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Abstract Recent studies have reported that NF-jB

mediated down-regulation of miRNA-29 and lower

expression of miRNA-29 promoted the deposition of col-

lagens in fibrotic liver. Our previous research demonstrated

that the increased Hedgehog (Hh) signaling, a key regulator

for hepatic fibrogenesis, induced the severe hepatic fibrosis

in the livers with impaired NF-jB signaling. These findings

led us to investigate the effect of Hh and miRNA-29 on the

hepatic fibrosis under dysregulated NF-jB signaling. In

this study, we used IKKbF/F and IKKb-deficient IKKbDHEP

mouse model with a defective NF-jB signaling pathway,

and assessed the expression of the miRNA-29 family

(miRNA-29a, miRNA-29b, and miRNA-29c), Hh, and

proliferation of MF-HSCs in liver from IKKbF/F mice and

IKKbDHEP mice both before and after MCDE treatment.

The activation of NF-jB was significantly increased in

MCDE diet-fed IKKbF/F mice compared to IKKbDHEP

mice. Expression of miRNA-29 family was greater in

MCDE diet-fed IKKbDHEP mice than IKKbF/F mice,

demonstrating that the impaired NF-jB pathway was

unable to suppress the expression of miRNA-29s after

injury. However, expression of the Hh signaling pathway

was greatly enhanced, and activation of Hh promoted the

accumulation of MF-HSCs with impaired NF-jB, eventu-

ally increasing fibrogenesis in the damaged liver of

IKKbDHEP mice. Therefore, these results demonstrated that

Hh signaling regulates the proliferation of MF-HSCs irre-

spective of the action of miRNA-29, eventually contrib-

uting hepatic fibrosis, when the NF-jB pathway is

disrupted.

Keywords Liver fibrosis �Hedgehog �MicroRNA-29 �
NF-jB � IKKb

Abbreviations

Alb Albumin

a-SMA Alpha smooth muscle actin

DAB Diaminobenzidine

ECM Extracellular matrix

Gli Glioblastoma

Hh Hedgehog

HIP Hedgehog-interacting protein

HSC Hepatic stellate cell

IjB Inhibitor of kappa B

IKK IjB kinase

LPS Lipopolysaccharide

MCDE Methionine/choline-deficient diet

supplemented with 0.15 % ethionine

MF-HSC Myofibroblastic hepatic stellate cell

miRNA MicroRNA

NF-jB Nuclear factor kappa B

Q-HSC Quiescent hepatic stellate cell

Introduction

Liver fibrosis is the primary characteristic of most chronic

liver diseases, including liver cancers. Activated hepatic

stellate cells (HSCs) represent one of the primary sources

for the accumulation of extracellular matrix (ECM) in
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injured livers (Bataller and Brenner 2005). Although var-

ious cytokines and intracellular signaling pathways

involved in hepatic fibrogenesis have been identified, it

remains unclear how these cytokines and stimulated sig-

naling pathways provoke HSC activation leading to fibro-

sis. The Hedgehog (Hh) signaling pathway orchestrates

tissue reconstruction in the damaged adult liver. Hh sig-

naling acts in paracrine and autocrine manners and regu-

lates the proliferation of Hh-responsive cells, such as HSCs

and hepatic progenitor cells (Hooper and Scott 2005;

Omenetti et al. 2011). In chronic liver conditions, massive

apoptosis occurs in hepatocytes, resulting in the release of

Hh ligands into the extracellular environment (Jung et al.

2010; Rangwala et al. 2011). Released Hh ligands bind to

the Hh receptors of Hh-responsive cells and activate the Hh

signaling pathway. Hh-responsive HSCs undergo a transi-

tion into myofibroblastic HSCs (MF-HSCs) and contribute

to fibrogenesis (Choi and Diehl 2009).

The nuclear factor-jB (NF-jB) signaling pathway reg-

ulates the expression of genes responsible for immune

responses and inflammation and plays an important role in

mediating cell survival by inhibiting p53-dependent apop-

tosis, up-regulating anti-apoptotic Bcl-2 family members,

and caspase inhibitors (Grimm et al. 1996; Stehlik et al.

1998; Ryan et al. 2000; Mitsiades et al. 2002). NF-jB is

normally sequestered in the cytoplasm by inhibitors of jB

(IjB). Phosphorylation of IjBs by IjB kinase (IKK),

including subtypes IKKa, IKKb, and IKKc, allows NF-jB

to translocate to the nucleus (Gilmore 2006; Perkins 2007).

Recent studies demonstrated that NF-jB signaling pathway

was implicated in liver fibrogenesis (Wang et al. 1998;

Elsharkawy et al. 2005; Muriel 2009).

MicroRNAs (miRNAs), small non-coding RNAs with a

length of 18–22 nucleotides, negatively regulate gene

expression through binding to the complementary sequen-

ces on 30-untranslated regions of target mRNAs to degrade

the target mRNA or inhibit its translation (Lewis et al.

2003; Guo et al. 2009). Growing evidence demonstrates

that miRNAs control a variety of cellular processes in

plants and animals, and this regulation differs in a wide

spectrum of pathological states and types of tissues and

cells. Dysregulation of miRNAs is related with liver dis-

eases in human and animal models (Varnholt et al. 2008;

Ura et al. 2009). Recently, it was reported that NF-jB

down-regulated the expression of anti-fibrotic miRNA-29

family members, and this down-regulation promoted col-

lagens production, leading to liver fibrosis (Roderburg

et al. 2011; Kwiecinski et al. 2010; Ogawa et al. 2010).

Accumulating evidence emphasizes the association of

miRNAs with NF-jB signaling and the various effects of

this association on liver diseases, including liver fibrosis. In

a previous study, we employed transgenic mice (IKKbDHEP

mice) in which the IKKb allele was removed specifically in

albumin-expressing cells, and thereby, NF-jB signaling

was disrupted in these cells. We demonstrated that the

severe hepatic fibrosis observed in this mouse model was

induced by increased Hh signaling. Therefore, we investi-

gated whether Hh signaling influenced the anti-fibrotic

effect of miRNA-29 under dysregulated NF-jB signaling.

In this study, we demonstrated reduced expression of

miRNA-29 family members upon NF-jB activation after

liver injury. This was ameliorated in the damaged livers of

IKKbDHEP mice despite the increased fibrosis. Hh-respon-

sive HSCs that could not respond to NF-jB signaling

contributed to collagen accumulation in the injured livers

of IKKbDHEP mice. Therefore, our results demonstrated

that the up-regulation of Hh signaling resulted in the acti-

vation of HSCs, which promoted fibrogenesis by attenu-

ating the effects of miRNA-29 on fibrosis, when NF-jB

signaling was impaired.

Materials and methods

Experimental animals

IKKbF/F and IKKbDHEP mice were provided from Dr.

Michael Karin (University of California, San Diego, CA,

USA). IKKbDHEP mice were generated by Cre-LoxP system.

Albumin (Alb)-expressing cells are IKKb-deficient

(IKKbDHEP) as a result of breeding between IKKbF/F mice

and Alb-Cre mice. To induce oxidative liver injury, IKKbF/F

and IKKbDHEP mice were fed a methionine/choline-deficient

diet supplemented with 0.15 % ethionine (MCDE). Surviv-

ing mice were sacrificed after being fed MCDE diets for

1 week (IKKbF/F mice n = 7, IKKbDHEP mice n = 5).

Chow-fed IKKbF/F (n = 6) and IKKbDHEP mice (n = 6)

were also sacrificed at the same time point (Jung et al. 2010).

Animal care and surgical procedures were approved by

the Duke University Medical Center Institutional Animal

care and Use Committee as set forth in the ‘Guide for the

Care and Use of Laboratory Animals’ published by the

National Institutes of Health.

Isolation of primary hepatic stellate cells (HSCs)

from mice liver

HSCs were isolated from livers of mice as previously

described (Choi et al. 2009). Briefly, HSCs were isolated

by density gradient method, 5.8 % Larcoll (Sigma-Aldrich)

and 15.6 % Histodenz (Sigma-Aldrich), and purity of

HSCs was[98 %. Purity and viability were determined by

phase-contrast microscopy examining autofluorescence and

propidium iodide exclusion (50 lg/ml:Roche). HSCs were

culture in 10 % serum-supplemented DMEM (Invitrogen,

Carlsbad, CA, USA) with streptomycin-penicillin.
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RNA analysis

Analysis of mRNA expression was performed as described

previously (Roderburg et al. 2011) with modifications.

Total RNA from quick frozen liver tissues that had been

stored at -80 �C was extracted using TRIzol (Invitrogen)

or miRNeasy Mini kit (Qiagen). After determining quantity

and quality of the RNA, total RNA (5 lg) was used to

synthesize cDNA using the SuperScript First-strand Syn-

thesis System (Invitrogen) or miScript Reverse Transcrip-

tase Kit (Qiagen). mRNAs were quantified by quantitative

RT-PCR analysis using Power SYBR Green Master Mix

(Applied Biosystem) or miScript SYBR Green PCR Kit

(Qiagen) per the manufacturer’s specifications (Eppendorf,

Mastercycler Real-Time PCR). Samples were analyzed in

triplicate. Data were analyzed according to the DDCt

method. The sequences of primers for mice are summa-

rized in Table 1. Conventional RT-PCR was performed as

previously described (Bär et al. 2004).

Liver histology and stain

Liver specimens were fixed in formalin, embedded in par-

affin and cut into 4 lm sections. For immunohistochemistry,

specimens were deparaffinized, hydrated and incubated for

10 min in 3 % hydrogen peroxide to block endogenous

peroxidase. Heat-induced antigen retrieval was performed in

10 mM sodium citrate buffer (pH 6.0) for 10 min. Sections

were blocked in Dako protein block (X9090; Dako, USA) for

30 min and incubated with primary antibody, NF-jB p65

(ab7970, 1:5,000; Abcam, Cambridge, MA, USA) at 4 �C

overnight. Other sections were also incubated at 4 �C over-

night in non-immune sera. Polymer-horseradish peroxidase

(HRP)-anti rabbit (K4003; Dako) was used as secondary

antibody. 3,30-Diaminobenzidine (DAB) was employed in

the detection procedure. Omitting primary antibody from

reaction eliminated staining, demonstrating staining

specificity. Sirius red staining on livers was performed as

previously described (Jung et al. 2010). To identify whether

certain proteins are co-expressed in cells, we performed

double immunohistochemistry on liver sections. Polymer-

HRP anti-rabbit (K4003; Dako) and the MACH3 mouse AP

polymer kit (MP530; Biocare Medical, Concord, CA, USA)

were used as secondary antibodies. Gli2 protein was identi-

fied by DAB (Dako) to show a brown color, and HSP47

protein was identified by the Ferangi Blue chromogen kit

(FB812S; Biocare Medical) to generate a blue color.

Statistical analysis

QRT-PCR results of miRNAs are expressed as median and

range to show distributions and Mann–Whitney U test was

used to analysis. Differences were considered significant

when p B 0.05. The other analyzed data from QRT-PCR

and Western blot are expressed as mean ± SD, and student

t test was performed. Differences were considered signifi-

cant when p \ 0.05.

Results

Decreased expression of miRNA-29 family

in the injured liver with NF-jB-dependent manner

Recent studies demonstrated the effects of miRNAs on

hepatic apoptosis and fibrosis. In particular, activation of

NF-jB signaling inhibited the transcription of miRNA-29

family members both in the whole liver and primary HSCs

and thereby enhanced hepatic fibrosis (Roderburg et al.

2011). Another study revealed that miRNA-29b suppressed

the expression of genes involved in ECM synthesis and

down-regulated miRNA-29b under chronic oxidative

stress, thus contributing to the deposition of ECM in tra-

becular meshwork cells (Luna et al. 2009). Therefore, we

Table 1 Quantitative real-time PCR primer sequences

Gene 50 primer 30 primer

bmp7 GTGGTCAACCCTCGGCACA GGCGTCTTGGAGCGATTCTG

a-sma AAACAGGAATACGACGAAG CAGGAATGATTTGGAAAGGA

vimentin GCTTCTCTGGCACGTCTTGA CGCAGGGCATCGTTGTTC

18s TTGACGGAAGGGCACCACCAG GCACCACCACCCACGGAATCG
ammu-miR-29a UAGCACCAUCUGAAAUCGGUUA

mmu-miR-29b UAGCACCAUUUGAAAUCAGUGUU

mmu-miR-29c UAGCACCAUUUGAAAUCGGUUA

U6 snRNA TGGCCCCTGCGCAAGGATG

Primer sequences shown in this table are used for QRT-PCR. Mmu-miRNA-29 a, b, and c were used in combination with miScript Universal

primer (Qiagen). All values were normalized to the level of 18s or U6 snRNA for total mRNA or miRNA, respectively
a mmu; Mus musculus (mouse)
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examined whether the activation of NF-jB signaling was

related with the expression of miRNA-29 family members

in IKKbF/F mice exhibiting normal NF-jB signaling after

oxidative liver injury. As examined by IHC, MCDE diet

induced the translocation of NF-jB p65 into the nucleus of

hepatocytes in IKKbF/F mice (MCDE), whereas these

activated NF-jB p65s were not detected in chow-fed

IKKbF/F mice (CON) (Fig. 1a). The expression of miRNA-

29 family members a, b, and c was significantly decreased

in the livers of MCDE diet-fed IKKbF/F mice compared to

their expression in chow-fed IKKbF/F mice (25 % decrease

on average) (Fig. 1b–d). These data indicated that activated

NF-jB might be associated with the down-regulation of

miRNA-29 in the damaged liver.

Regulation of miRNA-29 in the mouse model

with disrupted NF-jB signaling in the liver

To investigate the effects of NF-jB on the expression of

miRNA-29 in the liver, we employed IKKbDHEP mice in

which the IKKb allele was specifically truncated in

albumin-expressing cells, such as hepatocytes. When IKKb
is defective, NF-jB cannot translocate to the nucleus,

resulting in impaired NF-jB signaling in the livers of these

mice. Liver injury stimulated the activation of NF-jB

subunit p65 in the livers of IKKbF/F mice (Fig. 1a, right

panel), whereas nuclear localization of p65 was rarely

detected in the livers of MCDE diet-fed IKKbDHEP mice

(Fig. 2a). NF-jB p65 was localized predominantly in the

cytosol of both hepatocytic and ductular cells in both

chow-fed and MCDE-fed IKKbDHEP mice.

To determine whether these changes in NF-jB localiza-

tion were associated with differences in miRNA-29 expres-

sion, we examined the expression of miRNA-29 family

members in IKKbDHEP mice before and after being fed the

MCDE diet. As opposite to the down-regulation of miRNA-

29s in IKKbF/F mice, the expression of miRNA-29b and c

increased with 8.07 ± 3.56- and 3.06 ± 0.92-fold more,

respectively, in MCDE-fed IKKbDHEP than chow-fed

IKKbDHEP mouse livers (Fig. 2c, d). The expression of

miRNA-29a also showed an increase trend in the damaged

liver of IKKbDHEP mice (Fig. 2b). The up-regulation of

Fig. 1 Reduced expression of miRNA-29 family with NF-jB

activation in IKKbF/F mice after liver injury. a Immunochemical

staining for NF-jB p65 in liver from representative IKKbF/F mice

before (CON) and after MCDE diet (MCDE) for 1 week (940). b–d
QRT-PCR analysis of hepatic expressions of miRNA-29 family

including miRNA-29a in b, miRNA-29b in c and miRNA-29c in

d from chow-fed (white box) and MCDE diet-fed (grey box) IKKbF/F

mice (n C 3 mice/treated group). Medians and ranges of results are

graphed (*p B 0.05 vs chow-fed IKKbF/F control group)
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miRNA-29 family was equivalent to the expression levels of

miRNA-29 family in chow-fed IKKbF/F mice (Fig. 3).

Interestingly, the basal level of miRNA-29s expression was

significantly lower in IKKbDHEP than IKKbF/F mice.

Because miRNA-29 was demonstrated to inhibit hepa-

tic fibrosis (Roderburg et al. 2011), we assessed the degree

of hepatic fibrosis in MCDE-fed IKKbDHEP mice. Severe

hepatic fibrosis was observed in the livers of MCDE diet-

fed IKKbDHEP mice despite the higher level of expression

of miRNA-29 family members (Fig. 4). Western blot

analysis showed that the level of a-SMA protein, a fibrotic

marker, was significantly greater in the livers of MCDE

diet-fed IKKbDHEP mice (Fig. 4a, b). In addition, Sirius

red staining revealed the pericellular and sinusoidal

deposition of collagen fibrils in IKKbDHEP mice, as indi-

cated by the red color, and none of these collagen depo-

sitions was observed in IKKbF/F mice (Fig. 4c). These

results suggested that other critical signaling pathways

neutralize the anti-fibrotic role of the miRNA-29 family

and promote fibrogenesis in livers with impaired NF-jB

signaling.

Stimulation of HSCs to undergo the epithelial-to-

mesenchymal transition (EMT) by Hh signaling, thus

promoting fibrogenesis

Quiescent HSCs (Q-HSCs) are activated and transformed

into MF-HSCs, which are known to generate collagen fibrils

and up-regulate genes related to ECM formation (Reeves and

Friedman 2002; Olsen et al. 2011). Several signaling mole-

cules, such as TGF-b and Hh, promote the transformation of

Q-HSCs into MF-HSCs through EMT. Roderburg et al.

(2011) demonstrated that miRNA-29 decreased collagen

expression in HSCs, and miRNA-29 expression was down-

regulated in activated HSCs in a TGF-b- and NF-jB-

dependent manner. To determine the effect of miRNA-29 on

NF-jB signaling in HSCs, we used IKKbDHEP mice in which

the nuclear accumulation of NF-jB was blocked, because of

IKKb mutation (Maeda et al. 2005). We isolated HSCs from

IKKbDHEP and IKKbF/F mice and examined NF-jB signal-

ing by RT-PCR. A higher level of albumin expression was

observed in Q-HSCs, and this expression was significantly

decreased in HSCs after 7 days in culture (Fig. 5a). When

Fig. 2 Increased expression of miRNA-29 in IKKbDHEP mice after

liver injury. a Immunochemical staining for NF-jB p65 in liver from

representative IKKbDHEP mice before (CON) and after MCDE diet

(MCDE) for 1 week (940). b–d QRT-PCR analysis of hepatic

expressions of miRNA-29 family including miRNA-29a in b,

miRNA-29b in c and miRNA-29c in d from chow-fed (diagonal

lined white box) and MCDE diet-fed (diagonal lined grey box)

IKKbDHEP mice (n C 3 mice/treated group). Medians and ranges of

results are graphed (*p B 0.05 vs chow-fed IKKbDHEP control group)
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Fig. 3 Expression levels of miRNA-29 family over all in IKKbF/F

and IKKbDHEP mice before and after liver injury. a–c QRT-PCR

analysis of hepatic expressions of miRNA-29 family including

miRNA-29a in a, miRNA-29b in b and miRNA-29c in c from chow-

(white box) or MCDE diet-fed (grey box) IKKbF/F and IKKbDHEP

mice (n = 3 mice/treated group). Medians and ranges of results are

graphed (*p B 0.05 vs chow-fed IKKbF/F control group)

Fig. 4 Enhanced hepatic fibrosis under defective NF-jB signaling. a,

b Western blot analysis of a-SMA (b-actin was used as an internal

control). Data shown represent one of three experiments with similar

results (a immunoblot/b band density of a-SMA, n C 3 mice/group).

White and black bar indicate chow-fed and MCDE-fed mice,

respectively. Mean ± SD results that were obtained by measuring

the band density of three different blots are graphed (*p \ 0.05 vs

IKKbF/F mice). c Sirius red staining in liver sections from represen-

tative MCDE diet-fed IKKbF/F and IKKbDHEP mice (920)
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Fig. 5 Hepatic stellate cells (HSCs) with the impaired NF-jB pathway

are Hh-responsive and undergo EMT, triggering fibrogenesis.

a Primary HSCs were harvested from IKKbF/F and IKKbDHEP mice

(n C 8 mice/group). RT-PCR analysis of RNA expressions of the

mutant IKKb allele, albumin, cre and gapdh (glyceraldehyde phosphate

dehydrogenase; used as an internal control) in representative mice.

These experiments were repeated with 3 times and we sacrificed n C 8

mice/group at every experiment. b Double immunochemical staining

for Gli2 (brown) and HSP47 (activated HSC marker, blue colored) in

MCDE-fed IKKbDHEP mice (original magnification 963). Gli2-

positive HSCs are indicated by arrows. c QRT-PCR analysis of HSC

RNA from IKKbF/F and IKKbDHEP mice for EMT markers including

bmp7, a-sma and vimentin. Mean ± SD of results are graphed

(*p \ 0.05, **p \ 0.005 vs HSC from IKKbF/F)
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albumin mRNA was expressed, cre gene and mutant IKKb
allele expression was detected in HSCs from IKKbDHEP

mice, demonstrating that these HSCs had defective NF-jB

signaling. Therefore, there was a possibility that miRNA-29

in HSCs from IKKbDHEP mice could not contribute to

hepatic fibrosis, and instead, there might be other signaling

pathways that compromised the anti-fibrotic effect of miR-

NA-29. In previous research, we demonstrated that Hh up-

regulation promoted fibrogenesis in IKKbDHEP mice with

chronically increased hepatocyte apoptosis (Jung et al.

2010). In addition, emerging evidence demonstrated that Hh

plays an important role in the transition of Q-HSCs into MF-

HSCs, contributing to hepatic fibrogenesis (Sicklick et al.

2005; Yang et al. 2008). Hence, we hypothesized that Hh

signaling could compromise the effects of miRNA-29 and

promote fibrosis. To evaluate this hypothesis, we examined

whether NF-jB-defective HSCs responded to Hh signaling.

Double immunohistochemical staining revealed the

expression of Hh target gene Gli2 (brown) in collagen-syn-

thesizing HSCs (blue) in the livers of MCDE-fed IKKbDHEP

mice (Fig. 5b). Co-expressing cells for Gli2 and HSP47 were

rarely detected in other groups (Fig. 5b). In addition, NF-jB-

defective HSCs exhibited decreased expression of the epi-

thelial cell marker bmp7 and increased expression of mes-

enchymal cell markers, including a-smooth muscle actin and

vimentin, during culture (Fig. 5c). These results demon-

strated that HSCs from IKKbDHEP mice were more vulner-

able to transition into MF-HSCs and suggested that Hh

signaling compromised the action of miRNA-29 and con-

tributed to fibrogenesis when NF-jB signaling was impaired.

Discussion

In the present study, we demonstrated that activated NF-jB

signaling was associated with the reduced expression of

miRNA-29s, whereas miRNA-29 expression was

increased, altering its effect on liver fibrosis, when NF-jB

signaling was impaired. In the livers of MCDE-fed IKKbF/F

mice, the expression of a-SMA was down-regulated, even

though the expression of miRNA-29s was reduced by the

activated NF-jB (Figs. 1, 4a). The reason for this incon-

sistency also found in other studies remains unclear.

Lipopolysaccharide (LPS) also induced the decreased

expression of miRNA-29s, but did not lead to collagen

production (Seki et al. 2007). NF-jB activated by inter-

leukin-1 had a different effect on miRNA-29s (Roderburg

et al. 2011). Regulation of miRNAs varies according to the

pathological condition or cell status, and their functions

and expression change consequently. In addition, the same

miRNA can exert different effects according to cell type,

cell condition, or stimulus type. For example, miRNA-29

has both anti-fibrotic and pro-apoptotic effects. These

effects vary depending on which upstream signaling path-

ways are engaged (Mott et al. 2007; Xiong et al. 2010;

Santanam et al. 2010). Therefore, it is possible that the

effect of miRNA-29s and regulation of miRNA-29s

expression may be different according to which signaling

pathway is triggered in response to the damages. We

observed the decreased baseline of miRNA-29 expression

in IKKbDHEP, compared to that in IKKbF/F mice. It was

demonstrated that stress-related signaling pathways other

than NF-jB control the expression of miRNA and oxida-

tive stress lessens the expression of miRNA-29 (Roderburg

et al. 2011). Jung et al. (2010) reported more hepatic

injuries, such as increased number of apoptotic hepatocytes

and progenitors in the livers from IKKbDHEP mice. In the

current study, we provided the increased expression of a-

SMA in these mice. It seems that other signaling pathways

may be stimulated in response to hepatic injury, and

influence on the down-regulation of miRNA-29. Therefore,

miRNA-29s could not be modulated by NF-jB in

IKKbDHEP mice, suggesting that there might be other sig-

naling pathways that could supplement or inhibit the role of

miRNA-29 in fibrosis.

The decreased expression of miRNA-29s by the acti-

vated NF-jB didn’t lead to liver fibrosis in MCDE-fed

IKKbF/F mice, although Roderburg et al. reported that liver

fibrosis in the chronic liver disease including human and

mouse was caused by the reduced expression of miRNA-29

which was partially regulated by NF-jB. It is possible that

MCDE treatment for 1 week may not be enough for

inducing liver fibrosis, because cells having the normal NF-

jB signaling pathway participate in reconstituting liver,

and can protect the liver from cell death in response to

apoptotic stimuli. Jung et al. previously demonstrated the

lower expression of Hh, TGF-b, and extracellular matrix

genes and less injury in the livers from MCDE-fed IKKbF/F

than IKKbDHEP mice (Jung et al. 2010). In line with our

explanation, Roderburg group suggested that the anti-

fibrotic action of miRNA-29s might require a previous

strong induction of the extracellular matrix genes by TGF-

b (Roderburg et al. 2011).

We provided evidence that apoptotic hepatocytes pro-

duced Hh ligands, and these released Hh ligands induced

EMT, promoting hepatic fibrosis in the livers of IKKbDHEP

mice (Jung et al. 2010). It was reported that the release of

the Hh ligand, shh, from ballooned hepatocytes stimulated

the proliferation of Hh-responsive myofibroblasts, which

promoted fibrosis in samples from patients with NASH

(Rangwala et al. 2011). Hh signaling is known to stimulate

the transition of Q-HSCs into myofibroblasts through EMT

(Choi et al. 2009). Although Q-HSCs express relatively

high levels of Hh-interacting proteins (HIPs, Hh antago-

nist) in healthy livers, HIP expression in HSCs is sup-

pressed by competitive Hh ligands in injured livers. Hence,
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Q-HSCs undergo EMT and simultaneously transform into

MF-HSCs in an Hh-dependent manner (Choi et al. 2009).

Expression of albumin, cre, and mutant Ikkb in isolated

primary HSCs suggested that HSCs had defective NF-jB

signaling, which altered the regulation of miRNA-29 in

HSCs. Albumin expression in RNA from isolated primary

HSCs could be considered as the results of the hepatocytes

contamination. However, Kim et al. reported the albumin

gene expression in isolated HSCs from the normal rats.

Moreover, they demonstrated the albumin production in

isolated HSCs and liver section (De Minicis et al. 2007;

Kim et al. 2009; Choi et al. 2012). Therefore, it was

assumable that increased Hh signaling might influence

other upstream signaling pathways that affect the function

of miRNA-29s in the liver, especially when NF-jB sig-

naling was impaired. Subsequent experiments used double

IHC for the Hh target gene Gli2 and HSP47 collagen-

synthesizing cells, and greater numbers of Gli2-positive

HSCs were observed in the liver of MCDE-fed IKKbDHEP

mice. These results indicated that NF-jB-defective HSCs

were stimulated by Hh in IKKbDHEP mice. In further study,

we demonstrated that these HSCs up-regulated the

expression of EMT markers, suggesting that they readily

transitioned into mesenchymal types, inducing more severe

hepatic fibrosis in IKKbDHEP mice.

It was reported that miRNA-29b had a binding site for

Gli1, and an interaction between miRNA-29 and Gli1 was

demonstrated in a cholangiocarcinoma cell line (Mott et al.

2010). In this study, Hh decreased the expression of

miRNA-29b and protected cholangiocytes from apoptosis,

eventually leading to the survival of cancer cells. Although

the Hh-dependent reduction of miRNA-29 expression in

cholangiocytes is different from our results revealing the

restoration of miRNA-29 expression in IKKbDHEP mice,

this is not applicable to our observation. As previously

explained, the regulation of miRNA is highly cell type- and

physiological condition-specific. Further studies are needed

to identify the interaction between miRNA-29s and Hh in

HSCs. Emerging evidence has demonstrated that the pro-

duction of Hh ligands by dying hepatocytes stimulated

Q-HSCs, suggesting a mechanism that links hepatocyte

apoptosis to fibrogenesis. Prior reports of the effect of NF-

jB-dependent miRNA-29s expression on liver fibrosis led

us to investigate which other signaling pathways induce

severe fibrosis in livers with defective NF-jB signaling. In

this study, we demonstrated that increased Hh signaling

covered the anti-fibrotic effect of miRNA-29s and stimu-

lated HSCs, contributing to hepatic fibrogenesis, when NF-

jB signaling was impaired. However, further studies are

needed to assess the specific regulation of miRNA-29 by

Hh and the relevance of the interaction of Hh with NF-jB

on the modulation of miRNA-29 in various types of liver

injury models.
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