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Impact statement

Long-term hepatic damage caused by
hepatitis and cholestasis can accelerate
fibrosis matrix over-production, which is a
harmful process attributed to the dysregu-
lation of a number of cellular and molecular
events. The purpose of this study is to
characterize the biological influence of
miR-29a on endoplasmic reticulum (ER)
function in bile duct ligation (BDL)-injured
livers. To the best of our knowledge, this
report is the first demonstration that miR-
29a over-expression diminishes BDL
provocation of ER stress (unfolded protein
response, UPR) effector protein expres-
sion. This work also demonstrates that
miR-29a decreased caspases protein
expression in cholestatic livers, while an
increase in miR-29a function reduced
sXBP1 and CHOP expressions in T6 cells
in mice. Analyses of this study highlight
that controlling miR-29a signaling can
serve as an innovative strategy in the future
for microRNA regulation of ER homeosta-
sis to combat cholestasis induction hepatic
disorders.

Abstract

Hepatic fibrosis was caused by a number of signaling pathways that damage liver integrity.
We have previously shown that microRNA-29a (miR-29a) protects against liver fibrosis.
Aberrant endoplasmic reticulum (ER) and autophagy function reportedly exaggerate hepatic
disorders. The aim of this study was to characterize the biological influence of miR-29a on ER
function in injured livers with bile duct ligation (BDL). We performed BDL on miR-29a trans-
genic mice (miR-29aTg) and wild-type mice to induce cholestatic liver injury. Rat T6 cells were
transfected with miR-29a mimic and tunicamycin. Compared to the wild-type mice, the BDL
deterioration of liver function in terms of total bilirubin, alanine transaminase, and aspartate
transaminase activity in the miR-29aTg mice was significantly reduced. Affected livers in the
miR-29aTg mice demonstrated a slight fibrotic matrix formation. miR-29a over-expression
reduced the BDL disturbance of the expressions of inositol-requiring kinase 1alpha, double-
stranded RNA-activated protein kinase-like endoplasmic reticulum kinase, spliced-X-box
binding protein 1 (sXBP1), CCAAT/enhancer-binding protein homologous protein (CHOP),
ULK, LC3BII, p62, and cleaved caspase-8, 9 and 3. In vitro, T6 cells exposed to tunicamycin
by increasing abundances of CHOP, sXBP1, cleaved caspase-3, and LC3BII were diminished
in the cell cultures transfected with the miR-29a mimic. On the other hand, we observed that
miR-29a signaling protected liver tissues from BDL-mediated metabolic dysfunction and
excessive fibrosis histopathology. This study provides new molecular insight into the miR-

29a stabilization of ER integrity that slows the progression of cholestatic liver deterioration.
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Introduction is a harmful process attributed to the dysregulation of

a number of cellular and molecular events.! Activated
hepatic stellate cells (HSC) have been observed to

Long-term hepatic damage from hepatitis and cholestasis
can accelerate fibrosis matrix over-production, which
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transdifferentiate into myofibroblastic cells, a phenomenon
that contributes to extracellular matrix deposition in a dam-
aged liver.?

Endoplasmic reticulum (ER) stress, also known as
unfolded protein response (UPR), is a harmful reaction
caused by the irregular folding of proteins inside of the
ER. In accordance with stress type, UPR reportedly con-
tributes to the survival and apoptosis of cells.® Inositol-
requiring kinase 1a (IREla), activating transcription factor
6 (ATF6) a and b, and double-stranded RNA-activated
protein kinase-like endoplasmic reticulum kinase (PERK)
are three distinct molecules located in the ER membrane
compartment that have been found to initiate UPR in
cells exposed to harmful stress.* In hepatic cells, ER stress
is observed to induce fibrogenic reactions in HSCs through
the regulation of autophagic activities.” Prolonged ER stress
increases apoptotic programs, ultimately causing cell
death,® while inhibiting the IRE1a pathway maintains the
autophagic process and inactive status that allows HSCs to
exhibit low fibrogenic activities.” In addition to hepatocel-
lular apoptosis’s role in the progression of liver fibrosis,”
the three UPR proteins of interest have been found to
regulate CCAAT/enhancer-binding protein homologous
protein (CHOP), which is a pro-apoptotic transcription
factor and a central mediator of ER stress that induces apo-
ptotic cell activities.®” Nevertheless, the molecular mecha-
nism underlying ER stress modulation of liver fibrosis
remains ununderstood.

Numerous studies have shown that miR-29
deficiency has been found in patients with liver cirrhosis,
experimental animals with bile duct ligation (BDL), and
carbon tetrachloride (CCly) deteriorated hepatic fibrosis.
A drop in miR-29 signaling also activates HSCs.'” In a pre-
vious study, we demonstrated that mice with an over-
expression of miR-29a had minor responses to cholestasis
induction of hepatocellular damage and fibrosis."" miR-29a
signaling has been observed to control a number of bio-
chemical and epigenetic pathways, which weaken the
fibrotic reactions in livers. For example, miR-29a decreases
profibrogenic factor TGF-f1 and histone deacetylase 4 sig-
naling,""'* as well as regulates DNA methyltransferase
function to sustain the hypomethylation state of DNA,
diminishes fibrotic matrix anabolism in HSCs, and thus
reduces liver fibrosis.'®> Since miR-29a signaling inhibits
BDL-provoked excessive fibrogenesis, we hypothesized
that UPR pathways in injured liver tissue may be related
to these protective actions.

In this study, we used miR-29a transgenic mice (miR-
29aTg) to confirm the association of liver fibrosis, UPR
pathways in the ER compartment, and miR-29a signaling
in livers with obstructive jaundice.

Materials and methods

Ethics statement

All animal use protocols have been reviewed and approved
by the Institutional Animal Care and Use Committee
(IACUC) of Chang Gung Memorial Hospital (#201602301).
We obtained male C57BL/6 mice (body weight 25-35 g)

from BioLASCO Taiwan Co., Ltd. All animals were housed
in an animal facility at 22°C, with a relative humidity of 55%,
ina 12 hlight/12 h dark cycle, with both food and sterile tap
water ad libitum.

Construction and breeding of the miR-29a transgenic
mouse colony. We bred transgenic mice that over-
expressed miR-29a driven by a PGK promoter and
housed them in a specific pathogen-free rodent barrier, as
previously described.”> The genotype of the transgenic
mice was probed with PCR and primers (forward:
5'-GAGGATCCCCTCAAGGAT ACCAAGGGATGAAT-3
and reverse 5-CTTCTAGAAGGAGTGTTTCTAGGTAT
CCGTCA-3'). We obtained wild-type mice from littermates
that did not have said construct.

Animal model and experimental protocol. We used six to
nine C57BL/6 male mice (BioLASCO, Yilan, Taiwan)
weighing 25-35 g for all of our experiments. The mice
were categorized into either the "BDL" group or the
"sham" group based on whether it had received a ligation
or a sham ligation of the common bile duct (CBD); we
described said process in a previous study. In general,
all surgical procedures are performed under ketamine
(50 mg/kg) and xylazine (23 mg/kg) intramuscular injec-
tion (IM) anesthesia with clean surgical techniques. The
surgical procedure is performed under sterile conditions.
Midline laparotomy is performed to explore the hepatic
hilum and identify the CBD. Under the dissecting micro-
scope, the CBD is then isolated, doubly ligated, and trans-
ected between two ligatures.’” We euthanized all the mice
one week after the operation. Liver tissues were dissected,
snap-frozen, and processed to isolate total RNA and pro-
teins. All specimens were stored at —80°C until biochemical
analysis.

Culture of T6 cells and treatment with tunicaymycin and
RNA:I transfection. The rat T6 cells used in the present
study were derived from immortalized mice HSCs trans-
fected with the simian virus 40 (SV40) large T-antigens
containing a Rous sarcoma virus promoter.'* The T6 cells
were maintained in minimum essential media (MEM;
Gibco, Thermo Fisher Scientific, Inc., Waltham, MA) sup-
plemented with 10% fetal bovine serum, glutamax-1, and
penicillin/streptomycin  (Gibco, MA) in a humidified
incubator at 37°C with 5% CO,. The cells were plated at a
density of 8 x10° cells per 6-cm culture dish and were
treated with a concentration of 0.6 pg/mL of tunicamycin
to induce ER stress (Sigma, T7765, MO), which was dis-
solved in dimethyl sulfoxide (DMSO) and incubated for
6h. Afterwards, the culture medium was discarded and
washed by phosphate-buffered saline (PBS). Pursuant to
the experimental condition, the cells were transfected with
a miR-29a precursor (a miR-29a mimic, GE Healthcare
Dharmacon, Inc., IN) or miR control (GE Healthcare
Dharmacon, Inc.) for 24 h with LipofectamineTM
RNAiIMAX Transfection Reagent (Invitrogen, CA) in accor-
dance with the manufacturer’s instructions." We performed
each cell culture experiment four to six times.
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Masson trichrome stain. Liver tissue samples were fixed
in 10% formalin, embedded in paraffin, and then
de-paraffinized and rehydrated. Then we cut 3 pm thick
sections and mounted them on coating slides in order to
carry out Masson’s trichrome staining. We performed
Masson’s trichrome staining (Poly Scientific, Bay
Shore, NY) according to the kit’s directions, except for the
following: aniline blue-solution I, 90-min incubation. This
prolonged incubation is standard procedure in our labora-
tory for trichrome liver stains. The staining intensity of
sections was measured by independent color channel
of an image J analysis.'”> There were six to eight samples

per group.

Western blot analysis. We used approximately 20 mg of
liver tissue in 500 pL protein lysis buffer (iNtRON,
Seongnam-si), homogenized by MagNA Lyser system
(Roche, Germany) at 6000 rpm for 20 s, and then centri-
fuged at 14,000xg. The protein (30 pg) obtained from the
supernatant of each sample was mixed with a sample
buffer and boiled for 10 min, followed by electrophoresis
using 8-15% sodium dodecyl sulfate-polyacrylamide gels.
The proteins in the gels were transferred to a polyvinyli-
dene fluoride (PVDF) membrane, and blots were incubated
with primary antibodies against collagen-4a1 (GeneTex,
CA), IREla (Cell signaling, MA), p-PERK (Santa Cruz,
CA), CHOP (Cell signaling), spliced-X-box binding protein
1 (sXBP1) (Cell signaling), caspase 8 (Cell signaling), cas-
pase 9 (Cell signaling), caspase 3 (Cell signaling), p-ULK
Ser317 (Cell signaling), SQSTM1/P62 (abcam, JHY), LC3B
(Cell signaling), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (GeneTex) for protein control. Upon
washing the blots with tris buffered saline with Tween 20
(TBST) and incubating them with horseradish peroxidase-
coupled antirabbit immunoglobulin-G antibodies (dilution:
1:5000), horseradish peroxidase (HRP) antimouse
immunoglobulin-G antibodies (dilution:1:10,000), and
HRP antigoat immunoglobulin-G antibodies (dilution:
1:10,000) at room temperature for 1 h, we developed
them with enhanced chemiluminescence detection (GE
Healthcare Biosciences AB, Uppsala, Sweden), exposed
them to film, and quantified the signals using densitometry.

Statistical analysis. All the values expressed in the figures
and tables are mean=+standard error. We analyzed
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quantitative data using one-way analysis of variance
when appropriate and adopted the least significant differ-
ence (LSD) test for post hoc testing. A two-sided P-value less
than 0.05 was considered statistically significant.

Results

miR-29a over-expression reduced hepatocellular
damage and fibrosis in cholestatic livers

In order to see ER stress signal change in early state of the
cholestatic liver injury, we performed one-week BDL on
miR-29a transgenic mice (miR-29aTg) and wild-type mice.
Serum biochemical analyses demonstrated that BDL signif-
icantly increased total bilirubin, alanine transaminase
(ALT), and aspartate transaminase (AST) levels in WT
littermates (all P < 0.001, Table 1). However, the BDL esca-
lation of total bilirubin, ALT, and AST levels was signifi-
cantly weaker in the miR-29aTg mice (by 47.9%, 54.6%, and
60.0%, respectively) than in the wild-type littermates in the
BDL group (P =0.003, 0.002, and <0.001, respectively).

Masson trichrome stain analyses showed that abundant
collagenous matrices accumulated blue staining around the
portal regions in the BDL-affected liver specimens in
the wild-type mice, which did not happen with those in
the sham group. This histopathology was clearly alleviated
in the BDL-affected miR-29Tg mice (Figure 1(a)). Similarly,
BDL significantly increased collagen4«1 levels in the wild-
type group, but the BDL elevation of collagen4«l concen-
trations was significantly lessened in the miR-29aTg mice
(P <0.001; Figure 1(b)).

miR-29a over-expression prevented BDL provocation
of ER stress and UPR effector protein expressions

We tested whether miR-29a signaling could change ER
stress in liver tissues injured by BDL. In the wild-
type group, the abundances of p-PERK (P <0.001) and
IREla (P <0.001) were significantly increased after BDL
(Figure 2(a) and (b)). The BDL increase of p-PERK
(P=0.003) and IRE1x (P < 0.001) levels was clearly reduced
in the miR-29aTg mice (Figure 2(a) and (b)), indicating that
an active response to miR-29a signaling occurred in the ER
compartment. We further investigated whether BDL or
miR-29a signaling influenced sXBP1 or CHOP signaling,
downstream effectors of ER stress that regulate HSC

Table 1. Comparison of the changes of liver functions in the four groups.

Number of
Group mice, N Bilirubin (mg/dL) AST (IU/L) ALT (IU/L)
Sham/ WT 9 <0.6 63.33+6.17 22.00+2.83
BDL/ WT 9 15.73 4+ 1.30* 890.69 + 74.60* 747.33 +80.40*
Sham/ miR-29a 9 <0.6 65.33+5.61 16.00+2.00
BDL/ miR-29a 9 7.53+1.91T* 486.00 + 62.79*T* 448.67 +64.82*T*

WT: wide type; BDL: bile duct ligation; miR-29a: transgenic miR29a; AST: aspartate aminotransferase; ALT: alanine aminotransferase.

Data expressed as mean + standard error.
P < 0.05 versus sham/WT.

P <0.05 versus BDL/WT.

*P < 0.05 versus Sham/miR-29a.
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Figure 1. Over-expression of miR-29a in the murine model resulted in the downregulation of fibrosis in mice livers after BDL. (a) Masson trichrome stain showed
moderate fibrosis (blue staining) in wild-type (WT) mice and mild fibrosis in miR-29aTg mice, which was limited to the immediate vicinity of the portal area (Masson
trichrome stainX160). (b) The Masson trichrome stain intensity of sections was measured by independent color channel of an image J analysis. (c) The expression of
collagen4a1 in tissues from the BDL group was significantly greater than in tissues from the sham-operated group in WT mice. Furthermore, miR-29a over-expression
significantly downregulated collagen4o1 protein expression in miR-29aTg mice with cholestasis compared with their WT littermates. Data are expressed as the mean
+ SE of six to eight samples per group. *Indicates a P < 0.05 between the groups. (A color version of this figure is available in the online journal.)

activation,'® and apoptotic reactions during liver injury.*®
In the wild-type mice, the concentrations of CHOP
(P <0.001) and sXBP1 (P=0.001) in the BDL group were
significantly higher than those in the sham group (Figure 2
(c) and (d)). Meanwhile, the miR-29aTg mice showed mod-
erate responses to the BDL aggravation of CHOP
(P <0.001) and sXBP1 (P <0.001) (Figure 2(c) and (d)).

miR-29a alleviated autophagy in cholestatic livers

We investigated whether miR-29a signaling changed
autophagy in liver tissues injured by BDL. In the wild-
type mice, the abundances of p-ULK Ser317 (P < 0.001),
SQSTM1/P62 (P < 0.001), and LC3B II (P = 0.002) were sig-
nificantly higher after BDL (Figure 3). The BDL increase of
p-ULK Ser317 (P=0.001), SQSTM1/P62 (P=0.001), and
LC3B II (P=0.006) levels was clearly reduced in the miR-
29aTg mice (Figure 3), indicating that an active response to
miR-29a signaling had occurred in the autophagy.

miR-29a decreased caspases protein expression
in cholestatic livers

In addition to ER stress, we found considerable increases in
the levels of cleaved caspase 8, 9, and 3 in the BDL-affected
tissue in the wild-type mice. Of particular note, we
observed that miR-29a over-expression significantly weak-
ened the BDL-induced cleavage of caspase 8 (P <0.001),
caspase 9 (P =0.005), and caspase 3 (P =0.002) (Figure 4).

Increased miR-29a function reduced sXBP1 and CHOP
expressions in T6 cells

In this study, we explored whether miR-29a signaling reg-
ulated ER function in T6 HSCs. We exposed cell cultures to
tunicamycin to induce ER stress as evidenced by consider-
able increases in the levels of CHOP (P=0.004), sXBP1
(P=0.001), cleaved caspase 3 (P<0.001), and LC3BII
(P=0.004) in cell cultures. The elevations in CHOP (P=
0.009), sXBP1 (P=0.001), cleaved caspase 3 (P=0.001),
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Figure 2. Comparison of the activation of endoplasmic reticulum stress: phspho-PERK (a), IRE1« (b), CHOP (c), and sXBP1 (d) in WT and miR-29Tg mice livers
following BDL. Data from the six to eight samples per group are expressed as mean + SE. *Indicates a P < 0.05 between the groups.
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and LC3BII (P = 0.014) levels were lowered significantly in
the miR-29 mimic-transfected cell cultures (Figure 5).

Discussions

Extracellular fibrotic matrix accumulation is a prominent
feature of the transdifferentiation of HSCs in the develop-
ment of liver fibrosis.? Furthermore, the HSC-T6 cells came
from an immortalized hepatic rat stellate cell line and
exhibited an activated phenotype, as seen in their
fibroblast-like shape and rapid proliferation in culture.'
Said cells also express cytoskeletal proteins, including
desmin, alpha smooth muscle actin, glial acidic fibrillary
protein, and vimentin, all of which are typical of activated
stellate cells. The miR-29 family produced inhibitory
actions against excessive fibrogenesis in various tissues in
both pathological and oncological contexts, so miR-29 sig-
naling’s contribution to the organelle function during tissue
fibrosis is worth investigating. The present study provides
the first indication that miR-29a signaling may protect the
hepatic cell microenvironment from ER stress, which miti-
gates autophagic activity, apoptotic activities, and fibrotic
tissue formation, thus ultimately improving hepatic func-
tion. Analyses have shed a new light on the mechanisms
underlying the miR-29a reduction of liver fibrosis.

Liver fibrosis and cirrhosis are caused by long-term liver
injuries attributed to the infiltration of inflammatory cells,
apoptosis of hepatocytes, and transactivation of HSCs.'®
Accumulated hydrophobic bile acids in the liver have
been found to over-produce unfolded proteins within the
ER lumen.'” The UPR functions as an adaptive mechanism,
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which maintains cellular homeostasis in response to exter-
nal stimuli.'® An over-abundance of UPR has been
observed to produce adverse effects on the function and
structural integrity of hepatic parenchymal cells when
toxic agents are present. If ER stress remains excessive,
ER stress-induced cell death signaling switched by the
UPR molecule CHOP can deteriorate cell function and
decrease survival.'® Persistent UPR has been reported to
become a critical pathway involved in the activation
of HSCs and collagen I secretion.'” HSCs in the presence
of Brefeldin, an ER stress activator, have been observed to
increase type I collagen and Smad 3 expressions in HSCs.*
Furthermore, we have discovered that miR-29a signaling
produced inhibitory actions on TGF-B/Smad3-mediated
liver fibrosis'? and renal fibrosis.'® These findings support
our hypothesis in the current study that the miR-29a reduc-
tion of liver fibrosis is related to the maintenance of ER
stress.

Although CHOP is rarely detectable in proliferating
cells, it is highly expressed in cells that experience condi-
tions that damage ER homeostasis. Furthermore, CHOP is
involved in ER stress-mediated apoptosis.'” Regarding
hepatic tissue metabolism, the CHOP-mediated proapop-
totic pathways participate in cholestatic liver damage and
fibrosis. Tauroursodeoxycholic acid, a hydrophilic bile acid,
has been found to reduce CHOP-induced apoptotic cell
death in a BDL animal model.*» A CHOP deficiency pro-
tects hepatocytes from liver damage and fibrosis caused by
cholestasis, alcoholic hepatitis, and non-alcoholic steatohe-
patitis.>** Our study demonstrated that increased miR-29a
expression resulted in decreased CHOP and cleavage

—— Inhibitor
«—— Activate

IREla

~

LC3B II

Autophagy

Figure 6. The proposed miR-29a signaling protection model in liver fibrosis by inhibiting endoplasmic reticulum (ER) stress. miR-29a is a crucial regulator of the
profibrogenic phenotype of HSCs. Increased miR-29a function hinders sXBP1 and CHOP expressions, thus inhibiting the activation of HSCs.
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caspase 3 signaling, which prevents liver fibrosis in chole-
static livers.

XBP1 is the key downstream fibrogenic cascade tran-
scription factor of IRE1s.° Recently, Kim et al. uncovered
that XBP1 is a key fibrogenesis effector produced in HSCs
in murine fibrosis models, as well as advanced human liver
disease; meanwhile, ectopic over-expression of XBP1 pro-
duced collagen 1u expression in HSCs.*® Transport
and Golgi organization 1 (TANGO1) participates in type I
collagen biosynthesis; UPR signaling mediated by XBP1
up-regulates TANGO1 in response to TGF-B stress.””
Furthermore, XBP1-mediated UPR has been shown to con-
tribute to fibrogenic HSC activation and is functionally
related to autophagy.”® Our results indicate that an
increased miR-29a expression resulted in the downregula-
tion of IREla, PERK, CHOP, and XBP1 in cholestatic livers
and HSCs, which ultimately protected against HSC activa-
tion and liver fibrosis.

Autophagy enables the orderly degradation and recy-
cling of cellular components, which is a mechanism for
adapting to cellular stress, as well as a mechanism for pro-
grammed cell death.** Growing evidence has indicated that
autophagy is a vital regulatory pathway in liver fibrosis®
and has been correlated with directly contributing to HSC
activation.”® Increased autophagy has been observed in
mice with liver injury induced by CCl4* or BDL,* while
the inhibition of autophagic function reduces fibrogenesis
and HSC activation.”” Meanwhile, p62 has been shown to
be a negative regulator of liver inflammation and fibrosis.”®
Our results demonstrated that increased miR-29a signifi-
cantly inhibited autophagy and alleviated liver injury and
fibrosis induced by BDL. Therefore, the data reported
herein present the novel therapeutic potential of miR-29a
by modulating ER stress and autophagy in the pathogene-
sis of liver fibrosis.

Conclusion

Inhibiting the profibrogenic effects of HSCs is vital for pre-
venting the development of liver fibrosis.”* Analysis of the
results presented here highlights the benefit that control-
ling miR-29a signaling can serve as an innovative strategy
in the future for regulating microRNA of ER homeostasis to
prevent cholestasis induction hepatic disorders (Figure 6).
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