Fig. 5A-C). In primary hepatocytes, NEAT1 overexpression
induced KLF6 and type I collagen was inhibited by miR-122
or KLF6 knockdown (Supporting Fig. 5D and Supporting Fig.
5E). Also, miR-122 alone led to a reduction in KLF6 and type
I collagen in primary hepatocytes (Supporting Fig. 2F).
Moreover, NEAT1 was inhibited by miR-122 mimics while
NEAT1 was enhanced by miR-122 inhibitor (Supporting Fig.
5F). These data confirm the NEAT1-miR-122-KLF6 axis in
hepatocytes.

Fig. 6 Interaction between NEAT1 and miR-122. Primary 4-day-old
HSCs were transfected with Ad-NEAT1, Ad-shNEAT1, miR-122
mimics, or miR-122 inhibitor for 48 h. a Schematic diagram of the
miR-122-binding site in NEAT1 based on RNA22 software. b Relative
luciferase activities of luciferase reporters harboring the wild-type or
mutant NEAT1 were analyzed 48 h following transfection with the
miR-122 mimics or miR-NC. c NEAT1 expression was analyzed by
qRT-PCR in cells transfected with miR-122 mimics or miR-122

inhibitor. d Expressions of miR-122 and pri-miR-122 were analyzed by
qRT-PCR in cells transduced with Ad-shNEAT1 or Ad-NEAT1. e
Schematic diagram of wild type and the mutated form of miR-122
sequence. f Pull-down assay to validate the direct interaction between
NEAT1 and miR-122. Bio-miR-NC is not complementary to NEAT1.
*P < 0.05 compared to the control. Each value is the mean ± SD of
three experiments
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Validation of the aberrant expression of NEAT1, miR-122,
and KLF6 in patients with liver cirrhosis

Finally, we sought to determine whether the observations in
mice could be verified in patients with liver cirrhosis. Using
qRT-PCR, the expressions of NEAT1, miR-122, and KLF6
were detected in human cirrhotic liver tissues. Using H&E
andMasson staining, the existence of liver cirrhosis in patients
was confirmed (Fig. 7a, b). As observed in rodent fibrotic
injury models, the increased expressions of NEAT1 and
KLF6, associated with the reduced miR-122 level, were found
in patients with liver cirrhosis (Fig. 7c). Notably, NEAT1 ex-
pression in cirrhotic liver tissues was positively correlated
with the transcriptional level of α-SMA (r = 0.932) (Fig.
7d). A similar positive correlation was observed between
NEAT1 expression and the transcriptional level of Col1A1
(r = 0.983) (Fig. 7e). In conclusion, the results indicate that

NEAT1 plays a pro-fibrotic role, andmay serve as a diagnostic
marker for determining the progression of liver fibrosis in
humans.

Discussion

NEAT1 has been reported to act as an oncogene in cancers
[14, 15]. In this study, NEAT1 was increased in vivo and
in vitro during liver fibrosis, similar with the results in cancers
[14, 15]. Inhibition of NEAT1 resulted in the suppression of
liver fibrosis in vivo, with a reduction in α-SMA and type I
collagen. Consistent with it, there was a significant decrease in
α-SMA and type I collagen in vitro after NEAT1 knockdown.
By contrast, NEAT1 overexpression accelerated HSC activa-
tion, leading to the increase in cell proliferation, α-SMA, and
type I collagen. Further studies demonstrated that the effects

Fig. 7 NEAT1 expression is associated with liver fibrosis in humans. a
H&E staining for assessing liver fibrosis. Scale bar, 100 μm. b Masson
staining for assessing liver fibrosis. Scale bar, 100 μm. c NEAT1
expression was detected by qRT-PCR in healthy controls (n = 15) and
cirrhotic patients (n = 15). d Positive correlation between transcriptional
level of α-SMA and NEAT1 in cirrhotic human liver tissues. e Positive

correlation between transcriptional level of Col1A1 and NEAT1 in
cirrhotic human liver tissues. Pearson’s correlation analysis was used
for statistical analysis. f The signal pathway was discovered in liver
fibrosis. *P < 0.05 compared to the control. Each value is the
mean ± SD of three experiments
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of NEAT1 on promoting HSC activation were via the miR-
122-KLF6 axis. To the best of our knowledge, this is the first
study to suggest that NEAT1 plays a pro-fibrotic role in liver
fibrosis.

miR-122, which accounts for 72% of total miRNAs in
the adult human liver, is the most abundant and liver-
specific miRNA in liver [30]. miR-122 plays a vital role
in cellular functions such as growth development, differ-
entiation, and metabolism [31–33]. Previously, Zeng and
colleagues reported that miR-122 suppresses HSC activa-
tion and the transforming growth factor-β (TGF-β)-in-
duced expression of fibrosis-related genes, indicating an
inhibitory role of miR-122 in liver fibrosis [24]. Herein,
miR-122 level was obviously downregulated during liver
fibrosis. All these effects of NEAT1 on HSC activation
were inhibited by miR-122. Our findings further verified
the anti-fibrotic role of miR-122, which are consistent
with the previous studies [24, 29]. miRNAs are highly
conserved RNAs with high homology between different
species, whereas lncRNAs are not. As observed in rodent
fibrotic injury models, the reduction in miR-122 and the
increase in NEAT1 and KLF6 were also observed in pa-
tients with liver cirrhosis, indicating that the functions of
NEAT1 may be conserved.

KLF6, as a pro-fibrotic gene in liver fibrosis, contributes to
the upregulation of TGF-β receptor I (TβRI) and TβRII in
activated HSCs [34, 35]. Increased TβRI and TβRII may lead
to the increased activity of TGF-β1, which is characterized as
the key cytokine to promote HSC activation through the
Smad2/3 pathway [36, 37]. In addition, activated TGF-β sig-
naling accelerates HSC proliferation [25]. Increasing evidence
suggests that targeting TβR contributes to the suppression of
the TGF-β pathway [38]. In this study, KLF6 was confirmed
as a target of miR-122, which is consistent with the previous
study [29]. NEAT1-induced HSC activation was significantly
inhibited by KLF6 knockdown in primary HSCs. Similarly,
NEAT1-induced collagen was suppressed by KLF6 knock-
down in primary hepatocytes. We demonstrate that miR-
122-mediated KLF6 is required for the effects of NEAT1 on
accelerating liver fibrosis.

LncRNAs are found to modulate gene expression through
diverse molecular mechanisms such as chromatin modifica-
tion, transcriptional regulation, and post-transcriptional regu-
lation [39–42]. Recently, lncRNAs have been demonstrated to
act as ceRNAs to sponge miRNAs in many diseases, conse-
quently modulating the de-repression of miRNA targets [43,
44]. Sun et al. found that NEAT1 promotes non-small cell
lung cancer progression through regulation of the miR-377-
3p-E2F3 pathway [45]. Consistent with the previous study,
our results suggest that NEAT1 may function as a ceRNA
for miR-122. As shown by the results of luciferase reporter
assay and pull-down assay, there is a direct interaction be-
tween NEAT1 and miR-122. Moreover, NEAT1 could

regulate miR-122 level at the post-transcriptional level. Our
data indicate that NEAT1 may modulate KLF6 expression in
liver fibrosis through competitively binding miR-122. In our
study, NEAT1/miR-122/KLF6 plays a critical role in HSC
activation. Interestingly, increased NEAT1 and KLF6 were
additionally found in primary hepatocytes from CCl4 mice,
associated with reduced miR-122 expression. NEAT1-
indcued collagen was inhibited by miR-122 overexpression
or KLF6 knockdown in both HSCs and hepatocytes.
Therefore, the NEAT1/miR-122/KLF6 axis may participate
in the progression of liver fibrosis (Fig. 7f).

In conclusion, our results disclose a novel NEAT1/
miR-122/KLF6 signaling cascade in liver fibrosis and fur-
ther identify the importance of NEAT1 in promoting liver
fibrosis.
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