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miRNAs are involved in liver regeneration, and their expression is dysregulated in hepatocellular carci-
noma (HCC). Connective tissue growth factor (CTGF), a direct target of miR-133b, is crucialin the ductular
reaction (DR)/oval cell (OC) response for generating new hepatocyte lineages during liver injury in the
context of hepatotoxin-inhibited hepatocyte proliferation. Herein, we investigate whether miR-133b
regulation of CTGF influences HCC cell proliferation and migration, and DR/OC response. We analyzed miR-
133b expression and found it to be down-regulated in HCC patient samples and induced in the rat DR/0C
activation model of 2-acetylaminofluorene with partial hepatectomy. Furthermore, overexpression of
miR-133b via adenoviral system in vitro led to decreased CTGF expression and reduced proliferation and
Transwell migration of both HepG2 HCC cells and WBF-344 rat OCs. In vivo, overexpression of miR-
133b in DR/OC activation models of 2-acetylaminofluorene with partial hepatectomy in rats, and
3,5-diethoxycarbonyl-1,4-dihydrocollidine in mice, led to down-regulation of CTGF expression and OC pro-
liferation. Collectively, these results show that miR-133b regulation of CTGF is a novel mechanism critical
for the proliferation and migration of HCC cells and OC response. (Am J Pathol 2016, 186: 1092—1102;

http://dx.doi.org/10.1016/j.ajpath.2015.12.022)

Liver has the unique ability to self-regenerate from both
mature hepatocytes and facultative stem cells, usually
referred to as hepatic progenitor cells (HPCs) in humans and
mice, or oval cells (OCs) in rats." HPCs mediate liver
regeneration by producing new hepatocyte lineages during
liver injury in the context of inhibition of hepatocyte pro-
liferation by hepatotoxins.” Experimental models of OC
activation in rats use two-thirds partial hepatectomy (PHx)
in combination with inhibitors of hepatocyte proliferation,
such as 2-acetylaminofluorene (2-AAF) or the pyrrolizidine
alkaloid retrorsine.” > In the context of the 2-AAF/PHx
model, OCs that appear as small, poorly differentiated, and
rapidly proliferating cells arise in periportal areas [ie, OC
response or ductular reaction (DR)] and are able to differ-
entiate into hepatocytes and bile ductular epithelial cells.”°
Alternatively, 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) feeding of mice represents a xenobiotic model of
cholestatic liver injury that induces DRs and biliary

fibrosis.”® There is a dual function of HPCs/DRs in both
liver regeneration and liver fibrosis. DRs are associated with
the liver regenerative response but, in the case of persistent
stimuli (ie, chronic injury) DRs are also involved in liver
fibrogenesis.' We have found that connective tissue growth
factor (CTGF), a secreted matricellular protein, is highly
up-regulated in HPCs/OCs and cholangiocytes after liver
damage.” CTGF protein, through its four conserved mod-
ules that interact with ECM proteins, growth factors, and
receptors (ie, integrin avf6), plays pleiotropic roles on
different cell types and tissues.'”'" Both the OC activation
and the fibrotic response in the liver are suppressed after
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miR-133b Role in the Liver

down-regulation of CTGF in animal models.”'” Despite
these important findings, signaling pathways and molecular
mechanisms that control OC activation in liver regeneration
remain largely unknown.

Mammalian miRNAs are short, approximately 22 nucleo-
tides, highly conserved RNAs.'® These endogenous non-
coding RNAs bind to the 3’ untranslated region (UTR) of their
target genes and repress their translation.'* There are two main
circuits through which miRNAs regulate expression of their
targets. miRNA and its target can either be coexpressed
(positive correlation) in an incoherent circuit or have anti-
correlation showing coherent regulation. miRNA/target
coexpression and positive correlation, mainly present in
mechanisms involved in homeostasis, have been demonstrated
for miRNAs, such as miR-430 or miR-124, and denote fine
tuning of the target mRNA expression.'” ' Recent studies
have demonstrated that miRNAs are important in OC activa-
tion and development of hepatocellular carcinoma (HCC).'*"”
HCC represents 90% of primary liver cancers, it has poor
prognosis, and its incidence is increasing worldwide.”’ A
study from Gailhouste et al’' identified direct targeting of
DNA methyltransferase 1 by the hepatospecific miR-148a
(down-regulated in HCC patients, mouse, and human HCC
cell lines) to be critical for hepatic differentiation. miRNA
expression is dysregulated in various types of cancer,
including HCC.'****

The miR-133 family (miR-133a-1, miR-133a-2, and miR-
133b) is among the most studied miRNAs.”* These miRNAs
are transcribed as bicistronic RNAs together with miR-1-2,
miR-1-1, and miR-206, respectively. miR-133 family mem-
bers are important in muscle (ie, myomiR) development,
myocardial matrix remodeling, and apoptotic signaling.”>*°
miR-133a was shown to play an antifibrotic role in the
liver, representing a target for diagnosis and treatment of
liver fibrosis.””® miR-133b has been shown to be decreased
in colorectal cancer, esophageal squamous cell carcinoma,
and lung and bladder cancer.”” In human genome, miR-133b
is part of the miR-206/miR-133b cluster located on chro-
mosome 6p12.2. We have recently demonstrated that CTGF
represents a direct target of miR-133b.?” Although the role of
CTGF in HCC is unclear, recent reports support a role in
HCC growth and metastasis.”’”' In the current study, we
investigated miR-133b regulation of CTGF in HCC and OC
activation models. We show that miR-133b is decreased in
human HCC, it down-regulates CTGF expression, and it
suppresses proliferation and migration of HepG2 cells,
in vitro. Furthermore, miR-133b is significantly up-regulated
in the liver of 2-AAF/PHx—treated rats and directly targets
CTGF 3'UTR in WBF-344 OCs. Overexpression of this
miRNA reduces OC activation induced by 2-AAF/PHx in
rats or DDC in mice. Thus, miR-133b regulation of CTGF
expression is a critical mechanism in the cell proliferation and
migration of HCC cells and in the OC response. This
mechanism could be manipulated therapeutically to either
suppress liver tumor development or enhance liver
regeneration.
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Materials and Methods

All animal experiments and patient sample analysis were
performed in conformity with approved Institutional Animal
Care and Use Committee and Institutional Review Board
protocols at the University of Florida (Gainesville). Human
liver samples were from patients of a tertiary care center,
Shands Hospital at the University of Florida. The median
age of this group was 54.5 years (range, 51 to 71 years), and
they were all white (one female and seven males).

Animal Models

Rat 2-AAF/PHx Model

In the rat OC activation protocol, continuous administration
of 2-AAF was used to suppress proliferation of mature
hepatocytes. A 2-AAF, time-release pellet was inserted into
the peritoneal cavity of the rat. Hepatic injury was induced
by a partial hepatectomy (66% resection of the liver), as
described by Higgins and Anderson.’” Intraportal injection
of adenovirus, 3 x 10'! viral particles expressing green
fluorescent protein (GFP) only (Ad-control) or GFP-miR-
133b (Ad-miR-133b), was performed at the time of PHx.

Mouse DDC Model

Mice were given a 0.01% DDC diet, according to a previously
published protocol.”” Mice were injected on the tail vein with
adenovirus (3 x 10"" viral particles) expressing GEP only or
GFP-miR-133b at day 1 after DDC treatment. On day 8, ani-
mals were sacrificed and liver tissues were analyzed.

Cell Culture, Proliferation, and Transwell Migration
Assays

HepG2 and HEK-293 cells were purchased from ATCC
(Manassas, VA). WBF-344 cells were a gift from Dr.
William B. Coleman (University of North Carolina at
Chapel Hill). Huh-7 cells were obtained from Dr. Chen
Liu’s laboratory (University of Florida, Gainesville). All
cell lines were cultured in high glucose (4.5 g/L) Dulbec-
co’s modified Eagle’s medium with 10% (v/v) fetal bovine
serum, 1% penicillin, and streptomycin, in a humidified
atmosphere of 5% CO,. Cells were cultured in T-75 flasks
and passed when they reached 70% to 80% confluence. The
maximum passage number was five. HepG2 and WBF-344
cells were used in the proliferation and Transwell migra-
tion assays.

Proliferation Assay

HepG2 or WBF-344 cells (1 x 10* in Dulbecco’s modified
Eagle’s medium and 0.25% fetal bovine serum were inocu-
lated into a 96-well plate and were serum starved for 24 hours.
Then, 100 ng/mL recombinant CTGF and 1 ng/mL epidermal
growth factor (Abcam, Cambridge, MA) were added in the
cells. The total cell number in each well was assessed using
CyQUANT NF cell proliferation assay kit (Invitrogen) at
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Table 1  Primer Sequences

Species Gene Primers

Human CTGF Forward: 5'-TGGAGATTTTGGGAGTACGG-3’
Reverse: 5'-CAGGCTAGAGAAGCAGAGCC-3’

Human ACTB Forward: 5'-GATGAGATTGGCATGGCTTT-3’

Reverse: 5'-GAGAAGTGGGGETGGCTT-3'
Human miR133b Forward: 5'-GTCCCCTTCAACCAGCTACA-3’
(Adenovirus Reverse: 5'-GAGTGCAAAGGCACAGAACA-3'
Insert)
Rat Ctgf Forward: 5'-GGATCCGACCATGCTCGCCTC-
CGTCG-3’
Reverse: 5'-TCCTCGAGCGCAGTTGGCTCGC-
ATCA-3’
Forward: 5'-TGGAGAAACCTGCCAAGTAT-
GA-3’
Reverse: 5'-TGGTATTCGAGAGAAGGGAG-
GG-3'
Forward: 5'-AGTGGAGCGCCTGTTCTAAG-3’
Reverse: 5'-GACAGGCTTGGCGATTTTAG-3’
Forward: 5'-TTGACGGAAGGGCACCACC-
AG-3’
Reverse: 5'-GCACCACCACCCACGGAAT-
cG-3’

Rat Gapdh

Mouse Ctgf

Mouse 18S

day O to 3 after plating. Fluorescence was measured using a
microplate reader with excitation at 497 nm and emission
detection at 520 nm. From each group, samples were used in
triplicate.

Transwell Migration Assay

HepG2 or WBF-344 cells that were transduced with control
or miR-133b viruses were trypsinized and resuspended in
Dulbecco’s modified Eagle’s medium and 0.25% fetal
bovine serum. A total of 2 x 10* cells were inoculated in the
upper chamber of Transwells in 24-well companion plates
(Corning Inc., Lowell, MA). The pore size was approxi-
mately 5.0 um for HepG2 and 8.0 um for WBF-344 cells.
Cells were incubated in the presence or absence of 250 ng/mL
recombinant human CTGF (Peprotech, Rocky Hill, NJ) in the
lower chamber. Six hours later, the Transwell membrane was
fixed with ice-cold methanol for 1 minute. Cell staining so-
lution (Trevigen, Gaithersburg, MD) was applied to stain cells
on the undersurface of the Transwells. Migrated cells were
counted in 10 random fields at x 20 magnification. Data were
obtained from samples in triplicate for each group.

Adenovirus Amplification and Purification

The GFP control and GFP-miR-133b premade adenoviruses
were purchased from Vigene (Rockville, MD). Virus ampli-
fication was performed in HEK-293 cells that were cultured in
225-cm? flasks. A Virabind adenovirus purification kit (Cell
Biolabs, Inc., San Diego, CA) was used for purification, ac-
cording to the manufacturer’s instructions. Relative virus
titer determination and infectivity were calculated on the basis
of viral genome copy number determined by quantitative
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PCR and green fluorescence from transduced HEK-293 cells,
respectively.

Immunofluorescence, Immunohistochemistry, and
Antibodies

Immunofluorescence and immunohistochemistry were per-
formed in standard protocols with antibodies against GFP,
CTGF, Ki-67, CK19, and A6.”> Antibody against SOX9
(Millipore, Temecula, CA) was used to stain OCs in the
2-AAF/PHx model.

Western Blot Analysis

Whole cell extracts from rat livers were prepared for immu-
noblot analysis and were quantified by a Bio-Rad DC Protein
assay; 30 pg of protein was separated on a Bolt 12% Bis Tris
Plus pre-cast gel (Novex, Life Technologies/Thermo Fisher,
Waltham, MA). Immunoblotting was performed using a pri-
mary antibody against CTGF purchased from Abcam in 5%
blocking solution overnight at 4°C with mixing. To provide a
demonstration of equal loading, membranes were reprobed with
a 1:5000 dilution of an antibody specific for actin (Abcam).

Total RNA Isolation and RT-PCR

Total RNAs were extracted using the RNeasy Mini kit
(Qiagen, Valencia, CA). Total RNA was incubated with
RNase-free DNasel (Qiagen) to remove any genomic DNA
contamination. Template cDNA was obtained by reverse
transcription of 100 ng of total RNA using reverse tran-
scriptase Superscript III First-Strand Synthesis with 50 pmol
random hexamer (Invitrogen). Semiquantitative RT-PCR
analysis was performed to determine mRNA levels of rat
Ctgf and Gapdh, mouse Ctgf and 18S, and human CTGF
and actin. Primer sequences are listed in Table 1.

TagMan miRNA RT-PCR

After 2-AAF/PHX, rat liver tissues from normal and 2-AAF/
PHx—treated animals were harvested, and miRNAs were
isolated using a mirVANA miRNA isolation kit purchased
from Life Technologies. Next, a TagMan miRNA Reverse
Transcription kit (Life Technologies) was used for reverse
transcription reaction. TagMan 2x Universal PCR Master-
Mix II, No AmpErase UNG (Life Technologies) was used
for real-time PCR. Both the miRNA reverse transcription
and the real-time PCR were performed according to the
manufacturer’s instructions. Small nucleolar RNA for rats,
U6 snRNA for mice, and RNU6B RNA for human samples
were used for miRNA expression normalization.

ISH and RT-PCR ISH

In situ hybridization (ISH) was performed to detect Ctgf
mRNA expression, according to a previously reported

ajp.amjpathol.org m The American Journal of Pathology
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protocol.12 Furthermore, to increase our ability to detect
and localize miRNAs that are expressed at relatively low
levels, we performed RT-PCR ISH. The paraffin-
embedded sections were deparaffinized and rehydrated.
Before antigen retrieval in 0.1 mol/L sodium citrate (pH 6.0),
reverse transcription, followed by PCR incorporating
1 mmol/L DIG-11-dUTP (Roche, Indianapolis, IN), was
performed on the sections. Positive signals were detected by
alkaline phosphatase—conjugated antidigoxigenin and then
enzymatic development using 4-nitro-blue tetrazolium and
5-brom-4-chloro-3’-indolylphosphate substrate (Roche) form-
ing dark blue 4-nitro-blue tetrazolium-formazan precipitate.
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Figure 1  Tumor suppressor effects of
microRNA 133b. A: Patient samples [hepa-
tocellular carcinoma (HCC) and normal
adjacent liver tissue] and human HCC HepG2
and Huh-7 cell lines plated in 12-well plates
were collected and analyzed by TagMan
miRNA RT-PCR for miR-133b expression
levels. B: Phase-contrast and fluorescence
images of HepG2 cells transduced for 72
hours with adenovirus vectors expressing
either green fluorescent protein (GFP) only
(Ad-control) or GFP-miR-133b (Ad-miR-133b).
C and D: Semiquantitative PCR assay showing
miR-133b expression (C) and down-regulation
of connective tissue growth factor (CTGF)
mRNA (D) after adenovirus transduction of
HepG2 cells. Graphs represent quantitation of
the results. E: Immunoblotting analysis and
quantitation of CTGF protein expression in
transduced HepG2 cells. F and G: Decreased
CTGF-induced proliferation (F) and migration
(G) of miR-133b—transduced HepG2 cells. Data
are shown as means + SEM (A and C—F).n = 8
(A, HCC and normal adjacent liver tissues); n =
6 (A, human HCC HepG2 and Huh-7 cell lines).
*P < 0.05 (t-test). Scale bar = 80 um (B).
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Nuclear fast red (Vector Laboratories, Burlingame, CA) was
used as a counterstain. Light microscopy was used to visualize
the RT-PCR ISH signal.

Luciferase Activity Assay

WBF-344 cells, seeded at a cell density of 35 x 10° in 48-well
plates, were first transduced with adenovirus. After 24 hours,
cells were transfected with 1 pug per CTGF 3'UTR containing
plasmid (GeneCopoeia, Inc., Rockville, MD). Purefection
2000 (System Biosciences, Mountain View, CA) transfection
agent and Dual Luciferase Reporter Assay System (Promega,
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Induction of miR-133b expression after 2-acetylaminofluorene (2-AAF)/partial hepatectomy (PHx) and in vitro effects of miR-133b over-

the rat liver tissues collected from normal and 2-AAF/PHx—treated animals

from day (d) 1 to day 21. B: Induction of miR-133b expression and connective tissue growth factor (CTGF) mRNA by 2-AAF/PHx was assayed by RT-PCR in situ

hybridization (ISH) and Ctgf ISH, respectively. C: Endogenous Ctgf and Gapdh
quantitative PCR. D: Transduced WBF-344 cells were transfected with CTGF 3’ u

mRNA levels in transduced WBF-344 for 72 hours were assayed by semi-
ntranslated region containing plasmid, and luciferase reporter assay was

performed 48 hours after transfection. E and F: Reduction of the CTGF-induced proliferation (E) and migration of WBF-344 cells overexpressing miR-133b (F).
Data are shown as the means + SEM (A and D—F). n = 6 (D); n = 3 (A, rats per time point, E, and F). *P < 0.05 (t-test). Scale bar = 50 um (B).

Madison, WI) were used according to the manufacturer’s in-
structions. A multiwell plate-reading luminometer was used
for the measurements. Firefly luciferase activity was normal-
ized to renilla.

Statistical Analysis

Microsoft Excel software version 15.18 (Microsoft Corp.,
Redmond, WA) and #-test were used for statistical analysis.
P < 0.05 was considered statistically significant. Data are
shown as means = SEM.

Results

miR-133b Functions as a Tumor Suppressor in the Liver

miR-133b has been shown to be a tumor suppressor in
tongue squamous cell carcinoma, esophageal squamous

1096

cell carcinoma, and colorectal cancer.’* >® Whether miR-
133b expression is altered in HCC is currently unknown.
We analyzed patient HCC samples, and the data showed
that miR-133b expression was decreased by 2.4-fold
(2.78 £ 0.76 in normal versus 1.14 £+ 0.35 in HCC;
P < 0.04, n = 8) relative to adjacent unaffected human
liver tissue (Figure 1A). Similarly, we analyzed basal miR-133b
expression in two human HCC cell lines, and it was determined
to be low in both HepG2 (0.12 4+ 0.03; P < 0.04) and Huh-7
(0.12 £ 0.01; P < 0.04) cells relative to miR-133b expres-
sion of normal human liver tissue. Next, because of the altered
miR-133b expression in various types of cancer and the
observed decrease of miR-133b in human HCC samples, we
decided to analyze in vitro the expression of a direct miR-133b
target in human HCC HepG?2 cells after overexpression of miR-
133b via an adenovirus delivery system. CTGF represents a
direct miR-133b target that is expressed in HepG2 cells. A high
transduction efficiency (Figure 1B) and miR-133b expression

ajp.amjpathol.org m The American Journal of Pathology
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Overexpression of miR-133b via adenoviral transduction system in vivo leads to down-regulation of connective tissue growth factor (CTGF) expression

and oval cell response. Adenovirus vectors containing either green fluorescent protein (GFP)-control or GFP-miR-133b were delivered via intraportal injection at the
time of 70% partial hepatectomy (PHx). Animals were sacrificed at day 9 after PHx. A: Paraformaldehyde-fixed and paraffin-embedded liver tissue sections were
stained with immunofluorescence anti-GFP (green) antibody, anti-Ctgf (red); and costained for Ck19 and Ki-67 or anti-Sox9. For the GFP and Ctgf staining, slides
were counterstained with DAPI (blue) for nuclear visualization. B: Semiquantitative PCR showing GFP and miR-133b transduction of rat livers. C: Graphs represent
quantitation performed by Imaged software version 1.48v (NIH, Bethesda, MD; http://imagej.nih.gov/ij). Six to 12 images obtained from stained slides of three
different rat livers were used for quantitation. Data are presented as means + SEM (C). *P < 0.05 (t-test). Scale bar = 50 um (A). 2-AAF, 2-acetylaminofluorene.

(Figure 1C) were achieved in HepG?2 cells at day 3, the time at
which we analyzed CTGF expression. The semiquantitative
PCR data showed a reduction in the mRNA expression level of
CTGeF in cells overexpressing miR-133b, relative to the levels
observed in GFP-control transduced cells (Figure 1D).
Furthermore, Western blot analysis of CTGF protein showed
decreased levels in HepG2 cells overexpressing miR-133b
relative to control cells (Figure 1E). In addition, miRNAs
have been shown to play a tumor suppressor role in several
cancer types, by affecting cancer cell proliferation and/or
migration. To investigate if miR-133b has similar effects on
HepG2 cells, we transduced cells with control or miR-
133b—expressing adenoviral vectors and performed prolifera-
tion and migration assays. There was a significant decrease in
the proliferation index of miR-133b—overexpressing HepG2
cellsatday 1 (31.0% £ 6.0%; P < 0.01), day 2 (27.0% =+ 3.3%;

The American Journal of Pathology m ajp.amjpathol.org

P < 0.01), and day 3 (16.3% =+ 1.9%; P < 0.01) after CTGF
stimulation relative to control cells (Figure 1F). Next, HepG2
cells were seeded in Transwells and stimulated with 250 ng/mL
recombinant CTGF or left unstimulated to study migration
(Figure 1G). CTGF-induced migration of HepG2 cells with
forced expression of miR-133b was significantly reduced
(38.0% + 1.9%; P < 0.03) relative to control cells not over-
expressing miR-133b (Figure 1G).

Induction of miR-133b during 2-AAF/PHx and in Vitro
Effects of Ectopic miR-133b Expression on WBF-344
Rat 0Cs

miRNAs have been shown to be important in liver regen-
eration and stem cell development.'®*’ To explore if miR-
133b expression is modulated during the OC activation
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Figure 4  In vivo delivery of miR-133b in 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)—treated mice reduces ductular reactions and oval cell prolif-
eration. Mice that were given the DDC diet for 1 day were injected on the tail vein with adenovirus expressing green fluorescent protein (GFP) only (Ad-control)
or GFP-miR-133b (Ad-miR-133b) and were fed a DDC diet for an additional 8 days. Animals were sacrificed, and liver tissues were analyzed. A: The immu-
nofluorescence staining for GFP shows localization of transduced adenovirus in DDC-damaged livers. Red represents autofluorescence obtained from porphyrin
plugs. B: TagMan real-time PCR analysis detects high levels of miR-133b in infected livers. C and D: Lower levels of connective tissue growth factor (CTGF)
mRNA and protein are detected by RT-PCR (C) and immunohistochemistry (D). Three different animals from each group were analyzed. E: Dual immunoflu-
orescence staining for Ki-67 and A6 was performed to detect proliferating biliary epithelial cells. F: Biliary cells positive for both A6 and Ki-67 were counted
from eight slides from three different animals on the basis of dual staining for Ki-67 and A6. Nuclei were counterstained with DAPI (blue; A and E) or nuclear
fast red (D). G: Diagram illustrates how miR-133b down-regulation of CTGF expression leads to the decrease of hepatocellular carcinoma (HCC) cell proliferation
and migration and to the reduction of ductular reactions (DRs)/oval cell (OC) response during liver injury (ie, 2-acetylaminofluorene/partial hepatectomy in
rats or DDC in mice). Data are shown as means + SEM (B and F). *P < 0.05 (t-test). Scale bar = 75 um (A, D, and E). PV, portal vein.

model, we analyzed its expression in rat liver during 2-AAF/
PHx. Three rats per time point were used. The time course
from day 1 to day 21 revealed increased miR-133b
expression with induction as early as day 5 (6.9 + 2.3;
P = 0.07) and up-regulation (4- to 5-fold) reaching

1098

significance at day 7 (4.78 £ 0.52; P < 0.01), day 9
(4.15 £ 0.55; P < 0.01), day 13 (4.54 £ 0.57; P < 0.01),
and day 21 (4.36 £ 0.8; P < 0.03) compared with normal
liver (1.18 % 0.22) (Figure 2A). Induction at day 9 after 2-
AAF/PHx was also observed by reverse transcription ISH

ajp.amjpathol.org m The American Journal of Pathology
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(RT-PCR ISH) using a specific probe for miR-133b
(Figure 2B) and positively correlated with Ctgf mRNA
up-regulation assessed by Ctgf ISH (Figure 2B).'” Next,
miR-133b was overexpressed in the rat OC line WBF-344
to study effects on Ctgf as a direct molecular target and
also effects on proliferation and migration. Semiquantitative
PCR revealed that endogenous Ctgf mRNA levels were
reduced after 72 hours of miR-133b ectopic expression
relative to those of control cells (Figure 2C). To demonstrate
that the effects of miR-133b on CTGF mRNA are mediated
by the CTGF 3'UTR on rat OCs, we ectopically and tran-
siently expressed CTGF 3'UTR in WBF-344 cells that were
transduced with either control or miR-133b—expressing
adenovirus (Figure 2D). After 48 hours of transfection with
1 pg CTGF 3’UTR containing plasmid, firefly luciferase
activity (normalized to renilla) was analyzed by lumin-
ometer. A significant decrease in CTGF 3'UTR luciferase
activity was observed in WBF-344 cells in the presence of
forced miR-133b expression compared with adenovirus
control transduced cells (1.4 £ 0.04 for control versus
1 £ 0.08 for miR-133b; P < 0.01) (Figure 2D). In addition,
proliferation of miR-133b—overexpressing WBF-344 cells
decreased significantly at day 1 (42.1% 4 6.2%; P < 0.01),
2 27.6% + 3.3%; P < 0.01), and 3 (14.3% =+ 2.5%;
P < 0.02) after CTGF stimulation relative to control cells
(Figure 2E). Next, we performed a WBF-344 migration
assay in the presence or absence of 250 ng/mL recombinant
CTGF. Forced expression of miR-133b resulted in a
significant reduction (30.4% =+ 7.6%; P < 0.01) of CTGF-
induced migration relative to adenovirus control transduced
cells (Figure 2F).

In Vivo miR-133b Adenovirus Delivery Leads to
Decreased CTGF Expression and OC Response in the
Livers of the 2-AAF/PHx—Treated Rats

To explore the in vivo effects of miR-133b overexpression on
CTGF expression and OC response during 2-AAF/PHx, GFP
only (Ad-control) or GFP-miR-133b (Ad-miR-133b) express-
ing adenoviruses were delivered intraportally at the time of
PHx. Rats were sacrificed at day 7 (data not shown) and day 9.
The DR/OC response was present in both groups, as evidenced
by the appearance of small cells that were positive for OC
markers Sox9 and Ck19 localized around the bile ducts. Also,
staining of the liver tissue sections with anti-GFP showed that at
day 9 of 2-AAF/PHx, adenovirus transduction of the rat liver
cells was present in both GFP control and GFP-miR-
133b—expressing groups (Figure 3A). Semiquantitative PCR
showed that ectopic miR-133b was expressed in vivo in the rat
liver (Figure 3B). Both the staining and the quantitation data
revealed that there was a reduction of the following: i) Ctgf
protein expression (3.9 + 0.9 for Ad-control versus 0.6 £ 0.2
for Ad-miR-133b; P < 0.01), ii) OC marker Sox9 (19.5 £ 1.6
versus 6.2 £ 1.1; P < 0.01), and iii) OC proliferation (Ck19/Ki-
67 double-positive cells, 16.6 + 1.4 versus 5.6 + 0.7;
P < 0.01), in the livers of the miR-133b—treated group
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compared with Ad-control—transduced rats (Figure 3, A
and C).

Overexpression of miR-133b Inhibits the DR Induced
by DDC in Mice

DDC feeding has been widely used to induce progenitor cells
and biliary hyperplasia in mouse livers. Recently, we have
shown that CTGF plays an important role in regulating DR in
this model.” To further understand the role of miR-133b in
CTGEF regulation and DR/OC response, we fed mice with the
DDC diet for 1 day to initiate progenitor activation and
infected the damaged livers with recombinant adenovirus
overexpressing miR-133b through tail vein injection. GFP that
was inserted after ribosomal entry sites was coexpressed with
miR-133b precursor. In parallel, control viruses that only
expressed GFP were administered in mice at equivalent viral
titers. Eight days later, animals were sacrificed and DR was
analyzed. The immunofluorescence staining detected abun-
dant GFP* cells around periportal areas where DDC-induced
ductular hyperplasia occurred and intraductal porphyrin
pigment plugs were accumulated (Figure 4A). In addition,
miR-133b was highly expressed in infected livers in compar-
ison to GFP controls, as shown by TagMan real-time PCR
analysis (Figure 4B). In contrast, CTGF mRNA was signifi-
cantly down-regulated in livers of all miR-133b virus-infected
mice compared with those overexpressing GFP alone at day 8
after DDC feeding (Figure 4C). Immunohistochemistry also
detected a lower level of CTGF protein in mice overexpressing
miR-133b (Figure 4D). Moreover, reduced biliary prolifera-
tion was found in damaged livers infected by miR-133b virus,
as revealed by dual immunofluorescence staining for Ki-67
and HPC marker A6 (Figure 4, E and F). Taken together,
these observations indicated that ectopic expression of miR-
133b inhibited CTGF expression and decreased the DR in
murine livers damaged by DDC.

Discussion

Proper liver function is required to sustain life. Liver can in-
crease functional capacity by adding newly formed hepato-
cytes to respond to physiological conditions or liver injuries
caused by physical trauma or toxicity. Decades of investiga-
tion have revealed both the complexity and the importance of
well-orchestrated cellular and molecular signals controlling
liver regeneration.”® Moreover, there is an increasing body of
evidence about the critical role of miRNAs in liver regenera-
tion and HCC.'®" Herein, we explored new control mecha-
nisms important in HCC and OC-mediated liver regeneration.
We show the following: i) In HCC patients, miR-133b
expression is down-regulated in cancer samples compared
with adjacent unaffected liver tissues. ii) Expression of CTGF
is decreased in HepG2 cells overexpressing miR-133b. iii)
There is reduced CTGF-induced proliferation and migration of
HepG2 and WBF-344 cells that overexpress miR-133b. iv)
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miR-133b expression is induced in the liver of 2-AAF/
PHx—treated rats. v) In vivo overexpression of miR-133b via
an adenovirus delivery system in the 2-AAF/PHx model of
OC activation shows down-regulation of liver CTGF expres-
sion, OC marker SOX9, and OC proliferation detected by
CK19/Ki-67 costaining. vi) Forced expression of miR-133b
decreases endogenous CTGF mRNA and CTGF 3'UTR
luciferase activity in WBF-344 rat OCs. and vii) In vivo
overexpression of miR-133b via adenovirus in the DDC
mouse model of OC activation causes down-regulation of
CTGF expression and that of proliferating OCs, as measured
by A6/Ki-67 costaining.

Song et al'® have demonstrated that miRNAs are critical
regulators of hepatocyte proliferation during liver regeneration
(hepatocytes failed to transition to the S phase by 36 hours of
two-thirds PHx) by using a mouse model of hepatocyte-
specific inactivation of nuclear miRNA processor DGCRS.
More important, in this model, authors observed a compen-
satory expansion of intact OCs. Regarding the contribution of
HPCs/DRs/OCs in liver regeneration, there are currently
divergent schools of thought in the field."”” Recently, a per-
icentral Wnt-responsive population of cells that self-renew and
contribute to hepatocyte homeostasis has been identified.*” On
the basis of cell fate tracing methods and using the choline-
deficient ethionine-supplemented diet model of chronic liver
injury, Schaub et al*' showed that new hepatocytes do not
originate from HPCs but from hepatocytes. Furthermore,
Tarlow et al*? presented evidence for a reversible ductular
metaplasia of hepatocytes in mice and humans. On the other
hand, the clonogenic and the bipotential capacity of HPCs/
OCs to differentiate into hepatocytes and biliary cells, and
their contribution to liver regeneration, has been demonstrated
by several groups, including our laboratory.”*’ Different
outcomes observed in HPC origin and contribution to liver
regeneration could be explained by both the heterogeneity of
HPC population and differences in animal liver injury models
used.>”™ For example, in contrast to mouse liver injury
models, the rat 2-AAF/PHx model of OC activation achieves
total inhibition of hepatocyte proliferation, representing a true
HPC/DR/OC activation model. Moreover, the mechanisms
and signals that control OC activation and proliferation are
currently poorly understood. Previously published reports
from our laboratory have demonstrated that CTGF is critical to
OC activation and that miR-133b directly targets CTGF in
rabbit corneal fibroblasts.'>*’ On the other hand, aberrant
miRNA expression has been observed in different cancer cell
types, and miR-133b has been shown to be down-regulated in
several types of cancer, including colorectal and lung cancer.”
We hypothesized that CTGF regulation by miR-133b is crit-
ical to HCC development and OC activation. The decreased
miR-133b expression in HCC patient samples and HCC cell
lines HepG2 and Huh-7 that we observed is consistent with the
general low expression level of miRNAs observed in cancer.
Moreover, the reduced cell proliferation and migration com-
bined with decreased CTGF expression seen in HepG2 cells
overexpressing miR-133b indicates a tumor suppressor role for

1100

miR-133b that is mediated by CTGF down-regulation.
Furthermore, we show that in the rat 2-AAF/PHx model of
OC activation, induction of miR-133b is positively correlated
with CTGF mRNA expression, representing an example of
incoherent miRNA regulatory circuitry.”** This type of
regulation avoids background noise and alleviates stochastic
fluctuations in gene expression, keeping the target expression
level in the optimal range to exercise its effects.'”***” Thus, it
is likely that Ctgf expression is tightly controlled by miR-133b
during OC activation to avoid premature activation or over-
activation of the OC response that could have detrimental
consequences for the liver regeneration (ie, fibrosis or cell
transformation). In addition, the results of in vivo over-
expression of miR-133b via adenovirus, which led to reduced
Ctgf expression and rat 2-AAF/PHx— or mouse DDC—
induced DR/OC response, indicate that miR-133b—induced
phenotypic effects are mediated at the molecular level by direct
modification of Ctgf expression and that miR-133b over-
expression is sufficient to reduce DR/OC response. Although,
in this report we present evidence that Ctgf is a direct target
modulated by miR-133b in hepatocarcinoma and rat OC lines,
and in the rodent liver during OC activation, given the nature
of action of miRNAs that regulate multiple targets concomi-
tantly, it is possible that other direct targets of miR-133b
involved in liver carcinogenesis and OC response, such as
¢-MET and CXCR4, also mediate the liver tumor suppression
and/or OC response reduction observed herein.**** "

In conclusion, we present a novel miR-133b/Ctgf regu-
latory mechanism involved in proliferation and migration of
HCC cells and in DR/OC response (Figure 4G). This
mechanism could be exploited therapeutically to treat HCC
by overexpressing miR-133b either through administration
of miR-133b mimics or via virus delivery gene therapy.
Moreover, increased miR-133b expression could potentially
be used to treat biliary fibrosis given the direct correlation
between amplitude of the DRs/OC response and biliary
fibrosis. Conversely, miR-133b inhibitors could be used to
amplify OC response and enhance liver regeneration.
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