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Abstract
Background: Liver fibrosis is characterized by extensive deposition of extracellular matrix (ECM)
components in the liver. RCAN1 (regulator of calcineurin 1), an endogenous inhibitor of calcineurin
(CaN), is required for ECM synthesis during hypertrophy of various organs. However, the functional role
of RCAN1 in liver fibrogenesis has not yet been addressed.
Methods: We induced experimental liver fibrosis in mice by intraperitoneal injection of 10 % CCl4 twice
a week. To investigate the functional role of RCAN1.4 in the progression of liver fibrosis, we specifically
over-expressed RCAN1.4 in mice liver using rAAV8-packaged RCAN1.4 over-expression plasmid.
Following the establishment of the fibrotic mouse model, primary hepatic stellate cells were isolated.
Subsequently, we evaluated the effect of RCAN1.4 on hepatic fibrogenesis, hepatic stellate cell activation,
and cell survival. The biological role and signaling events for RCAN1 were analyzed by protein-protein
interaction (PPI) network. Bisulfite sequencing PCR (BSP) was used to predict the methylated CpG
islands in the RCAN1.4 gene promoter. We used the chromatin immunoprecipitation (ChIP assay) to
investigate DNA methyltransferases which induced decreased expression of RCAN1.4 in liver fibrosis.
Results: Two isoforms of RCAN1 protein were expressed in CCl4-induced liver fibrosis mouse model
and HSC-T6 cells cultured with transforming growth factor-beta 1 (TGF-β1). RCAN1 isoform 4
(RCAN1.4) was selectively down-regulated in vivo and in vitro. The BSP analysis indicated the presence of
two methylated sites in RCAN1.4 promoter and the downregulated RCAN1.4 expression levels could be
restored by 5-aza-2'-deoxycytidine (5-azadC) and DNMTs-RNAi transfection in vitro. ChIP assay was
used to demonstrate that the decreased RCAN1.4 expression was associated with DNMT1 and
DNMT3b. Furthermore, we established a CCl4-induced liver fibrosis mouse model by injecting the
recombinant adeno-associated virus-packaged RCAN1.4 (rAAV8-RCAN1.4) over-expression plasmid
through the tail vein. Liver- specific-over-expression of RAN1.4 led to liver function recovery and
alleviated ECM deposition. The key protein (a member of the NFAT family of proteins) identified on PPI
network data was analyzed in vivo and in vitro. Our results demonstrated that RCAN1.4 over-expression
alleviates, whereas its knockdown exacerbates, TGF-β1-induced liver fibrosis in vitro in a CaN/NFAT3
signaling-dependent manner.
Conclusions: RCAN1.4 could alleviate liver fibrosis through inhibition of CaN/NFAT3 signaling, and the
anti-fibrosis function of RCAN1.4 could be blocked by DNA methylation mediated by DNMT1 and
DNMT3b. Thus, RCAN1.4 may serve as a potential therapeutic target in the treatment of liver fibrosis.
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Introduction
Liver fibrosis, characterized by extensive
deposition of ECM compounds and secretion of
chemokines and fibrogenic factors, is a typical
scarring response to virtually all forms of chronic liver
injury [1]. Although the early stages of liver fibrosis
are reversible, persistent liver injury and scar
formation result in end-stage cirrhosis, even
hepatocellular carcinoma (HCC), ultimately requiring
transplant [2]. Because the underlying cause of
hepatic injury cannot be identified and eliminated,
treatment of hepatic fibrosis is limited to addressing
complications such as portal hypertension,
progression to hepatocellular carcinoma, and liver
failure [3]. Substantial improvements in the treatment
of chronic liver disease have aroused interest in
uncovering the mechanisms underlying hepatic
fibrosis and its resolution.
Activation of resident hepatic stellate cells
(HSCs) into proliferative, contractile, and fibrogenic
cells in liver injury remains a dominant theme driving
the field [1]. Upon liver injury, quiescent HSCs
(qHSCs) are activated into proliferative, migratory
myofibroblasts. It has been demonstrated that
TGF-β1, an inflammatory cytokine secreted by many
types of hepatic cells, is the main fibrogenic cytokine
for HSC activation [4]. Activated HSCs (aHSCs) are
characterized by the excessive expression of
alpha-smooth muscle actin (α-SMA) and type I
collagen (COL1a1), which are the main components of
ECM [5]. Therefore, targeting of HSCs by inhibiting
their activation and inducing apoptosis in aHSCs are
proposed therapeutic approaches to reverse liver
fibrosis [6].
RCAN1 gene, previously referred to as
ADAPT78/DSCR1/MCIP1, is located on the q22.12
region of chromosome 21 and consists of seven exons,
three of which (exons 5, 6 and 7) seem to be invariant
in all RCAN1 isoforms. The first four exons are
alternatively spliced/translated to produce many
different mRNA isoforms [7]. So far, at least three
RCAN1 mRNA and protein isoforms have been
described in various organisms: RCAN1.1L (RCAN1
isoform 1 Long), RCAN1.1S (RCAN1 isoform 1 Short),
and RCAN1.4 (RCAN1 isoform 4) [8]. In this study,
we found that two isoforms of RCAN1 protein were
expressed in a fibrotic mouse model and HSC-T6 cells
cultured with TGF-β1 (10 ng/mL), and RCAN1.4 was
selectively
decreased
during
liver
fibrosis
progression. We, therefore, set out to uncover the
functional role of RCAN1.4 in HSC activation and
liver fibrosis.
Calcineurin (CaN), a calcium/calmodulinactivated serine/threonine phosphatase (PP2B), is

4309
involved in multiple physiological and pathological
processes, such as regulating apoptosis [9], memory
[10], and skeletal and cardiac muscle growth and
differentiation [11]. It has been demonstrated that
CaN can be activated by TGF-β in a time- and
dose-dependent manner and is required for
TGF-β-mediated ECM accumulation [12]. A previous
study demonstrated that CaN is an important
signaling mediator of mesangial cell hypertrophy and
ECM accumulation in vitro [13]. Furthermore,
inhibition of CaN with Cyclosporin A (CsA) reduced
whole kidney hypertrophy and completely blocked
glomerular hypertrophy and ECM accumulation in
vivo [14]. CaN activation leads to dephosphorylation
of NFAT (NFAT1-4) transcription factors which
translocate to the nucleus and induce expression of
target genes such as Insulin-like Growth Factor-1
(IGF-1) and Vascular Endothelial Growth Factor
(VEGF) [15, 16]. As an endogenous inhibitor of CaN,
RCAN1.4 is believed to have a functional role in
regulating ECM accumulation and liver fibrogenesis.
Hence, we hypothesized that RCAN1.4 might
influence the survival of HSCs through CaN/NFAT
signaling pathway.
Recombinant adeno-associated virus (rAAV) is a
single-stranded DNA virus that can infect a broad
range of cell types including dividing and
non-dividing cells and is, therefore, a widely used
vehicle for gene delivery [17]. Clinical trials have not
only found rAAV to be consistently safe, but its
vectors can instigate long-term expression. To date,
rAAV vectors have been used in many clinical trials in
gene therapy, and have achieved promising results
from Phase 1 and Phase 2 trials [18]; 12 primate
serotypes (AAV1-12) have been described [19] two of
which, AAV8 and AAV9, are considered to have the
highest level of hepatic transduction [20, 21]. To
investigate the functional role of RCAN1.4 in the
development and progression of liver fibrosis, we
specifically over-expressed RCAN1.4 in mice liver
through rAAV8-packed RCAN1.4 over-expression
plasmid.
Epigenetic modification, especially DNA
methylation, plays a pivotal role in silencing gene
function. DNA methylation is generally catalyzed by
members of the DNA methyltransferase (DNMTs)
family, including DNMT1, DNMT3a and DNMT3b
[22]. Recent studies by our group and also other
researchers demonstrated that DNA methylation
plays a pivotal role in determining liver fibrosis and
HSC activation [23]. In this study, we investigated
whether the decreased expression of RCAN1.4
protein in fibrotic livers was attributed to DNA
methylation.

http://www.thno.org
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Materials and Methods
Murine model of CCl4-induced liver fibrosis
6-8-week-old male C57BL/6j mice (18-22 g
weight) were purchased from the Laboratory Animal
Center of Anhui Medical University. All animal
procedures were reviewed and approved by the
Institutional Animal Experimental Ethics Committee.
Mice were housed in a temperature-controlled room
(22 ℃). After a week of adaptive breeding, mice were
randomly
divided
into
vehicle-treated
and
CCl4-treated groups (8 mice per group). Mice were
placed in a pathogen-free animal facility with access
to water and food and allowed to eat and drink ad
libitum. Hepatic fibrosis was generated by biweekly
intraperitoneal injection of 10 % carbon tetrachloride
(CCl4) in corn oil at a dose of 0.01 mL/g/mouse.
Control mice were injected with the same volume of
corn oil. Four weeks later, 48 h after the last injection of
CCl4, mice were sacrificed under anesthesia. Blood
samples and liver tissues were collected for further
analysis.

Recombinant adeno-associated virus-mediated
RCAN1.4 over-expression in mice
Mouse RCAN1.4 over-expression plasmid
labeled with the green fluorescent protein (GFP) was
obtained from Hanbio Biotechnology Co., Ltd.
(Shanghai, China). RCAN1.4 plasmid was packaged
with
recombinant
adeno-associated-virus
for
over-expression of RCAN1.4 in vivo. Male C57BL/6j
mice (6-8 weeks of age, 18-22 g weight) were housed
at the Animal Experimental Center for one week to
adapt to the environment. The tails of mice were
wiped with alcohol to expand the tail vein for
injection. Mice were slowly injected with 100 μL
recombinant
adeno-associated-virus-packaged
RCAN1.4
over-expression
plasmid
with
a
concentration of 1× 1011 v.g/mL/mouse through the
tail vein using 0.5 mL insulin syringe. One week later,
mice were intraperitoneally injected with either 10 %
CCl4 or the equal volume of corn oil.

Isolation of primary hepatic stellate cells
Mice were chosen randomly from the vehicle
group and CCl4-induced liver fibrosis mouse model
(n=8/group). The primary hepatic stellate cells was
isolated adapting the method as previously described
[24]. Briefly, the mice were anesthetized, a 20-G
catheter was put through the portal vein, the inferior
vena cava was cut, and the liver was perfused with
digestion buffer (1×PBC supplemented with type IV
collagenase (Sigma-Aldrich, St. Louis, USA), pronase
(Sigma-Aldrich, St. Louis, USA) and 4.76 mM CaCl2
(Sigma-Aldrich, St. Louis, USA)). After digestion, the
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liver was disrupted in 1 % BSA. The cell suspension
was prepared by mincing, filtration, and
centrifugation in the cell-Nycodenz mixture (Sigma,
GER) with a density of 1.040–1.060 g/ml. To create a
discontinuous gradient, the cell-Nycodenz mixture
was covered with Hank’s buffer (Gibco, USA).
Finally, primary HSCs was collected by extracting the
white cell layer from the gradient interface. The cell
suspension was used in subsequent studies. The
expression levels of α-SMA and COL1a1
(myofibroblast markers) were examined by Western
blotting and RT-qPCR.

Chromatin immunoprecipitation (ChIP) assay
HSC-T6 cells stimulated with TGF-β1 (10
ng/mL), and corresponding control cells were
cultured to ~80-90 % confluency. Subsequently, ChIP
assay was performed using the SimpleChIP®
Enzymatic Chromatin IP Kit (Magnetic Beads) #9003
(Cell Signaling Technology, USA) according to the
manufacturer’s instructions. The following antibodies
were used to immuno-precipitate crosslinked
protein-DNA complexes: rabbit anti-DNMT1, rabbit
anti-DNMT3a, rabbit anti-DNMT3b and normal
rabbit IgG. The immunoprecipitated DNA was
purified for PCR analyses with primers specific for the
putative binding sites within the promoter of
RCAN1.4.

Statistical Analysis
Data were expressed as the mean ± s.e.m.
One-way analysis of variance followed by the
Newman–Keuls post hoc test (Prism 5.0 GraphPad
Software, Inc, San Diego, CA, USA) was used to
analyze results. p<0.05 was considered statistically
significant.

Additional methods
Detailed
methods
Supplementary Materials.

are

provided

in

Results
Establishment of CCl4-induced hepatic fibrosis
model in C57BL/6j mice
To investigate the extent of hepatic fibrosis in
CCl4-induced C57BL/6j mice, histopathological
studies were performed. As shown in Figure S1A,
liver tissues from CCl4-induced mice harbored fibrotic
nodules and displayed hepatomegaly. Histologically,
normal lobular architecture consisted of central veins
and radiating hepatic cords while treatment with CCl4
resulted in prominent hepatic steatosis, necrosis,
inflammatory infiltration, and formation of
regenerative nodules and fibrotic septa (Figure
S1B-1D and Figure S1H). Furthermore, CCl4
http://www.thno.org
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treatment increased hepatic expression of CD8 (a
lymphocyte marker) and Ly6G (a neutrophil marker)
(Figure S1F and S1G). Immunohistochemical staining
showed that desmin and α-SMA, markers for HSCs
and activated HSCs were extensively stained in
CCl4-treated group as compared to the vehicle-treated
group (Figure S1E and S1J). Serum ALT and AST
levels were also elevated in CCl4-induced fibrotic
mice (Figure S1I). These data indicated a successful
establishment of the fibrosis model.

RCAN1.4 expression is down-regulated in vivo
and in vitro
The results of double immunofluorescence
showed high expression of RCAN1 (green) in
α-SMA-positive cells (red) in the fibrotic area,
implying that RCAN1.4 was expressed in hepatic
stellate cells (Figure 1A). As shown in Figure 1B-C,
the protein and mRNA levels of RCAN1.4 were
significantly decreased while COL1a1 and α-SMA
were elevated upon treatment with CCl4. There was
no difference in RCAN1.1 expression between the
CCl4-induced and vehicle-treated groups (Figure
1B-C). As displayed in Figure 1D, RCAN1
immunostaining signal was decreased in the fibrotic
liver tissue from the CCl4-treated group.
RCAN1.4 expression was also decreased in
HSC-T6 cells cultured with TGF-β1 (10 ng/mL) as
determined by RT-qPCR, Western blotting, and
immunofluorescence staining (Figure 1E-1G).
However, the protein and mRNA levels of COL1a1
and α-SMA were significantly increased in TGF-β1 (10
ng/mL)-treated HSC-T6 cells (Figure 1E-1F, S2A).
The results showed that RCAN1.4 was selectively
down-regulated in vivo and in vitro and may be the
main member of the RCAN1 family implicated in
liver fibrogenesis.

Recombinant adeno-associated virus-mediated
overexpression of RCAN1.4 protects
CCl4-induced liver fibrosis in vivo
As previously described, expression of
RCAN1.4, both at protein and mRNA levels, was
significantly downregulated both in vivo and in vitro.
We determined whether RCAN1.4-targeted therapy
could prevent CCl4-induced liver fibrosis and liver
injury in vivo. The eGFP signal in the liver transfected
with RCAN1.4 over-expression plasmid (Figure S3A)
indicated a successful infection of the virus. RCAN1.4
expression
was
increased
in
the
rAAV8-RCAN1.4-transfected liver compared to
rAAV8-empty vector-treated liver tissue (Figure
2A-a). As shown in Figure 2A-b and Figure S3B,
overexpression of RCAN1.4 in liver tissue inhibited
infiltration of inflammatory cells, hepatocyte
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apoptosis, and lobule destruction compared to
empty-virus-treated mice in the CCl4-treated group.
Figures 2A-a, d, e display overexpressed RCAN1.4
also decreased areas of blue or green matrix and
α-SMA signal indicating reduced ECM deposition.
Forced expression of RCAN1.4 dramatically
decreased serum ALT/AST levels in CCl4-treated
mice (Figure 2B). The protein and mRNA levels of
COL1a1 and α-SMA were also significantly
down-regulated in primary HSCs in the RCAN1.4
overexpression fibrotic mouse model group (Figure
2C-D). Ectopic expression of RCAN1.4 in liver
inhibited primary HSC proliferation and promoted
primary HSC apoptosis which was indicated by
reduced C-Myc and Cyclin D1 protein expression and
an elevated ratio of Bax/Bcl2 and cleaved-caspase3
protein levels (Figure 2E). These results further
confirmed that knock in of RCAN1.4 exerts a
protective role in CCl4-induced liver fibrosis mouse
model. In this setting, RCAN1.4 appears to be a
potential therapeutic target for CCl4-induced liver
fibrosis.
These results indicated that knocking in
RCAN1.4 in vivo could alleviate liver injury and ECM
accumulation. As shown in Figure S3C, the proteins
interacting with RCAN1.4 were predicted by online
String database. It has been reported that CaN/NFAT
signaling plays a pivotal role in tissue hypertrophy
and ECM accumulation [13, 25]. Therefore, we
investigated the function of CaN/NFATs signaling in
liver fibrosis.

Ectopic expression of RCAN1.4 inhibits liver
fibrosis and promotes aHSC apoptosis in vivo
The aberrant expression of RCAN1.4 in activated
HSCs (aHSCs), both in vivo and in vitro, and the
liver-protective role of RCAN1.4 over-expression in
vivo prompted us to investigate the underlying
molecular mechanisms of RCAN1.4 in HSC activation
and liver fibrosis. We used GV230-RCAN1.4 plasmid
to over-express RCAN1.4 in activated HSC-T6 cells
(aHSCs). Forced ectopic expression of RCAN1.4 could
down-regulate COL1a1 and α-SMA protein and
mRNA levels in aHSCs (Figure 3A-3B) and decrease
their viability (Figure 3C). The mRNA expression of
vimentin, S100A4, and fibronectin was also
attenuated
in
aHSCs
transfected
with
GV230-RCAN1.4 plasmid (Figure S4A). Furthermore,
over-expression of RCAN1.4 could induce cell cycle
arrest in G0/G1 phase in aHSCs (Figure 3D) and the
expression of cell-cycle-associated proteins, C-Myc
and Cyclin D1 were notably down-regulated in
GV230-RCAN1.4
plasmid-transfected
group
compared to GV230-control plasmid-transfected
group (Figure 3E). These results implied that
http://www.thno.org
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increased expression of RCAN1.4 in aHSCs could
inhibit their activation. We further investigated the
influence of forced expression of RCAN1.4 on the
survival of aHSCs by flow cytometry. Forced
RCAN1.4 expression increased the percentage of
apoptotic cells (Figure 3F), and the apoptosis-related
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proteins (the ratio of Bax/Bcl-2 and cleaved-caspase3)
were elevated in GV230-RCAN1.4 plasmid
transfected group compared to GV230-control
plasmid transfected group (Figure 3G). Thus, these
data suggested that ectopic expression of RCAN1.4
could promote apoptosis of aHSCs in vitro.

Figure 1. Down-regulated expression of RCAN1.4 in vivo and in vitro. (A) Double immunofluorescence staining was performed to determine the colocalization of
RCAN1 (green) and α-SMA (red) in the CCl4-induced liver fibrosis mouse model. DAPI (blue) images were not shown separately. (B) Protein and (C) mRNA expression of
RCAN1.1, RCAN1.4, COL1a1 and α-SMA in primary hepatic stellate cells. (D) Immunohistochemistry signals of RCAN1. (E) Protein and (F) mRNA level of RCAN1.1,
RCAN1.4, COL1a1 and α-SMA in HSC-T6 cells. (G) RCAN1 protein expression in HSC-T6 cells was examinated by immunofluorescence. Representative pictures are
presented. Data represent the mean ± s.e.m. *p<0.05, **p<0.01, as indicated.

http://www.thno.org
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RCAN1.4 silencing enhances the activation of
HSC-T6 cells in vitro
We further confirmed the ability of RCAN1.4 to
inhibit HSC activation using RCAN1.4-RNAi
transfection. Figure S5A shows that RCAN1.4 mRNA
expression in RCAN1.4-RNAi transfected group
decreased significantly by approximately 80 %
compared to the scrambled-RNAi transfected group.
RCAN1.4 knockdown increased COL1a1 and α-SMA
protein expression in aHSCs. RT-qPCR results were
similar to Western blotting analysis (Figure 4B),
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indicating that RCAN1.4 silencing could enhance the
activation of HSCs. Cell viability was increased in the
RCAN1.4-RNAi-transfected group compared with the
scrambled-RNAi-transfected group (Figure 4C). Flow
cytometry analysis showed that RCAN1.4 silencing
could advance HSCs into G2/M phase (Figure 4D).
Furthermore, cell-cycle-related proteins (C-Myc and
Cyclin
D1)
were
elevated
in
RCAN1.4RNAi-transfected cells (Figure 4E). These data
indicated that knockdown of RCAN1.4 expression
enhanced the activation of HSCs.

http://www.thno.org
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Figure 2. Liver-specific RCAN1.4 overexpression alleviates CCl4-induced liver fibrosis. (A) Representative RCAN1, H&E, Masson, Sirius red, and α-SMA staining of
liver tissue sections. (B) Serum ALT and AST levels. (C) Protein and (D) mRNA levels of RCAN1.4, COL1a1 and α-SMA in primary hepatic stellate cells. (E) Protein levels of
C-myc, Cyclin D1, Bax, Bcl2, and cleaved-caspase3. *p<0.05, **p<0.01, ***p<0.001 compared to the vehicle group, #p<0.05, ##p<0.01, ###p<0.001 compared to
rAAV8-empty-treated vehicle group, $p<0.05, $$p<0.01, $$$p<0.001 compared to rAAV8-RCAN1.4-treated vehicle group, @p<0.05, @@p<0.01, as indicated. For all panels, data
represent the mean ± s.e.m. for 3–4 independent experiments.

We further examined the influence of RCAN1.4
silencing on apoptosis of activated HSC-T6 cells by
flow cytometry and observed a decrease in apoptotic
cell proportion in the RCAN1.4-RNAi transfected
group (Figure 4F). Moreover, the apoptosis-associated
proteins (the ratio of Bax/Bcl-2, cleaved-caspase3)
were down-regulated in the RCAN1.4-RNAi-

transfected group (Figure 4G). The migration of
HSCs, as detected by scratch wound healing
experiment and Transwell assay, was significantly
increased by depletion of RCAN1.4 (Figure S5B and
S5C). Taken together, these results indicated that
depletion of RCAN1.4 could aggravate liver fibrosis.

http://www.thno.org
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Figure 3. Effect of RCAN1.4 expression on activated HSC-T6 cells. (A) Protein and (B) mRNA levels of RCAN1.4, COL1a1, and α-SMA. (C) Relative cell viability of
HSC-T6 cells was measured by CCK-8 assay. (D) Cell cycle of HSC-T6 cells were analyzed by flow cytometry. (E) Expression of cell-cycle-related protein C-Myc and Cyclin D1.
(F) Effect of RCAN1.4 on apoptosis of TGF-β1-activated HSC-T6 cells was determined by flow cytometry. Representative images of three independent experiments are shown.
(G) Expression levels of apoptosis-associated proteins (Bax, Bcl2 and cleaved-caspase3 protein). ***p<0.001, #p<0.05, ##p<0.01, ###p<0.001, as indicated. Representative images
of three independent experiments are shown. For all panels, data represent the mean ± s.e.m. for 3–4 independent experiments in vitro.
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Figure 4. Effect of RCAN1.4 silencing on activated HSC-T6 cells. (A) Protein and (B) mRNA expression of RCAN1.4, COL1a1, and α-SMA. (C) Relative cell viability
of HSC-T6 cells was measured by CCK-8 analysis. (D) Cell cycle was determined by flow cytometry. (E) The cell-cycle-related proteins C-Myc and Cyclin D1 levels were
analyzed by western blotting analysis. (F) Effect of RCAN1.4 silencing on apoptosis of activated HSC-T6 cells was detected by flow cytometry. (G) The expression levels of
apoptosis-associated proteins (Bax, Bcl2 and cleaved-caspase3 protein) were detected by western blotting assay. Representative images of three independent experiments are
shown. ***p<0.001, #p<0.05, ###p<0.001, as indicated. For all panels, data represent the mean ± s.e.m. for 3–4 independent experiments in vitro.
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Theranostics 2019, Vol. 9, Issue 15
RCAN1.4 functions as an endogenous inhibitor
of calcineurin-NFAT3 signaling in liver fibrosis
It has been demonstrated that both RCAN1.1
and RCAN1.4 inhibit the activity of CaN, an
intracellular phosphatase involved in many biological
processes [26]. Furthermore, RCAN1 has been
demonstrated
to
especially
inhibit
nuclear
translocation of NFAT mediated by CaN[27].
Therefore, we assessed the protein expression levels
of CaN in aHSCs after knock-in and knockdown of
RCAN1.4. The CaN expression was significantly
reduced when RCAN1.4 was over-expressed (Figure
5A), while its expression increased when RCAN1.4
was knocked down in activated HSC-T6 cells (Figure
5B). The nuclear distribution of NFAT1-4 was
assessed by Western blot analysis. We observed that
over-expression of RCAN1.4 inhibited the nuclear
accumulation of NFAT3, while knockdown of
RCAN1.4 promoted NFAT3 nuclear translocation
(Figure 5C, S6A). However, the total protein level of
NFAT3 was not affected by altered RCAN1.4
expression (Figure S6B). Thus, these results indicated
that altered nuclear level of NFAT3 was not attributed
to a change in total NFAT3 expression but the
translocation of NFAT3 to the nucleus. Interestingly,
the expression of NFAT1, NFAT2, and NFAT4 was
not affected by altered RCAN1.4 expression (Figure
5C and S6A). More importantly, the expression of
CaN and nuclear accumulation of NFAT3 could be
inhibited by elevated RCAN1.4 expression in vivo
(Figure S6C).
We treated HSC-T6 cells with CsA [28], an
inhibitor of CaN, and examined NFAT3 nuclear
distribution levels. CsA treatment reversed NFAT3
nuclear distribution in RCAN1.4 over-expression and
silencing groups separately (Figure 5D). It has been
reported that inhibition of CaN/NFAT3 pathway
could attenuate cardiac hypertrophy [29]. To
investigate whether heterologous expression of
NFAT3 could reverse myofibroblast phenotype, we
performed NFAT3 overexpression experiments. The
transfection efficiency of NFAT3 overexpression
plasmid was analyzed by Western blot analysis
(Figure S6D). Forced expression of NFAT3
aggravated fibrosis as indicated by elevated COL1a1
and α-SMA expression (Figure S6E). However,
simultaneous overexpression of RCAN1.4 and NFAT3
could reverse the influence of NFAT3 on
myofibroblast marker expression (Figure S6F). These
data indicated that RCAN1.4 negatively regulated
NFAT3 nuclear accumulation through inhibiting CaN
activity in HSC-T6 cells and primary hepatic stellate
cells.
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Down-regulated RCAN1.4 expression is
mediated by DNMT1 and DNMT3b
Studies performed by our laboratory and other
groups
have
demonstrated
that
epigenetic
modifications, especially DNA methylation, play an
important role in the regulation of HSC activation and
liver fibrosis [30]. DNA methylation is mainly
catalyzed by three DNA methyltransferases: DNMT1,
DNMT3a and DNMT3b [22]. It has been
demonstrated
that
methyltransferases
are
upregulated in activated HSCs [23] and that elevated
DNMTs lead to aberrant DNA methylation patterns
[31]. Consistent with the previous studies, we
observed distinct upregulation of DNMT1, DNMT3a
and DNMT3b protein expression both in vivo and in
vitro (Figure S7A).
We predicted the existence of two methylated
CpG sites in the RCAN1.4 gene promoter (Figure
S7B). It has been shown that 5-azadC, an inhibitor of
DNA methyltransferase, can block the enzymatic
activity of all three methyltransferases [32]. We have
previously demonstrated that 5-azadC could reduce
liver injury and inhibit the expression of COL1a1 and
α-SMA in primary HSCs [33]. To investigate whether
the down-regulated expression of RCAN1.4 in
activated HSCs was attributed to DNA methylation,
5-azadC [34] and DNMTs-RNAi were employed. As
shown in Figure 6A, the decreased RCAN1.4 protein
level in TGF-β1-treated group could be restored by
culturing activated HSC-T6 cells with 5-azadC.
RCAN1.4 expression was elevated in DNMT1-RNAiand DNMT3b-RNAi-transfected groups but not in
DNMT3a-RNAi-transfected group (Figure 6B-D). The
results of RT-qPCR were similar to Western blot
analysis (Figure S7C). Furthermore, ChIP assay
showed that RCAN1.4 gene could be pulled down by
anti-DNMT1 and anti-DNMT3b antibodies, but not by
anti-DNMT3a and negative control anti-IgG
antibodies (Figure 6E). These results indicated direct
binding of DNMT1 and DNMT3b with the RCAN1.4
promoter in HSC-T6 cells. Hence, these data
demonstrated that decreased RCAN1.4 expression
was associated with elevated expression of DNMT1
and DNMT3b methyltransferases.

Discussion
In the current study, we observed that RCAN1.4
expression was selectively down-regulated in hepatic
fibrosis and was associated with pathological
processes in vivo and in vitro. We detected two
methylated CpG islands in the RCAN1.4 gene
promoter. Furthermore, the expression of RCAN1.4
could be restored by 5-azadC and DNMTs-RNAi
which indicated that the reduced RCAN1.4
expression was attributed to DNA methylation. Using
http://www.thno.org
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the ChIP assay, we confirmed that methylation of
RCAN1.4 promoter was induced by DNMT1 and
DNMT3b. We demonstrated that accelerated liver
fibrosis, caused by decreased expression of RCAN1.4,
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could be alleviated by forced RCAN1.4 expression.
We then set out to elucidate the functional role of
RCAN1.4 in liver fibrosis.

Figure 5. RCAN1.4 inhibits the nuclear translocation of NFAT3 in liver fibrosis. (A)(B) Western blot analysis of CaN protein level. (C) The nuclear proteins were
extracted 24 h after transfection of GV230-RCAN1.4 plasmid or RCAN1.4-RNAi in activated HSC-T6 cells. The NFAT1, NFAT2, NFAT3, and NFAT4 protein levels were
measured by Western blotting analysis. Representative images of three independent experiments are shown. (D) Protein level of NFAT3 in the nucleus. #p<0.05, $p<0.05,
@p<0.05, %p<0.05, ^^p<0.01, &&p<0.01, as indicated. Representative images of three independent experiments are shown. For all panels, data represent the mean ± s.e.m. for 3–4
independent experiments in vitro.
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Figure 6. Decreased expression of RCAN1.4 was mediated by DNMT1 and DNMT3b. (A) Restoration of down-regulated RCAN1.4 protein level in TGF-β1-treated
HSC-T6 cells by 5-azadC (1 mM). (B)-(D) Protein levels of DNMT1, DNMT3a, DNMT3b, and RCAN1.4. (E) ChIP assay showing the interaction of DNMT1, DNMT3a, and
DNMT3b with the potential binding sites on the RCAN1.4 promoter. (F) Prediction of methylated CpG sites in the RCAN1.4 gene promoter. *p<0.05, **p<0.01, $$p<0.01,
#p<0.05, ##p<0.01, as indicated. Values represent the mean ±s.e.m.
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Figure 7. Schematic depicting the mechanisms of RCAN1.4 to prevent liver fibrosis. RCAN1.4 was selectively downregulated in liver fibrosis mediated by DNMT1
and DNMT3b. Forced RCAN1.4 expression could alleviate liver injury, inhibit HSC activation, proliferation and promote activated HSC apoptosis through CaN/NFAT3 signaling
pathway in vivo and in vitro. However, silencing of RCAN1.4 exacerbates liver fibrosis in vitro. In briefly, RCAN1.4 may serve as a potential therapeutic target in the treatment of
liver fibrosis.

In previous studies, overexpression of RCAN1.4
has been shown to block VEGF-calcineurinNFAT-mediated endothelial cell activation in vitro [35,
36]. A microarray study analyzing gene transcription
changes following VEGF treatment of endothelial
cells reported that RCAN1.4 is the most obviously
changed transcript, consistent with its important role
in VEGF-mediated angiogenesis [37]. Recently, a role
for CaN/NFAT signaling in cancer progression has
been identified. Most notably, NFAT mediated breast
cancer cell invasion and metastasis as a consequence
of downregulated AKT expression [38]. RCAN1.4 has
been shown to inhibit cancer cell proliferation,
migration, and invasion in hepatocellular carcinoma
by preventing nuclear translocation of NFAT1 [15].
Sun et al. demonstrated that overexpression of
RCAN1.4 exacerbated calcium overloading-induced
neuronal apoptosis through the caspase3 apoptotic
pathway [39]. However, other groups demonstrated
that RCAN1.1L prevented hypoxia-induced cell
apoptosis through the induction of mitophagy [40].
Similarly, targeted deletion of both RCAN1.1 and
RCAN1.4
promoted
apoptosis,
rather
than
proliferation, of endothelial cells by stimulating VEGF
[41]. Interestingly, Ryeom et al. predicted that there is
a delicate equilibrium between RCAN1 and
CaN/NFAT suggesting that the CaN/NFAT-RCAN1
pathway can be a susceptible target for antiangiogenic
cancer therapies [41]. Taken together, these conflicting
reports suggest a complex role for the RCAN1 gene in
cell survival or cell death under stress conditions.
In this study, we demonstrated that knocking in
of RCAN1.4 alleviated liver fibrosis and promoted

apoptosis of activated HSCs in vivo and in vitro.
Furthermore, forced RCAN1.4 expression could
inhibit the protein expression and activity of CaN,
subsequently preventing the nuclear translocation of
NFAT3 and could also promote apoptosis of activated
HSCs with elevated cleaved-caspase3 protein levels.
However, it needs to be further investigated whether
the role of RCAN1.4 in regulating HSC proliferation
can also be attributed to IGF-1 and VEGF as suggested
in a previous study [15].
Fibrosis in the liver, as with fibrosis in other
organs (such as lung, heart, kidney, or skin) is
characterized by excessive deposition of ECM [42]
which leads to the destruction of organ structure and
impairment of organ function. Activated fibroblasts
are key mediators of organ fibrosis [42]. Diabetic
nephropathy
is
characterized
by
excessive
accumulation
of
ECM
proteins
in
the
glomerulainterstitium [43, 44]. It has been reported
that elevated level of Insulin-like growth factor-I
(IGF-1) in the urine was associated with hypertrophy
and progression of kidney disease in patients with
type I diabetes [45]. IGF-1 could activate Erk1/Erk2,
MAPK, and PI3K signaling in many different cell
types [46], but neither of them was required for
hypertrophy or accumulation of ECM proteins [13]. In
animal models, inhibitors of CaN could prevent
hypertrophy successfully [13, 25, 47]. As mentioned
earlier,
RCAN1
negatively
regulates
the
dephosphorylation activity of CaN. Therefore,
elevated RCAN1.4 expression is believed to decrease
ECM accumulation. However, it has been reported
that over-expression of RCAN1.4 increased the
http://www.thno.org
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production of collagens in Mes-13 cells [48]. The
reasonable explanation for this paradox is provided
by several studies showing that RCAN1 is not only an
inhibitor of CaN, but can also interact with several
proteins, including Raf-1 [49], NIK [50], CREB [51],
SCFβ-TrCP ubiquitin ligase [52], and Tollip[53].
RCAN1 has also been shown to modulate the activity
of nuclear factor κB (NF-κB) [54] and ERK signaling
[55]. Further studies are required to address the
mechanism underlying RCAN1 function in regulating
ECM deposition in liver fibrosis.
It has been demonstrated that RCAN1 plays a
role in Alzheimer's disease (AD) pathogenesis [56].
Aging is the most notable risk factor for AD as well as
many other age-related human diseases [57, 58].
Fibrosis is a major cause of morbidity and mortality in
the aging process of humans worldwide. Treating
fibrosis is a potential strategy for slowing the aging
process and prolonging lifespan [59, 60].
In the current study, we demonstrated that
over-expression of RCAN1.4 could alleviate liver
fibrosis, decrease ECM accumulation in vivo, and
inhibit activation of HSCs in vivo and in vitro. While
studying the underlying mechanisms for the reversal
of liver fibrosis, we demonstrated that RCAN1.4
could inhibit CaN/NFAT3 signaling pathway and
subsequently reduce ECM protein accumulation.
Thus our data indicate a crucial role of RCAN1.4 via
CaN/NFAT3 signaling in regulating hypertrophy and
ECM accumulation and provide a potential
therapeutic strategy for fibrotic diseases.

Conclusion
Our study has illustrated the central role of
RCAN1.4 in liver fibrosis (Figure 7). The expression of
RCAN1.4 was downregulated both in vivo and in vitro
by methyltransferases DNMT1 and DNMT3b.
Furthermore, CCl4-induced liver fibrosis and ECM
deposition could be reversed by forced expression of
RCAN1.4. Ectopic expression of RCAN1.4 in vivo
effectively attenuated liver injury, inhibited activation
of qHSCs, and promoted apoptosis of aHSCs through
CaN/NFAT3 signaling pathway. The results
illustrated in Figure 7 suggest that RCAN1.4 can serve
as a therapeutic target in the treatment of liver
fibrosis.
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