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Altered expression of miR-29b is implicated in the pathogenesis and progression of liver fibrosis. We and
others previously demonstrated that miR-29b down-regulates the expression of several extracellular-
matrix (ECM) genes including Col 1A1, Col 3A1 and Elastin via directly targeting their 30-UTRs. However,
whether or not miR-29b plays a role in the post-translational regulation of ECM biosynthesis has not been
reported. Heat shock protein 47 (HSP47) and lysyl oxidase (LOX) are known to be essential for ECM
maturation. In this study we have demonstrated that expression of HSP47 and LOX was significantly
up-regulated in culture-activated primary rat hepatic stellate cells (HSCs), TGF-b stimulated LX-2 cells
and liver tissue of CCl4-treated mice, which was accompanied by a decrease of miR-29b level. In addition,
over-expression of miR-29b in LX-2 cells resulted in significant inhibition on HSP47 and LOX expression.
Mechanistically, miR-29b inhibited the expression of a reporter gene that contains the respective
full-length 30-UTR from HSP47 and LOX gene, and this inhibitory effect was abolished by the deletion
of a putative miR-29b targeting sequence from the 30-UTRs. Transfection of LX-2 cells with miR-29b
led to abnormal collagen structure as shown by electron-microscopy, presumably through down-regula-
tion of the expression of molecules involved in ECM maturation including HSP47 and LOX. These results
demonstrated that miR-29b is involved in regulating the post-translational processing of ECM and fibril
formation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction essential role in procollagen processing. After the synthesis of
Liver fibrosis is a wound-healing response characterized by an
increased and altered deposition of extracellular matrix (ECM)
components, particularly collagen type I and III [1]. It has been
demonstrated that liver fibrosis can be inhibited by suppressing
the synthesis of ECM such as collagen.

The biosynthesis of collagen is a multi-step process which
involves many intracellular and extracellular factors such as
HSP47 and LOX. HSP47 is an endoplasmic reticulum (ER)-resident
molecular chaperone specific for collagen synthesis, and it plays an
a-polypeptide chains, HSP47 assists the correct folding and stabil-
ization of triple-helical procollagen molecules [2]. This process is
crucial for subsequent secretion, cleavage and fibril formation of
collagen [3]. The role of HSP47 on collagen maturation has been
demonstrated both in vitro and in vivo [3–6].

Lysyl oxidase (LOX) is an extracellular enzyme that catalyzes
the oxidative deamination of hydroxylysine and lysine residues
in collagen and elastin. The resulting peptidyl aldehyde products
spontaneously form covalent cross-links with unmodified lysine
residues or with other peptidyl aldehyde residues. These cross-
links are necessary for the formation of insoluble collagen and elas-
tic fibers as well as mature functional extracellular matrix [7].
Abnormally increased lysyl oxidase enzyme activity can lead to
excessive accumulation of insoluble collagen fibers and is directly
associated with fibrotic diseases [8,9].

MiRNAs are small non-coding RNAs that repress the expression
of target genes by interacting with their 30-UTRs, causing mRNA
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degradation or translational repression [10]. Accumulating data
have demonstrated the critical role of miRNAs in fibrotic diseases
[11–13]. Among the reported miRNA species that were involved
in liver fibrosis, miR-29 is emerging as a key suppressor of fibrotic
changes [14,15]. MiR-29 is significantly down-regulated during
liver fibrosis in mice and humans [14], and extensive interest has
been focused on the mechanism by which miR-29b inhibits fibro-
sis. For example, Kwiecinski et al. have identified the profibrogenic
growth factors PDGF-B, PDGF-C, IGF-I and VEGF-A as target genes
of miR-29 [16]. We and others recently showed that members of
miR-29 family can down-regulate multiple genes coding for ECM
proteins including collagens, fibrillins, and elastin [17–19]. This
regulation is achieved at post-transcriptional or translational level
by targeting to their 30-UTR.

In addition to altering the ECM expression at mRNA or transla-
tional level, microRNAs can also regulate the post-translational
maturation of ECM by targeting relevant genes. For example, we
have recently shown that over-expression of miR-122 markedly
attenuated the expression of prolyl 4-hydroxylase subunit alpha-
1 (P4HA1), leading to decreased collagen maturation and ECM
production [20]. However, a possible role of miR-29b in post-trans-
lational modifications of ECM remains unexplored. In the present
work, we investigated the role of miR-29b in ECM maturation
through a post-translational mechanism.
2. Materials and methods

2.1. Animals and cell culture

Primary rat HSCs were isolated from retired male Sprague-Daw-
ley rats (Charles River Laboratories. Wilmington, MA) [21]. All pro-
cedures were reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh. The
immortalized human hepatic stellate cell line LX-2 was kindly pro-
vided by Dr. Scott L. Friedman (Mount Sinai School of Medicine,
New York, NY, USA) [22]. All of the cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing 4.5 mg/mL
glucose, supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 g/mL streptomycin at 37 �C in 5% CO2. All prod-
ucts for cell culture were purchased from Invitrogen (Carlsbad, CA).
To establish an animal model of liver fibrosis, carbon tetrachloride
(CCl4; Merck; 0.6 mL/kg of body weight) was injected to mice via
intraperitoneal route twice a week for 6 weeks [20].

2.2. RNA isolation and qRT-PCR

Total RNA was extracted from cells and tissues with TRIzol re-
agent, and the first-strand cDNA was synthesized using Super-
Script III reverse transcriptase according to manufacturer’s
instructions (Invitrogen, San Diego, CA). The qRT-PCR was per-
formed using SYBR Green-based assays with the ABI Prism 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA) [17].
The analysis of miR-29b expression was performed using stem-
loop real-time RT-PCR (SLqRT-PCR) according to our previous
protocol [20]. The primers for qRT-PCR were obtained from MWG
Biotech, and their sequences are listed in Table S1. The relative
transcript abundance was analyzed as previously reported [17]
and calculated from three independent experiments.

2.3. Western blot analysis

Forty-eight hour after transfection with 50 nM of control miR-
NA or miR-29b, the whole-cell lysates of LX-2 cells were prepared
as described previously [17]. Equal amounts of protein (30 lg)
were separated by 10% SDS–polyacrylamide gel and transferred
to PVDF membrane (Millipore, Billerica, MA). The membranes were
blocked in phosphate-buffered saline with 0.05% Tween 20 (TPBS)
containing 5% skim milk and incubated with specific primary
antibody (rabbit anti-HSP47 IgG, rabbit anti-b-actin IgG or goat-
anti-LOX IgG, Santa Cruz Biotechnology) overnight, followed by
incubation with secondary antibody (horseradish peroxidase-con-
jugated goat anti-rabbit IgG or horseradish peroxidase-conjugated
donkey anti-goat IgG, Jackson ImmunoResearch Laboratories, West
Grove, PA) for 1 h. ECL chemiluminescence kit (Amersham
Biosciences, Piscataway, NJ) was used to detect the signals from
HSP47 and b-actin, and the LOX signal was detected with the
SuperSignal West Femto Chemiluminescent Substrate (Thermo
Fisher Scientific).

2.4. Plasmid constructs

The wild-type 30-UTR of HSP47 and LOX genes were PCR ampli-
fied from human genomic DNA using the primers listed in Table S1.
The mutant 30-UTR of HSP47 without putative miR-29b-binding
sequence was also amplified. To clone the mutant 30-UTR of LOX
without the putative miR-29b binding sites, two fragments of
LOX 30-UTR were amplified separately and joined by overlap exten-
sion PCR according to a published method [23]. The PCR products
of wild-type or mutant 30-UTR for HSP47 were then cloned into
the Mlu I-Hind III site downstream of the stop codon in the
pMIR-REPORT Firefly Luciferase reporter vector (Ambion). The seg-
ments of wild-type or mutant 30-UTR for LOX were cloned into the
same vector at Sac I-Mlu I site. The sequences of the generated con-
structs were confirmed by restriction digestion and sequencing.

2.5. Transfection and luciferase assays

LX-2 cells were grown in 96-well plates. Reporter plasmids and
miRNAs (ABI, Applied Biosystems, Foster City, CA) were co-trans-
fected into LX-2 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruction. To nor-
malize the value of luciferase activity for transfection efficiency
and cell viability after transfection, the pCMV-bgal plasmid was
co-transfected [24]. Cells were washed and lysed 24 h following
transfection as described [25], and the luciferase activity and
b-galactosidase activity were measured. Transfection experiments
were repeated three times independently and in each case were
done in triplicate. Data were presented as relative luciferase activ-
ity of control miRNA.

2.6. LOX activity assays

To measure the effect of miR-29b on extracellular LOX activity,
LX-2 cells were transfected with control miRNA or miR-29b and
cultured in complete medium until confluent at which time it
was replaced by serum free, phenol red free DMEM. At 3 days
post-confluence, the conditioned media were collected and con-
centrated using 10,000 molecular weight cut-off Amicon Ultra cen-
trifugal filter units (Millipore) [26]. The LOX enzyme activity of
concentrated media was measured using the Amplex Red fluores-
cence assay as previously described [27]. The difference of fluores-
cent intensity value between the samples with or without BAPN
was used to calculate the specific LOX activity. Data was normal-
ized by total protein amount and expressed as the fold induction
over control samples. All samples were assayed in triplicate.

2.7. Electron microscopy

For the TEM study, LX-2 cells were cultured in 10% fetal bovine
serum/DMEM in the presence of ascorbic acid phosphate (136 lg/
mL). The EM study was performed 3–5 days after the cell culture
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became confluent. Cultured cells were rinsed in PBS and fixed with
cold 2.5% glutaraldehyde in 0.1 M PBS. The specimens were rinsed
in PBS, post-fixed in 1% Osmium Tetroxide with 0.1% potassium
ferricyanide, rinsed in PBS, dehydrated through a graded series of
ethanol and embedded in Epon. Semi-thin (300 nm) sections were
cut on a Reichart Ultracut, stained with 0.5% Toluidine Blue and
examined under the light microscope. Ultrathin sections (65 nm)
were stained with uranyl acetate and Reynold’s lead citrate and
examined on Jeol 1011 transmission electron microscope.
2.8. Statistical analysis

Unpaired Student’s t-test was performed on data of qRT-PCR
and luciferase assays. All data are reported as means ± SEM unless
otherwise stated. P < 0.05 was considered statistically significant.
3. Results and discussion

We hypothesized that miR-29b is involved in the post-transla-
tional modification of ECM proteins in addition to its role in
regulating ECM expression at mRNA and translational levels.
Computational prediction by the algorithms Target scan and miR-
anda has identified HSP47 and LOX as potential target genes of
miR-29. Therefore, we further hypothesized that miR-29b inhibits
ECM maturation through targeting HSP47 and LOX.

To test this hypothesis, we first examined the expression level
of HSP47, LOX and miR-29b in a CCl4-induced model of liver fibro-
sis. I.P. injection of CCl4 to mice for 6 weeks resulted in significant
upregulation of HSP47 and LOX mRNA in liver tissue, with signifi-
cantly decreased miR-29b expression (Fig. 1A). Similarly, the pro-
tein expression of HSP47 and LOX in the liver of CCl4 treated
Fig. 1. Expression of HSP47, LOX and miR-29b in mouse liver with CCl4-induced fibrosis, c
corn oil or CCl4 for 6 weeks (A and B). Quiescent and activated HSCs of rat were isolated
TGF-b (5 ng/mL) and harvested at 24 h after treatment (E). Quantitative PCR was condu
expression level was normalized against the control groups, and data represent quantifi
conducted to detect the protein expression levels of HSP47 and LOX (B and D).
mice was significantly increased compared with vehicle-treated
group (Fig. 1B). This is consistent with the reported data [28,29].
Since HSCs are the major source of ECM and become activated
during liver fibrosis, we then examined the gene expression in pri-
mary-cultured rat HSCs. It is apparent that the expression of HSP47
and LOX in culture-activated HSCs was dramatically increased at
both mRNA (Fig. 1C) and protein levels (Fig. 1D) compared with
that in quiescent cells, accompanied by the reduced expression of
miR-29b (Fig. 1C). This is consistent with a recent report which
shows inverse changes in the expression of miR-29 and LOX in
HSCs treated with a HDAC inhibitor, MC1568 [30].

TGF-b signaling is known to play an important role in stimulat-
ing stellate cell activation and ECM synthesis [31,32]. To define a
role of TGF-b signaling in regulating the expression of HSP47,
LOX, and miR-29b during HSC transactivation, the mRNA expres-
sion levels of these genes were examined in LX-2 cells with or
without TGF-b1 treatment. LX-2 is an immortalized human hepatic
stellate cell line that exhibits typical features of primary HSCs such
as over-expression of a-SMA and responsiveness to transforming
growth factor-b (TGF-b) [22]. Fig. 1E showed that the mRNA
expression of HSP47 and LOX was significantly up-regulated fol-
lowing TGF-b treatment in LX-2 cells (Fig. 1E). Again, these changes
were associated with a decrease in the expression level of miR-29b
(Fig. 1E). These results strongly suggest a role of TGF-b signaling in
regulating the expression of HSP47, LOX, and miR-29b during HSC
transactivation.

The above studies clearly show an inverse correlation between
miR-29b and HSP47/LOX gene expression in both fibrotic liver and
transactivated HSCs. To evaluate the contribution of decreased
miR-29b expression to the increased expression of HSP47 and
LOX during fibrotic changes, we investigated the effect of forced
expression of miR-29b on the HSP47 and LOX expression level in
ulture-activated rat HSCs and TGF-b treated LX-2 cells. CD-1 mice were treated with
and harvested as described in the Section 2 (C and D). LX-2 cells were treated with
cted to detect the expression levels of HSP47 and LOX mRNA and miR-29b. Gene
cation of four independent experiments, ⁄P < 0.05 (A, C and E). Western blots were



Y. Zhang et al. / Biochemical and Biophysical Research Communications 446 (2014) 940–944 943
LX-2 cells. LX-2 cells were transfected with miR-29b or a scramble-
miR control sequence, and the mRNA expression of HSP47 and LOX
was examined 24 h later by real-time RT-PCR. Fig. 2 showed that
transfection of LX-2 cells with miR-29b led to a significant inhibi-
tion of HSP47 and LOX expression at both mRNA (Fig. 2A-B) and
protein (Fig. 2C) levels. To confirm whether HSP47 and LOX are di-
rect targets of miR-29b, the 30-UTR of HSP47 or LOX gene with or
without the putative target sites (Fig. 2D) was subcloned into a
luciferase reporter vector. Each plasmid construct was co-transfec-
ted with miR-29b or control miRNA into LX-2 cells, followed by
measurement of luciferase activity. As shown in Fig. 2E, miR-29b
significantly inhibited the luciferase activity of the wild-type
HSP47-30-UTR construct. In contrast, such an inhibitory effect
was essentially abolished when the putative miR-29b target se-
quence is deleted from the reporter construct (Fig. 2E). This is con-
sistent with a recent report that miR-29a targets HSP47 in cervical
squamous cell carcinoma [33]. Similar results were observed with
the plasmid construct containing the 30-UTR of LOX gene (Fig. 2F).
These data suggest that miR-29b down-regulated the expression of
HSP47 and LOX via targeting the putative binding sequence on the
respective 30-UTR of HSP47 and LOX mRNA. Taken together, all of
the data above suggest a causal effect of decreased miR-29b
expression on the upregulation of HSP47 and LOX during fibrotic
changes.
Fig. 2. miR-29b decreased the expression of HSP47 and LOX by directly interacting
with the 30-UTR of their mRNAs. Cells were transfected with either non-specific
control miRNA or miR-29b at a concentration of 50 nM. The mRNA expression levels
of HSP47 (A) and LOX (B) were analyzed by qRT-PCR at 24 h post-transfection.
Western blots were conducted to detect the HSP47 and LOX expression at 48 h
post-transfection (C). (D) Scheme of wild-type and mutant 30-UTRs of human HSP47
and LOX. Wild type 30-UTRs include the putative binding sites highlighted. Deletion
mutant eliminates the putative binding sites. (E) LX-2 cells were transfected with a
luciferase construct with wildtype or mutant HSP47-30-UTR in the presence of
50 nM miR-29b or non-specific control miRNA. Luciferase assay was performed
24 h post-transfection. (F) The same experiment with LOX 30-UTR luciferase vectors
as in (E), miR concentration = 10 nM. Luciferase activity was normalized against the
control groups. Data shown in the panels represent means ± (SD) of the fold
increase over the control. N = 3. ⁄P < 0.05 (vs. control miRNA).
To investigate the physiological significance of the inhibitory ef-
fect of miR-29b on LOX expression, we transfected LX-2 cells with
miR-29b and examined its effect on LOX enzymatic activity in the
conditioned medium. Fig. 3 showed that LOX activity was signifi-
cantly decreased by miR-29b (Fig. 3A) and LOX inhibitor BAPN
(Fig. 3B). Then we further investigated the role of miR-29b in the
post-translational maturation of ECM. LX-2 cells were transfected
with miR-29b and the morphology of extracellular fibrils was
examined by electron microscopy. The extracellular fibrils of
miR-29b transfected cells were relatively thin and sparse with
more branches compared with control miRNA treated cells at day
5 post-confluence (Fig. 3C). These observations are consistent with
the reported data generated from HSP47�/� embryonic fibroblasts
[3] or BAPN-treated osteoblasts [34]. These results suggest that
miR-29b over-expression can lead to defects of extracellular fibrils,
with the potential contribution from HSP47 and LOX inhibition.

The lysyl oxidase family consists of five members: lysyl oxidase
(LOX) and lysyl oxidase-like 1–4 (LOXL1–LOXL4). All members
share conserved C-terminal catalytic domains that contribute to
the enzyme activity in catalyzing the cross-linking of collagen
and elastin molecules [35]. Recently Chou et al. [36] reported that
miR-29b can inhibit tumor metastasis by targeting LOX, LOXL2 and
LOXL4 in breast cancer cells, which indicates the implication of
miR-29b and LOX in the regulation of tumor microenvironment be-
sides ECM synthesis.

In view of the critical role of HSP47 and LOX in stabilizing col-
lagen fibrils, both have been investigated as molecular targets in
developing new therapies for the treatment of fibrotic diseases
including liver fibrosis. An unique feature of miRNA-mediated gene
regulation is that individual miRNA can regulate hundreds of genes
at the same time [37]. For example, SPARC [38], BMP-1 [19] and
Fig. 3. Transfection of LX-2 cells with miR-29b affects their extracellular LOX
activity and morphology of extracellular fibrils. (A) Extracellular LOX enzyme
activity was significantly reduced in the supernatant of miR-29b transfected LX-2
cells 72 h post-transfection compared with that of control miRNA transfected cells.
(B) LOX activity in the conditioned media was significantly inhibited by 100 lM
BAPN. Data represent mean ± SD, n = 3. (⁄P < 0.05). (C) LX-2 cells were transfected
with control miRNA or miR-29b. The extracellular fibrils were observed by
Transmission Electron Microscopy at 3 days, 4 days and 5 days after the cells
became confluent. Bar, 100 nm.
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fibronectin [39] have been reported as target genes of miR-29b,
and those molecules may also contribute to the altered fibril for-
mation besides HSP47 and LOX. This property of miRNAs allows
them to coordinate complex programs of gene expression to
achieve similar consequences. More studies are needed to better
understand the regulation of each factor by miR-29 and their
respective contribution to the altered ECM biosynthesis under
various pathological conditions. Nevertheless, our observations
strongly support a role of miR-29b in the regulation of ECM matu-
ration during liver fibrosis.

In conclusion, we have shown that miR-29b plays a role in col-
lagen maturation. These data, together with other published
works, suggest complex mechanisms by which miR-29 regulates
ECM biosynthesis at multiple steps. Our data further support the
notion that miR-29 may become a promising therapeutics for the
treatment of liver fibrosis.
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