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Abstract

ABSTRACT

Bone morphogenetic proteins (BMPs) are important cytokines involved in cell

proliferation and differentiation. Hepatic stellate cells (HSCs) undergo trans-

differentiation during their activation after liver injury. Activated HSCs could migrate to

areas that are close to oval cells. The aim of this study is to investigate the roles of

BMP4 during liver frbrogenesis. Expression of BMP4 was significantly elevated in the

liver of BDL rats and activated HSCs. The expression and phosphorylation of Smadl,

ERK1/2 and p38 were also elevated after BDL. BMP4 stimulated phosphorylation of

Smadl, p38 and ERK1/2 in HSCs. BMP4 treated WB-F344 cells showed an increase in

the mRNA abundance of albumin, TAT and glucose-6-phosphate but not p4-integin and

CK-19. Similar results were obtained from WB-F344 cells after they were transfected

with adenovirus containing BMP4 cDNA. We also found that BMP4 secreted from

HSCs could promote the differentiation of WB-F344 cells toward hepatocytes. Smadl

and ERK1/2 ffiay, therefore, be important signaling molecules involved in the

differentiation of WB-F344 cells. Moreover, the expression and DNA binding activity of

transcriptional factor-C/EBPU were increased after treatment with BMP4 in WB-F344

cells. Furthermore, we employed the heterogeneous population of hepatic stellate cells

(CFSC-8B,2G,3H and 5H) to investigate the susceptibility of HSCs to apoptosis. The

results showed that CFSC-3H and CFSC-SH cells are more resistant to apoptosis induced

by staurosporine than CFSC-8B and CFSC-2G cells. The different levels of o-SMA and

phospho-ERKl/2 may contribute to susceptibility of HSCs to apoptosis. In conclusion,

BMP4 and its signaling play a crucial role in trans-diffèrentiation and apoptosis of

hepatic stellate cells as well as differentiation of hepatic stem cells.
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Introduction

I. INTRODUCTION

Background

The liver is the largest and most complex internal organ within the human body. It

carries out a number of vital functions, including regulation, synthesis, and secretion of

many substances important in maintaining the body's normal state, storage of important

nutrients, such as glycogen, vitamins, and minerals, and purification, transformation, and

clearance of waste products, drugs, and toxins. In addition, under long-term evolutionary

pressure, the liver acquired the remarkable regenerative capacity to help maintain these

important functions. However, as powerful as the liver is, it is more vulnerable to many

kinds of injuries and, therefore, maybe subject to different types of liver diseases

including acute hepatitis, acute hepatic failure, chronic hepatitis, cirrhosis steatosis,

alcoholic liver disease, iron overload, amyloidosis, metabolic diseases, and drug-induced

and chemical-induced liver injuries. According to a report from Health, United States,

2006, chronic liver disease and cirrhosis is now the seventh leading cause of death in

adults between the ages of 25-64 in United States. Moreover, in high prevalence areas,

chronic hepatitis caused by hepatitis B virus (HBV) has become one of the major three

causes of death in Africa, Asia and the Pacific Rim (Lavanchy, 2005).

Currently, hepatologists worldwide are making their efflorts to deal with different

types of liver diseases. The implementation of mass immunization programs and safe

injection techniques has dramatically decreased the incidence of liver disease caused by

HBV infection in many countries (WHO, 2000) (Lavanchy, 2005). However, the

continuing occuffence of new infections and the presence of a large reservoir of

chronically infected people are still big challenges. Furthermore, alcoholic liver disease

-1-



Introduction

(ALD) remains one of the most common liver diseases in the world. Individuals with

heavy consumption of alcohol don't always realize the seriousness of their problem, since

not all heavy drinkers develop alcohol-induced liver disease, and the risk factors for

alcohol-induced liver disease have not been fully elucidated. Moreover, unhealthy eating

habits and sedentary lifestyles lead to a significant increase in non-alcoholic fatty liver

disease (NAFLD) during the past several decades.

Numerous hepatologists and researchers worldwide have been actively engaged in

looking for effective therapeutic approaches to liver diseases. Based on the pathogenesis

of liver diseases with different origins, various treatments have been proposed, such as

Pegtlated Interferons, Ribavirin for virus infection, Corticosteroids, antioxidants and

antagonists of tumor necrosis .factor alpha (fNFa) for ALD (Diehl, 2002) (Lake-Bakaar,

2003), Cytoprotective agents: Ursodeoxycholic acid, Taurine; Insulin-sensitizing agents:

Metformin, Thiazolidinediones; Antioxidants: Vitamin E, betaine; Lipase inhibitor:

Phlebotomy .þr NAFLD (Bugianesi, Marzocchi et al., 2004). Unfortunately, these

treatments can only slow but not stop the progression of liver injury, and treatments for

hepatitis virus infection are somewhat disappointing due to the low response rates.

Without pharmacological intervention, the sustained wound-healing process that

occurs in the liver in response to different chronic injuries would finally lead to liver

fibrosis and progress to cirrhosis and hepatocarcinoma. During the past 20 years, huge

progress was made in understanding the cellular and molecular basis of hepatic frbrosis.

Dr. Friedmen first discovered that activated hepatic stellate cells (HSCs) were the major

cell type responsible for the development of liver fibrosis in 1985. Subsequently, a

number of pharmacological agents have emerged by using HSC as therapeutic target: (l)
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direct anti-frbrogenic activity by regulating gene expression of activated HSCs (Smad7,

bone morphogenetic protein 7 (BMP7) and peroxisome proliferator activøted receptor

gamma (PPARy) agonist); (ii) indirect anti-fibrogenic activity by inhibiting the activarion

and promoting the apoptosis of HSCs (transforming growth factor beta (TGFP) inhibitors,

interleukin I0 (fL-10)); (iii) anti-oxidants which reduce the profrbrogenic effects of

reactive oxygen species (ROS) and intermediates (alocopherol, glutathinne) (Gressner

and Weiskirchen, 2006). However, to date, due to the severe adverse effects and lack of

significant benefits, the effective therapeutic approaches to liver fibrosis have not been

identified yet. In recent years, researchers have turned to explore the possibility utilizing

stem cells and gene therapy approaches to address the fibrosis problems while continuing

to investigate the molecular mechanisms underlying HSCs activation and apoptosis. In

this study, we investigated the roles of bone morphogenetic proteins 4 (BMP4) during

liver fibrogenesis and the capacity of BMP4 to induce the differentiation of hepatic stem

cells toward hepatocytes.

Bone Morphogenetic Protein 4

L. General introduction to BMPs

1.1 History of bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) were first identiflred by Dr. Marshall Urist in

1965 when he found that demineralized bone matrix implanted in ectopic sites in rodents

and rabbits could induce new bone formation (Urist, 1965). He named the active

component contained in the bone extract "bone morphogenetic protein". The proteins

responsible for bone induction remained unknown until purification of human BMPs was

-3 -
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accomplished in the 1980s (Urist, 2002). Recombinant techniques were broadly applied

for the production of BMPs after gene sequences for various BMPs were deduced by two

groups, one at Creative BioMolecules and the other at Genetics Institute in the 1990s

(Takahashi, 2000). Thereafter, many researchers devoted their studies to understand the

functions and clinical applications of BMPs. The landmark was the FDA approval of

BMPT for long bone defects and BMP2 for anterior lumbar interbody fusions in 2002

(Urist,2002).

1.2 Classilicøtion ønd moleculør structure of BMPs

Based on the similarities in amino acid sequences of BMPs found in the extract of

bone, they are classified into five subfamilies. i) BMP2/BMP4 have 80% amino acid

sequence homology between these two proteins. ii) BMP5/BMP6/BMP7/BMP8, almost

78o/o amino acid sequence homology is conserved among these BMPs. iii) BMP3 is

significantly different in amino acid sequence from the other members of BMP family. iv)

BldPl2l BMPl3/BMP14 are cartilage derived morphogenic proteins. v)

GDF5/GDFíIGDFT and BMP15/BMP16 are growth and differentiation factors

(Matthews, 2005).

BMPs belong to the TGFB superfamily which composes of many multifunctional

c¡okines including TGF-ps, activins, inhibins, anti-müllerian hormone (AMH), bone

morphogenetic proteins (BMPs), myostatin, and others. In the carboxy terminal portions

of BMPs, there have seven highly conserved cysteine amino acid residues, which are

identical to those present in all members of the TGFp superfamily. Moreover, BMPs

have a primary structure 40-50% similar to that of TGFB. Like all members in the TGFB

superfamily, BMPs are synthesized as precursor proteins, which consist of a hydrophobic

-4-
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secretive signal peptide of 15-25 amino acids, a poorly conserved prodomain of 50-375

amino acids, and a carboxyl terminal region of 100-125 amino acids (Rengachary,2002).

Once the mature carboxy terminal region is cleaved by proteolytic processing, they form

mature dimeric proteins and are secreted to the outside of cells. Among the conserved

seven cysteine residues in mature proteins, six residues are involved in the formation of

intrachain disulphide bonds that form a rigid "cysteine-knot" molecular structure. The

seventh cysteine residue contributes to the formation of either homo- or heterodimeric

mature protein via interchain disulphide bond (Wozney, 2002). Accumulating evidence

suggests that some heterodimers, such as BMP-2/7 and BMP-417 have more potent

biological activity than the corresponding homodimers (Lin, Lerch et al., 2006). All

BMPs are glycoproteins and have low molecular weight ranging from l5 to 30 kDa.

1.3 BMPs signaling trønsduction pathwøys

1.3. I Smad-depend,ent signaling pathwøy

BMPs exert their biological activity via interaction with specific BMP receptors,

which are serine/threonine kinase transmembrane receptors on cell surface. There are

three type II receptors-BMPR2, activin receptor type II (ActR-ll), and AotR-IIB and four

different type I receptors-BMPR-14 (or activin receptor-like kinase3-ALK3), BMPR-18

(or ALK6), ALK2, and ALKI (Yamashita, Ten Dijke et al., 1996; Rengachary,2002).

The binding of BMPs to the type Il receptor on the cell surface results in the recruitment

of type I receptor, then the formation of heterotetramer receptors complex. Once type II

receptor phosphorylates and activates type I receptor, type I receptor phosphorylates and

activates the regulatory signaling molecules Smadl, 5 or 8 proteins (receptor-activated

Smads, R-Smads) at their C-terminal domain. Following the phosphorylation, Smadl, 5,

-5
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or 8 bind to Smad4 (common-partner Smad, Co-Smad) and form heterotetramer complex.

The complex, in turn, translocates into nucleus and regulates target gene expression by

binding to target DNA, interacting with DNA binding transcription factors, or recruiting

co-repressors or co-activators (Sykaras and Opperman, 2003). It has been shown that the

type I receptors are critical in determining the specificity of downstream Smad signaling

pathways (ten Dijke, Korchynskyi et a1.,2003). ALKl, ALK3 and ALK6 can activate all

three Smads, but ALK2 only phosphorylates Smadl and Smad5 (Sakou, 1998; Massague,

Seoane et al., 2005) (ìrìr,lri*. i).

1.3.2 Smad-independent signaling through MAPK pøthway

Besides Smad-mediated signaling pathway, BMPs also initiate signaling through

MAPK pathway. Generally, receptor tyrosine kinases, cytokine receptors and some G

protein-coupled receptors activate intracellular protein serine/threonine kinases which are

termed mitogen activated protein kinases (MAPKs). MAPK is phosphorylated by an

upstream protein kinase, MAPK kinase (MAPKK), whereas MAPKK in tum is

phosphorylated by a third protein kinase, MAPK kinase kinase (MAPKKK). There are at

least three MAPK pathways in mammalian cells: extracellular signal-regulated kinase

(ERK) pathway, c-Jun amino-terminal kinase (JNK) pathway and p38 MAPK pathway

(Lewis, Shapiro et al., 1998; Pearson, Robinson et aI.,2001).

BMPs bind to type I receptor and then recruit type II receptor to form a receptor

complex. The BMPs receptor complex can interact with an intracellular adaptor protein

XIAP (X-linked inhibitor of apoptosis) which links TAB1 (TAKI binding protein).

TAB1, in turn, activates TGFB activated kinase I (TAKl) a member of MAPKKK family

(Yamaguchi, Nagai et ã1., 1999; Botchkarev and Sharov, 2004). Then TAK1
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phosphorylates and activates MAPKK. Thus, JNK is subsequently activated through

MAPKK4. P38 is activated through MAPKK3 or MAPKK6 (Shibuya, Iwata et al., l99S).

In addition, BMPs can directly activate Ras which inturn phosphoralytes and activates

ERK (Xu, Dong et al., 1996) (l i: riii'. i). It has been shown that there is crosstalk

between the Smad-dependent and Smad-independent signaling pathways (Massague,

2003: Aubin, Davy et a1.,2004). ERK can phosphorylate serine or threonine residues in

the linker region of Smads (Kretzschmar, I)oody et al., 1997; Kaivo-oja, Jeffery et al.,

2006). Although the ERK-phosphorylated Smads protein can form heterotetramer with

Smad4, this complex can not translocate into nucleus. Therefore, BMPs initiating

signaling pathway is inhibited.

1.4 Negatíve regulation of BMPs sìgnaling

The pleiotropic functions of BMPs need tight regulation of their activities. Many

studies have demonstrated that activities of BMPs are controlled at different molecular

levels. The regulation of BMPs target genes expression in a specific cell type is

dependent on the concentration of BMPs ligands for BMPRs, the availability of

intracellular Smads proteins or the components of MAPK pathway, and the presence of

inhibitors and co-activators or co-repressors of BMPs dependent gene transcription in the

nucleus.

1.4.1 BMPs antagonists

Soluble inhibitory proteins outside the cell can directly bind to BMPs and inhibit the

binding of BMPs to their receptors. Interestingly, BMPs can upregulate the expression of

some of these inhibitors, indicating that a negative feedback loop may exist. BMP
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antagonists have a secretory signal peptide and a cystine-knot structure (Yanagita, 2005).

Based on the size of the cystine-knot, BMP antagonists are classified into three

subfamilies ( ir:l;i,; 1): the DAN family (eight-membered ring); twisted gastrulation (nine-

membered ring); and chordin and noggin (ten-membered ring) (Yanagita, 2005).

1.4.2 Inhibitory Smads proteins

In the cytoplasm, several negative regulation mechanisms exist. Smad6 and SmadT

have MH2 domains but lack the C-terminal SSXS motif which is a conserved motif

present at R-Smads proteins (lV1assague, Seoane et al., 2005). R-Smads proteins can be

phosphorylated at the SSXS motif and activated to form complex with Co-Smad. It has

been shown that Smad6 and SmadT proteins can bind to BMPR-IB and inhibit the

phosphorylation of Smadl by BMPR-IB (Botchkarev and Sharov, 2004). Smad6 can

also interfere with BMP/Smadl signaling. It can specifically inhibit the binding of

receptor-activated Smadl to Smad4 and form an inactive Smadl/Smad6 complex.

Therefore, Smad6 selectively regulate BMPs initiated Smadl signaling pathway

(Murakami, Watabe et al., 2003; Kaivo-oja, Jeffery et al., 2006). Moreover, BMPs are

capable of upregulating the expression of Smad6, which constitutes another negative

feedback regulative loop for BMPs signaling pathway.

1.4.3 Tob

Tob is a member of antiproliferative protein family. It can negatively regulate

osteoblast proliferation and differentiation by inhibiting BMPs activated Smad-dependent

signaling transduction pathway. It has been shown that Tob is negatively involved in

BMP2 signaling. It interacts with Smad proteins and inhibits Smad-dependent

-8-
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transcription. Upon BMP2 stimulation, Tob is induced and accumulates in the nucleus

and thereafter recruits R-Smads to nuclear bodies by binding to the MH2 domain of the

phosphorylated R-Smads. This allows a precise and timely regulation of BMP2 signaling

pathway in osteoblasts (Yoshida, Tanaka et al., 2000; Ebara and Nakayama,2002).

1.4.4 Smudl

Smad ubiquitin regulatory factor I (Smurfl), is a new member of the Hect family of

E3 ubiquitin ligases. It can negatively regulate the BMPs signaling pathway at several

levels. In the cytoplasm, Smurfl not only directly interacts with Smadl/5, but also

indirectly associates with Smadl/5 through inhibitory Smad proteins Smad6l7. Finally,

Smurfl mediates Smads proteins ubiquitination and degradation. Moreover, in the

nucleus, Smurfl recognizes bone-specific transcription factor Runx2 and mediates its

degradation in a uiquitin-proteasome-dependent manner. Smurfl also forms a complex

with Smad6 in nucleus. This complex is, in tum, exported into cytoplasm and targets the

type I BMP receptors on the membrane for their degradation (Ebara and Nakayama,2002;

Murakami, Watabe et al., 2003 ; Y anagita, 2005).

T.4.5 CRIM]

The Crimlgene encodes a transmembrane protein containing six cysteine-rich

repeats (CRRs). CRIMI can interact with both BMP4 and BMPT and acts as an

antagonist to BMPs. It modulates the activity of BMPs by affecting BMPs processing

and secretion to the outside of cells. CRIMI binds to BMPs preprotein and leads to a

-9-



Table 1. Human BMP antagonists based on the size of the cystine-knot.
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DANfamìly

(Eight-membered ring)

BMP Antagonists

DAN

Cerl

Coco

PRDC

Gremlin

USAG-I

-lçl.so-'lir

Tsg

Chordin

Noggin

Follistatin

Tr+tÍsted gaslru latio n

(N!y,:ffy:þg,"¿ rlfs)

Ten-membered ring

BMP2 and BMP4

BMP2, BMP4 and BMPT

BMP4

BMP2,BMP4,BMP6 and BMPT

BMP2, BMP4 and BMPT

BMP2, BMP4, BMP6 and BMPT

, _, Þ.V-P_|, PM.{6-eî$- P}4P_7_

BMP and BMP4

BMP4, BMP2 and BMPT

BMP2 and BMP4

BMP2, BMP4, BMPTand BMPI5

High Affinity Low Affinity

ÐYr-p,? qrq Bl4ll

BMP6 and BMPT

BMP6
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reduction in the production of mature BMPs (Wilkinson, Kolle et al., 2003 Yanagita,

2005). Moreover, it can tether the pre-BMPs to the cell surface vla CRRs, and thereafter

inhibit the secretion of mature BMPs to the outside of cells.

1.5 Biologicalfunctions of BMPs

BMPs have been shown a variety of functions besides the induction of cartilage and

bone formation. They play very crucial roles in embryogenesis, organogenesis and

homeostasis in adult body through induction of cell proliferation, differentiation or

apoptosis. It has been demonstrated that BMPs play different roles in different cell types,

even at different states of same cell type ('iti:ìr: -:).
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Figure I Molecular events of the BMPs signaling pathvtay. BMP-Smad pathway

includes recruitment and phosphorylation of R-Smads followed by the formation of their

complexes with Co-Smad and translocation into the nucleus to regulate gene transcription.

BMP-MAPK pathway links BMP receptors with TAK1 kinase, which in turn activate

p38 and JNK pathways. In addition, Erk could be activated by BMPs in a Ras dependent

mechanism in BMP-MAPK pathway.
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Table 2.The pleiotropic biological functions of BMPs

Biological Activities Ref.

Induce cells differentiation ltoh, 2006; Hsu, 2007

Promote tumor angiogenesis Raida 2006

Suppress tumorigenesis Kumagai,2006

BMp2 Promote cervical fi¡sion Shields, 2006

Promote facial nerves regeneration tVang,2007

Inhibit hepatocyte regeneration Xu,2006

Induce bone formaiton Kugimiy4 2005

Induce endofhelial activation Csiszar,2006

Induce cells differentiation Kim, 2002; Taha2006

Inhibit cells differentiation Faure,2007

Promote cell proliferation Paez-Pered4 2003; Otutí,2007

Antiproliferative effects Giacornini,2006; Hsieh, 2006

BMP4 Carcínogenesis D eng,2007; Montesano, 2007

Suppress tumorigenesis Nishanian, 2004

Induce cells apoptosis lsrasen4 2002; Kiyono, 2003

Tissue repair and remodeling Jiang, 2006

Promote development Vogt,2006; Yaar,2006

Promote ovarian folliculogenesis. Piene, 2005

BMPs Inhibít growth and induce apoptosis ì Ro, 2004

Promote dendritic growth of neurons Beck,200l

Induce bone formation Simic, 2006

Induce cells differentiation Estes, 2006; Friedman, 2006

BMp6 Pro¡note prostate cancer bone metastases Dai, 2005

Promote spinal fusion Laurent,2004

Induce apoptosis in human myeloma cells Ro, 2004

Neurotrophic effects on striatum neurons Gratacos, 2002

BM*T Suppress comeal scarring Fuchshofer,2007

Reverse chronic renal injury Zeisberg,2}}4
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2. Bone morphogenetic protein 4

2.1 Gene ønd proteín structure of BMP4

Rat BMP4 gene localizes at chromosome 15p14. The complete DNA sequence of a

-1lkb region has been identified. The genomic region contains a transcription unit of

6.72kb, - 3kb of 5' flanking region and -1kb of 3' flanking region (Feng, Chen et al.,

1995; Shore, Xu et al., 1998). As shown in l íi:Lrii: .:, rat BMP4 mRNA are transcribed

from four exons. 5' Rapid amplification of cDNA ends (RACE) analysis showed that

there are two transcriptional start sites, located in different sites of exonl (Shore, Xu et al.,

1998). Two promoters have been identified to control the transcription of the BMP4

gene, one in upstream exonl, the other in exonl. 5'Flanking region of BMP4 exonl

contains both positive and negative transcriptional regulation elements, such as Esterase I

(Ets-1),

Initiator (Inr), activated protein-1 (AP-l), AP-2, IFN stimulation response element (ISRE)

and serum response element (SRE) (Shore, Xu et al., 1998). The promoter region is GC

rich with no obvious TATA or CAAT consensus sequence. Interestingly, both exonl and

exon2 contain non-protein coding sequence. Having two promoters and noncoding exons

may pennit a more efficient translation of the BMP4 protein under certain specific

conditions. They could control where the BMP4 mRNA is located in the cells and

control the translation rate of mRNA in different cellular contexts.

After transcription, BMP4 is first synthesized as inactive preproteins, about 408 aa.

The preprotein is subsequently cleaved by furin convertases within the Golgi apparatus at

a conserved motif (Arg-XX-XX-Arg), and then forms an active dimeric protein

t5
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(Wilkinson, Kolle et al., 2003). Those preproteins remaining in uncleavage will be

targeted for lysosomal degradation (Goldman, Hackenmiller et al., 2006). During

development, BMP4 can specify cell types by forming precisely controlled concentration

gradients through modulating protein processing.

Transcript
Structure

Transcript
Neighborhood

ßi: t(b FÞì*ßr,1lrarrd ---l
i i--.tr: i I

tti
!--,J

Z¿.]'i f'rlb 2l rï, I,,'lb !2 tS' l,Jb :i;$ Í"1b lt Ír fulh

w"*"w.,-+--*-4
', f;inl.r{

F¡.B:,rt;hl lf cr,iri Frcii,in r-¡'.lir'¡;l

;¡3 Kh 

- 

lfricsp ¡tr;lrrd ---l

:r Ji [4h ;?:S tllt' J2.Þ lilb it }¡ i,.'lli :t -r:i tdb

Figure 2 Rat BMP4 transcript qnd transcript neighborhood structure.from Ensembl
website.

W Un,.unslated regions of the transcript

il ,runrlated regions of the transcript

1.. (1.i r-r,,,,

BMP4 is a member of TGFB superfamily. It possesses the unique protein structure

of these family members. It contains 408 amino acid residuês. i:ì:.:r;;",-: .: shows the

structure model of BMP4, which comes from the " Datahase of Comparative Protein

Structure Model, UniversiÍy of Calífornia, San Francisco". The general structure of the

monomeric BMP4 consists of two pairs of antiparallel B-strands forming a flattened

surface and a long o-helix. The "cysteine-knot" formed from six cysteine residues is very

important for BMP4 structural integrity. The homo- or heterodimer is formed through

interchain disulphide bone which stabilizes the dimmer interface (Lin, Lerch et a1.,2006).
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'i"l: ,:^Sì: :iT

Figure 3 The structrre model of BMP4.

2.2 BMP4 signaling trønsduction pathwøys

Signaling transduction pathways initiated by BMP4 include Smad-dependent

signaling pathway and Smad-independent signaling pathways (MAPK parhway). It

exerts different physiological functions in different cell types through initiating different

signaling pathways (i:iirr;:"r, Ì ).

2.3 Biologicalfunctions of BMP4

BMP4 is a critical component in the formation of ventral mesoderm during embryo

development. It can also initiate signals from mesoderm region to promote the

specification of early hepatocytes in endoderm region. During the entire development

process, BMP4 plays very important roles in tooth, ey€, kidney, mandibular,

hematopoietic system, and spinal cord oligodendrocyte development. In adults, the

expression of BMP4 is still seen in some organs, such as heart, prostate, Iung, kidney and

eye. In some pathological conditions, the silent mechanisms are disrupted and the BMP4

17-
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gene is turned on again. Increased expression of BMP4 may indicate crucial roles in

protection or injury of target cells. BMP4 functions identif,red from the studies during the

past l0 years are summarized in i'rli,ìi: .i.

3. BMPs and liver

BMPs, as members of the subclassification within the TGFp superfamily, are very

important in organ development and growth. BMPs knockout mice experiments have

demonstrated that BMPs signaling is particularly invoh,ed in cell differentiation

pathways. They direct the phenotypes when tissues are undergoing morphogenesis

(Miller, Harvey et al., 2000). During embryo development, BMP4 secreted from septum

transversum mesenchyme direct the endoderm hepatogenesis (Rossi, Dunn et aI.,2001).

In adult liver, mature hepatocytes show terminal cellularity differentiation and

senescence features. However, the expression of BMPRs is still seen in some population

of hepatic cell types, which may imply that hepatic cell types are capable of accepting the

stimulation of BMPs in some specific physiologic or pathological situations when BMPs

are available. TGFBl, another member of the TGFB superfamily, is considered to be a

major factor in the progression of hepatic fibrotic and regenerative processes. Therefore,

some studies have focused on the investigation of BMPs roles in liver, especially in

pathological situations since liver fibrosis and carcinogenesis directly result from cell

abnormal di fferentiation.

Recent investigations revealed that BMP6 and BMP9 transcripts were detectable in

the liver in a cell type restricted expression pattern. BMP6 mRNA was observed in two

nonparenchymal liver cells, Kupffer cells and hepatic stellate cells. (Knittel, Fellmer et

a1.,1997), whereas endothelial celis, Kupffer cells and hepatic stellate cells are the major

l8 -



Table 3. The pleiotropic biological functions of BMP4

Differentiation

Cynomolgus monkey ES cells--+ Cardiomyocyte

Embryonic stem cells - Lymphoid and myeloid hematopoietic cells

Mouse embryonic stem cells---+Adipocyte

Mouse calvarial cells ---+Osteoblastic cells

Rhesus monkey embryonic stem cells---+ Hematopoietic differentiation

Lung fi broblasts-Myocyte

Capillary endothelial cells

Ventricular zone progenitor cells

P19 Embryonal carcinoma cells

Multiple myeloma cells

Arterial endothelial cells

Human pulmonary artery smooth muscle cells

Pancreatic progenitor cell expansion

Chondroeyte proliferation and hypertrophy

Myogenic progenitor prol iferation

Adenocarcinomas / BMP4f

Corticotrophinomas / BMP4J

Colon cancers / BMP4f

Breast cancer / BMP4f

Malignant melanomas / BMP4l

Atherogenesis,elicit endothelial cells activation and dysfunction / BMP4f

Regulation of ocular angiogenesis / VGEF]

Tumor suppression / apoptosisJ, alterations in cell cycle profìle

Apoptosis

Proliferation

Introduction

Tumogenesis

Others

Smadl/5f , Bcl-XL f
Msx2 and p21(CIPI/WAF1) | . baxf

P211, Cdk4! p27l

Induces cell cycle arrest / inhibits DNA synthesis

p38 and ERK1/2|

Enhanced migration and invasion

Antiproli ferative action, inhibits corticotroph tumor cel ls

Involved in epithelial cell differentiation,

Angiogenesis
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cellular sources for BMP9 mRNA (Song, Celeste et al., 1995; Rossi, Dunn et al., 2001)

There is high level expression of BMP2 around the central and portal veins in normal

liver. The localization and timing of expression pattern of BMP2 in liver implied a

negative regulation on hepatocyte proliferation (Xu, Ji et al., 2006). In addition, the

introduction of BMPT by adenoviral infection might suppress the profibrogenic response

of the liver through triggering the expression of inhibitors of differentiation 2 (Id2) in

HSCs, although the endogenous expression of BMPT was hardly detectable in HSCs

(Kinoshita, Iimuro et al., 2001). Further characterization of BMPs expression, signaling

in HSCs will enable a more thorough understanding of the roles of these family members

during liver fibrogenesis and carcinogenesis.
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Liver Fibrosis and Hepatic Stellate Cells

1. Introduction to liver fibrosis

l.l Liver structure

The human liver is a dark red-brown organ and located in the abdominal cavity in

contact with diaphragm. It consists of four lobes: the right, left, quadrate and caudate

lobes. Each lobe contains thousands of units called lobules that are the building blocks of

the liver. The lobule is a roughly hexagonal arrangement of plates of hepatocytes

radiating outward from a central vein in the center (i'iiri'' r) (Hase and Brim, 1966).

Liver has two blood supplies, from hepatic arteries (25%) and portal vein (7 5o/o) (carrying

blood from the intestines, stomach, pancreas and spleen) (Takahashi, 1970; Unnanov,

1973). Terminal branches of hepatic portal vein and hepatic artery empty together and

mix as they enter sinusoids in the liver (l''ii:iirc l). Sinusoids are distensible vascular

channels lined with highly fenestrated endothelial cells and bounded circumferentially

with hepatocytes (Revel, Yancey et al., 1981) (i i*.ili: i;). As blood flows through the

sinusoids, a considerable amount of plasma is filtered into the space between

endothelium and hepatocytes (the "space of Disse") (Urmanov, 1973). The sinusoid is a

specific capillary network systern where a variety of metabolic substances are exchanged

between hepatic blood flow and hepatic parenchymal cells (Enomoto, Nishikawa et al.,

2004).

1.2 Hepøtic cell types øndfunctions

The liver is composed of different cell populations with distinct functions. The

parenchymal cells (hepatocy'tes) and cholangiocytes account for 60%o of the total cell
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population and 80Yo of the total volume of the organ. There are at least four major types

of nonparenchymal cells in the liver. Almost half @0%) of the nonparenchymal cells are

fenestrated endothelial cells. The remaining nonparenchymal cells consist of 33% of

Kupffer cells, 22o/o of hepatic stellate cells (HSCs) and lo/o of pit cells (or natural killer

cells) (Williams and latropoulos, 2002).

Hepatocytes are the major functional cells in the liver and perform a variety of

essential functions, including: (i) uptake, storage and controlled release of nutrients into

the circulation; (rÐ synthesis of proteins, glucose, fatty acids, cholesterol and

phospholipids; (iii) digestion arrd absorption of dietary fats; (rv) degradation and

detoxification of exogenous and endogenous compounds.

Lobules
Central vein

Portal trial:

-Artery

-Vein

-Bile duct

Figure 4 Architecture of hepatic tissue.
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Hepatic artery

Hepatic vein Portal Vein

Small intestine

Figure 5 The hepatic vasculer s.ystem. About 75Yo of the blood entering the liver is

venous blood from the portal vein. The remaining 25o/o of the blood supply to the liver is

arterial blood from the hepatic artery.
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HSCs lie in the space between sinusoidal endothelial cells and hepatocytes. They

have several important functions: (l) retinoid storage and homeostasis; (ii) remodeling of

ECM by production of both ECM components and matrix metalloproteinases (MMPs);

(ill) production of growth factors and cytokines; (lv) contraction and dilation of the

sinusoidal lumen. HSCs mainly exhibit two phenotypes, quiescent phenotypes and

myofibroblast-like phenotype. The activated process of HSCs is considered to be the key

event during liver fibrogenesis (Sato, Suzuki et al., 2003; Gressner and Weiskirchen,

2006).

Endothelial cells express scavenger receptors on their surface and perform

scavenger function for modified molecules, such as advanced glycation end products

(AGE)-modified BSA, type I, III procollagen peptides and albumin. These cells can also

exert anfigen presentatìon function to present antigen to T lymphocytes. These antigens

include bactelial cornponerils such as lipopoly,-saccarhides (t.PS) and food antigens.

Recently, it has been demonstrated that ECM components can be removed from the

hepatic blood flow by endothelial cells (Uptake function) (Enomoto, Nishikawa et al.,

2004).

Kupffer cells are predominantly located on the inside of the sinusoidal wall. They

play an endocytic role to help blood-borne materials enter liver Qthagocytic capacity).

They are capable to clear pathogens, immune complexes, tumor cells, liposomes, lipid

microspheres, iron and circulating endotoxin. Thus, Kupffer cells play a critical role in

the host defense by acting as a biological filter (Arii and Imamura, 2000).

Pit cells are large granular cells that are anchored to the endothelial lining of the

sinusoids in close apposition to endothelial and Kupffer cells. They are functionally
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defined as liver-associated natural killer (NK) cells. Thus, pit cells are capable of

preventing tumour cell metastasis to the liver by NK-mediated cytotoxicities (Nakatani,

Kaneda et al., 2004).

1.3 Roles of different hepatic cell types ín liverftbrosß

Hepatic cell types may have different fibrogenic potential.

Hepatocytes are initiators. They are targets of most hepatotoxic agents. Damaged

and apoptotic hepatocytes release ROS and fibrogenic mediators which act as the

paracrine signaling molecules to induce the activation of HSCs.

Kupffer cells serve as the mediøtor. They are involved in the pathogenesis of

chemically mediated liver injury (carbon tetrachloride (CCl4), alcohol, and allyl alcohol)

through release of biologically active mediators.

HSC acts as the effector. It is the primary cell-type in the liver responsible for

excess collagen synthesis during liver fibrogenesis. Following chronic injury, HSCs are

activated or transdifferentiated into myofibroblast-like cells, acquiring contractile,

proinflammatory, and fibrogenic properties (Luckey and Petersen, 2001).

In chronic cholestatic disorders (i.e., primary biliary cirrhosis), epithelial cells

stimulate the accumulation of portal myofibroblasts, which initiate collagen deposition

around damaged bile ducts (Luckey and Petersen, 2001).

1.4 Chønges during Jibrogenesis

In normal liver, the space of Disse contains low-density ECM. The defined lattice-

like meshwork of ECM molecules provides cellular support and allows the transportation

of cytokines and growth factors. Low-density ECM also provides signals that maintain

-26 -



Introduction

the differentiated function and morphology of resident liver cells (Friedman, 2003).

During liver fibrosis, the activated HSCs produce a wide variety of collagenous and non-

collagenous ECM proteins. The ECM composition is altered both quantitatively and

qualitatively. Fibrotic liver contains approximately six times more ECM than normal

liver. Although collagen types I, III, and IV are all increased, collagen type I increases

much more significantly and therefore its ratio to collagen types III and IV increases

(Eckes, Kessler et al., 1999; Sato, Suzuki et al., 2003; Gressner and Weiskirchen, 2006).

The deposition of ECM in the space of Disse leads to the capillarizationof basement

membranes. The incompleted basement membranes would hinder the bidirectional

exchange processes between hepatocytes and sinusoidal blood stream and further impair

the hepatocyte functions. Furtherrnore, an excessive amount of deposited ECM and

contraction of myofibroblast-like HSCs naffow the sinusoidal lumen and lead to

intraparenchymal hemodynamic resistance þortal hypertension) (Gressner and

Weiskirchen, 2006).

1.5 Stímulí for líver ftbrosß

1.5.1 Alcohol abuse

Alcohol is primarily metabolized in hepatocytes to acetaldehyde, a step that is

catalyzed by alcohol dehydrogenase (ADH), or cytochrome P450 zBl (CYPzEl). ROS

and lipid peroxidation products are released during alcohol metabolism in hepatocytes.

In addition, alcohol can lead to the increase in the concentration of LPS in portal blood.

LPS further activates Kupffer cells to produce ROS. Finally, the released ROS and

acetaldehyde can activate HSCs through paracrine mechanism. Lipid peroxidation
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products, such as malondialdehyde (MDA) and 4-hydroxy-nonenal (4-HNE), could

stimulate the collagen production in the liver (Bataller and Brenner, 2005).

1.5.2 NASH

Nonalcoholic steatohepatitis (NASH) is the most severe form of nonalcoholic fatty

liver disease (NAFLD). NASH is a metabolic syndrome. It is characterized by obesity,

type 2 diabetes mellitus, and dyslipidemia with insulin resistance as a common feature.

The proposed mechanism of hepatic injury in NASH is associated with oxidative stress

and lipid peroxidation. Hyperglycemia and insulin resistance lead to elevated serum

levels of free fatty acids (FFA), which activate PPARa and result in FFA oxidation. The

formation of ROS subsequently causes hepatocyte damage. Furthermore, FFA can

induce the production of pro-inflammatory cytokines, such as TNFo and IL-6. ROS and

inflammatory cytokines are considered as the contributor factors in NASH (Schuppan,

Krebs et a1.,2003; Bataller and Brenner,2005; Farrell and Larter, 2006).

T.5.3 HCV

Introduction

Hepatitis C virus (HCV) is known to induce liver fibrosis. However, the mechanism

of this effect is poorly understood. It was known that HCV escapes surveillance of the

HlA-Il-directed immune response and then infects hepatocytes. Infected hepatocytes

could cause oxidative stress and induce the recruitment of inflammatory cells into the

liver, which subsequently lead to HSCs activation and collagen deposition. Moreover,

activated HSCs express HCV receptors and thus, may be infected by HCV. It was shown

that several HCV proteins (NS3, NS5) can induce fibrogenic effects in HSCs by

increasing intracellular calcium concentration, ROS production and chemokine secretion
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(schuppan, Krebs et al., 2003; Mccaughan and George, 2004; purohit and Brenner,

2006).

2. Hepatic stellate cells

2. 1 Generøl íntroduction

Hepatic stellate cells (vitamin A-storing cells, lipocytes, fat-storing cells, Ito cells)

were firstly identified by Boll and Von Kupffer in the 1870s. In 1968, Ito described their

morphological features under light microscopy (Ito and Shibasaki, 1968). The function

of HSCs in liver diseases was not thoroughly studied until the 1980s, during which HSCs

were found to be the main producer of ECM in liver fibrogenesis. From that time, many

studies have shown that HSCs are the important cell type associated with liver fibrosis

(Senoo, 2004; Bataller and Brenner, 2005).

2.1.1 Basic cell biologt

Introduction

HSCs are localized in the perisinusoidal space of Disse. They have star-like

dendritic cytoplasmic processes through which they are intimately contact with both

hepatocytes and abluminal surface of sinusoidal endothelial cells. They are also in close

proximity to hepatic nerves, which render HSCs responsive to neural stimulation of

contractility. The intermediate filament proteins are the valuable markers for detecting

HSCs by using immunohistochemistry technique. In normal liver, they are characterized

by a low proliferative rate, very modest fibrogenic potential, little cytokine secretion, and

lack of contractile properties (Senoo, 2004). As the major cell type to produce ECM,

HSCs play very important roles in matrix homeostasis in the liver. Moreover, HSCs store

almost 80% of retinoids in the whole body as retinyl palmitate in lipid droplets in
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cytoplasm (Sato, Suzuki et al., 2003). In physiological conditions, HSCs play a pivotal

role in the regulation of retinoid homeostasis. Another two possible functions of

quiescent HSCs are to regulate the blood flow and control the sinusoidal tone to regulate

the fluid exchange between the lumen of sinusoid and the Space of Disse through

endothelial fenestrate (Wake, 2006).

2.1.2 Heterogeneous populøtion of HSCs

It is known that fibrotic and cirrhotic liver constitute a heterogeneous population of

HSCs that differ in their expression of cytoskeletal f,rlaments, retinoid content and

extracellular matrix components (Schaefer, Rivas-Estilla et al., 2003). Due to the

different characteristics related to proliferative index, expression level of collagen,

TIMPI and MMPS, the heterogeneous population of HSCs exhibit different fates during

resolution of hepatic fibrosis and cirrhosis. Currently, four different CCl+-induced

fibrotic stellate cell lines have been established. These HSC lines (CFSC-8B, CFSC-2G,

CFSC-3H and CFSC-5H) represent different clones of HSCs, which were obtained from

the liver of a CCl¿-induced-cirrhotic rat (Greenwel, Rubin et al., 1993). They provide

convenient cell models to study the susceptibility of heterogeneous HSC population to

apoptosis.

2.1.3 HSCs in pathological condítíons

Following acute or chronic liver damage, HSCs undergo a process of activation.

HSCs activation is considered as a two-stage process, initiation and perpetuation.

Initiation process refers to early changes in gene expression and phenotype changes,

including loss of vitamin A, increased proliferation and motility, enhanced cellular
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contractility, and increased expression of cellular matrix metalloproteinase MMP2 and

MMP9 (responsible for the degradation of collagen IV) and tissue inhibitor of

metalloproteinase TIMP1 and TIMP2. The perpetuation process results from the

persistent effects of stimuli on activated HSCs and finally leads to fibrosis. Initiation is

largely due to paracrine stimulation, whereas perpetuation involves autocrine as well as

paracrine loops.

Activated HSCs migrate and accumulate at the sites of tissue repair, where they

secret large amounts of ECM, regulate ECM degradation and extend their long

cytoplasmic processes along the sinusoidal wall (Kawai, Enzan et al., 2003). The

morphology of these cells also changes from the star-shaped stellate cells to

myofibroblasts. This process is termed transdifferentiation, which is considered to be the

key event in the liver fibrogenesis. Moreover, the expression of a characteristic

cytoskeletal protein, alpha-smooth-muscle actin (o-SMA), is significantly increased

during this process.

2.2 Føctors involved ín the activøtion of HSCs

Factors involved in the activation of HSCs have been classified into two groups:

one group of factors involved in the initiation of stellate cell activation and the other

group factors involved in the perpetuation of stellate cell activation.

Føctors in the ínítiøtion of stellate cell actívation

The initiation of HSCs activation results from paracrine stimulation by all

neighboring cell types, including sinusoidal endothelial cells, Kupffer cells, hepatocytes,

and leukocytes. The factors secreted from these cells in response to most liver injuries
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are responsible for HSCs early changes in gene expression and phenotype changes ( lrii:ìL'

.1l ).

Føctors ín the perpetuati.on of stellate cell activøtion

The perpetuation of HSCs activation is considered to be mediated by cytokines via

autocrine and paracrine mechanisms. HSCs obtain a proliferative, fibrogenic and

contractile phenotype during the transition process of activated HSCs to myofibroblast.

It is also important to note that activated cells produce a number of chemokines such as

monocyte chemotactic peptide (MCP-I) and promote further recruitment of inflammatory

cells during the activation process (.1 ablc 4).

2.3 Intrøcellular events during hepøtic stellate cells activøtion

Four principle intracellular signaling cascades in HSCs in response to liver injuries

have been identified.

2.3.1 MAPK signøling pathwøy

Many studies have demonstrated that the MAPK signaling pathway may play an

important role in the regulation of HSCs activation. MAPK signaling via ERK can

promote HSCs mitogenesis and cell survival (Saxena, Titus et a1.,2004). Both JNK and

p38 MAPK signaling are required for o-SMA expression in early stage of HSCs

activation. Activated p38 MAPK signaling can enhance the collagen o1(I) mRNA

expression in HSCs, whereas JNK MAPK signaling inhibits its expression (Varela-R.y,

Montiel-Duarte et a1.,2002; Tsukada, Westwick et a1.,2005). In addition, JNK signaling

stimulates HSCs proliferation, whereas p38 signaling evokes a contrary effect on HSCs

proliferation (Schnabl, Bradham et al., 2001).

-32 -



Introduction

Table.4 Factors involved in the initiation and perpetuation of hepatic stellate cells activation.

Initiation stage

(Paracrine mechanism)

Function

Proliferation

Collagen degradation

Factors (producer)

Collagen synthesis

Perpetuation stage

(Autocrine mechanism)

TGF a (Kupffer c e I I s ), F ibr onecti n (Kupffe r c ell s, E n dot hel i a I c e ll s )

Fibrogenesis

PDGF (Platelets), IGF-l (He

Inhibit proliferation

and contractility

IL-10 (Kupffer cells ), INF y (Lymphocytes )

MMP9 (Kupfer cel/s), ROS (Kupffir cells, Leukocytes)

TGFp I ( Kupffer cells, P latelets, Hepatocytes ), ET- I (Endot helial cells )

Proliferation

Chemotaxis

Fibrogenesis

Contractility

Matrix degradation

Lipid peroxides (Hepatoqtes, Kupffer cells)

NO (Kupffer cells, leukocyres), IFNy (Lymphocytes)

PDGF, EGF, TGFa, bFGF,IGF-1, CTGF

PDGF, bFGF,IGF-1, M-CSF, MCP-1

TGFP1, IL-1P, IL-6, TNFc, Lipid peroxidation products

ET-1, PAF, Thrombin

MMP2, MMP9, TIMP1
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Abbreviations: ET-l, endothelin 1; MCP-I, monocyte chemotactic protein 1; MMP 9,

metalloproteinase 9; MMP 2, metalloproteinase 2; TIMPI, tissue inhibitor of

metalloproteinase I ; PDGF. platelet-derived growth factor; TGF-P l, transforming growth

(Abe,2006)factor beta 1; TGFo, transforming growth factor alpha; IGF-I, insulin-like

growth factor 1; INFy, interferon gamma; NO, nitrogen monoxide; EGF, epidermal

growth factor; bFGF, basic fibroblast growth factor; CTGF, connective tissue growth

factor; M-CSF, macrophage colony-stimulating factor; TNFcr, tumor necrosis factor alpha;

PAF, platelet activating factor; IL-10, interleukin 10; [-lB, interleukin lbeta; IL-6,

interleukin6.

Reference: (Reeves and Friedman, 2002; Safadi and Friedman, 2002; Sokol, 2002;

Friedman, 2003; Gabele, Brenner et al., 2003; Pinzani and Rombouts, 2004; Tsukada,

Parsons et a1.,2006)
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2.3.2 Smad signaling pøthway

Smad signaling pathway initiated by TGFp plays a key role in the activation of

HSCs. Active TGFP binds to type II TGFP receptor, which leads to the phosphorylation

and activation of type I TGFP receptor. The activated receptor phosphorylates Smad2 or

Smad3 which subsequently forms a complex with Smad4 and translocates into nucleus to

regulate target gene expression. TGFP signaling via Smad3 plays an important role in the

moqphological and functional maturation of HSCs. However, the signaling via Smad2

seems to be a primarily antiproliferative role during HSCs activation (Uemura, Swenson

et a1.,2005).

2.3.3 Intracellulør Ca2* sígnølíng pathway

Recently, it has been demonstrated that intracellular Ca2* signaling pathway may

play a particular important role in HSC biology (Kruglov, Correa et al., 2007). HSCs

express G-protein-coupled metabotropic receptors (P2Y), which link extracellular ATP to

downstream cytosolic C** signals. ATP binding to P2Y induces G protein

oligomerization, activation of phospholipase C, and generation of inositol 1,4,5-

trisphosphate (IP3). Binding of IP3 to the IP3R opens the IP3-gated Ca2*-release

channels, which allow localized increase in Ca2* concentration. HSCs only express the

type I IP3R, and the subcellular distribution of this receptor changes during HSCs

activation. IP3 receptors locate in the endoplasmic reticulum (ER) in quiescent HSCs.

However, they translocate into the nucleus and cell extensions upon activation with

important functional consequences. In activated HSCs, the type I IP3R in nucleus may

mediate proliferation and collagen gene transcription, whereas the receptor in cell

-35-



Introduction

extensions may mediate HSCs contraction,

(Kruglov, Correa et a1.,2007).

2.3.4 úYnt signølíng pøthwøy

signaling and exocytosis

Wnt signaling pathway has been recently identified in activated HSCs. Wnt5a,

which expression is signif,rcantly enhanced in activated HSCs, activates a noncanonical

V/nt signaling pathway through binding to cell surface receptor frizzled2. Activated

fnzzled 2 leads to the decrease in intracellular cyclic guanosine monophosphate (cGMP),

attenuates the activity of protein kinase G (PKG), and thereafter enables a robust Ca2*

mobilization in activated HSCs. Finally, the transcription of nuclear factor of activated T

cell Q.{F-AT) dependent target genes in response to Wnt stimulation are increased in

HSCs. The NF-AT target genes play very important roles in HSCs differentiation into

myofibroblasts. For example, WISPs promote the deposition of ECM. Follistatin is

directly involved in TGFB response during HSCs activation (Jiang, Parsons et al., 2006;

Ma and W*g, 2006).

3. Signaling pathways contribute to the initiation of HSCs apoptosis

Many studies have demonstrated that activated HSCs have the capacity to undergo

apoptosis both spontaneously (e.g., the resolution phase of HSC activation) and by

specific targeting with apoptotic agents (McGee and Patrick, 1972; Friedman, 1993).

The activated HSCs showed more susceptible to apoptotic stimulation than quiescent

cells (Canbay, Friedman et al., 2004). Understanding of the control of HSCs apoptosis is

very important since regulation of this process may provide a novel therapeutic approach

gap
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to the treatment of advanced hepatic fibrosis. Following are several signaling pathways

that have been shown to contribute to the initiation of HSCs apoptosis (Ì'ìii:irr',,7).

3.1 Fas/Fas-lígønd

Fas ligand (FasL), a member of the tumor necrosis factor family, initiates apoptosis

by binding to its surface receptor Fas. Binding of FasL to Fas triggers the formation of

the death-inducing signaling complex (DISC) by recruiting intracellular adaptor proteins.

These adaptor proteins subsequently bind and aggregate procaspase-8 molecules, which

cleave and activate one another. The activated caspase-8 molecules then activate

downstream procaspases to induce apoptosis (Kavurma and Khachigian, 2003). During

in vitro culture, expression of both CD95 (Fas) and CD95L (Fas-ligand) are increased in

activated HSCs. Moreover, myofibroblasts-like HSCs show higher sFasl-sensitivity

than quiescent HSCs (Saile, Matthes et al., 2002). It was demonstrated that the

physiological expression of CD95 and CD95/L during activation of HSCs could initiate

HSCs apoptosis (Saile, Knittel et al., 1997). Some studies have shown that the Fas and

FasL gene expression are regulated by stress and some cytokines. IL-10, a potent anti-

inflammatory cytokine, can promote the apoptosis in HSCs by up-regulating the

expressions of FasL and Bax, and down-regulating the expression of Bcl-Z, which may

contribute to the antifibrotic effect of IL-10. Moreover, stress-induced FasL transcription

plays an important role in the regulation of FasL gene expression (Kavurma and

Khachigian,2003).
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Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors

(TRAIL-R) are another important family of death receptors (DRs). Four TRAIL-binding

DRs have been identified: TRAIL-RI a¡rd R2 (DR4/DR5) and TRAIL-R3 and R4 (decoy

receptor). DR4/DR5 contains death domains, signals apoptosis by using the adapter

protein FADD (Fas-associated death domain), and induces apoptosis via a caspase-

dependent process (Degli-Esposti, 1999). Decoy receptor is associated with the NF-rB

and c-Jun activation. These transcription factors exert an anti-apoptotic effect via the up-

regulation of pro-survival genes. It has been shown that activated HSCs preferentially

expressed TRAIL-R2 compared to less-activated cells, whereas the expression of the

decoy receptors tended to decrease in HSCs during in vitro culture (Taimr, Higuchi et al.,

2003). Therefore, activated HSCs were susceptible to TRAll-mediated apoptosis.

3.3 Nerve Growth Føctor Receptor p75

Nerve growth factor receptor (p75) is a death domain-containing member of the

TNF receptor family. It is a receptor for the neurotrophin peptide family, of which nerve

growth factor (NGF) is the paradigm member. There still exits another receptor that may

mediate the action of NGF, the Trk family receptor tyrosine kinases (He and Garcia,

2004). The interaction of p75 with Trk receptor enhances the responsiveness of Trk

receptor to never growth factor and promote cell growth (Kaplan and Miller, 2004). It is

shown that NGF binding to p75 along can promote cell death, whereas binding to Trk

receptor leads to a proliferative response (He and Garcia,2004). Therefore, presence and

localization of Trk receptors are pivotal to determine the potential role of NGF in HSCs.

38-



Introduction

It had been documented that the expression of p75 was not observed in quiescent

HSCs but became detectable in activated HSCs. There was no expression of TrK

receptor in normal or experimentally injured liver (Trim, Morgan et al., 2000). Moreover,

the expression of NGF in hepatocytes paralleled the peak period of HSCs apoptosis

during liver injury (Oakley, Trim et a1.,2003). Therefore, the negative expression of TrK

in liver suggested that the major response of HSCs to NGF was initiation of apoptosis.

3.4 Bcl-2 fømily proteins

The BCL-2 farrily proteins include pro- and anti-apoptotic molecules. The two

subset members localize to separate subcellular compartments in the absence of a death

signal. Anti-apoptotic members are localized in the mitochondria, endoplasmic reticulum

(ER), or nuclear membrane and pro-apoptotic members are in cytosol or cytoskeleton

(Hockenbery, Nunez et al., 1990; Ifuajewski, Tanaka et al., 1993). The pro-apoptotic

BCL-2 members can be subdivided into two functional subcategories. One set of

molecules, such as BCL-XS and BAD, would serve as upstream death ligands which

function by binding to the BCL-2 or BCL-XL to inhibit their anti-apoptotic activity

(Gross, McDonnell et al., 1999). The other set of molecules, such as BID, could integrate

and become integral mitochondrial membrane proteins. Following a variety of death

signals, pro-apoptotic molecules BAX, BAK, BCL-XS or BID translocate to the

mitochondrial membrane and act independently or with BCL-2 or BCL-XL to alter

mitochondrial membrane potential (MMP). This causes the release of cytochrome c,

which activates downstream caspase cascade (Gross, McDonnell et al., 1999). Therefore,

the ratio between pro and anti-apoptotic Bcl2 family member determines, in part, the

susceptibility of cells to a death signal.
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It has been demonstrated that freshly isolated HSCs showed prominent expression

of BCL-2 and reduced expression of BCL-XL (Boise, Gonzalez-Garcia et al., 1993).

Moreover, the expression of pro-apoptotic BAX and BCL-XS were increased

dramatically in activated HSCs compared with quiescent HSCs (Gong, Pecci et al., 1998).

Thus, the ratio of anti-apoptotic BCL-Z and BCL-XL to pro-apoptotic BAX, was shifted

to the direction of pro-apoptosis in activated HSCs (Baliga and Kumar,2002).

4. Animal models of cholestatic liver fibrosis

Bile duct ligation (BDL) can induce cholestatic hepatic fibrosis or cirrhosis in rat,

rabbit, dog and monkey. In humans, several clinical conditions can lead to biliary

fibrosis, such as primary sclerosing cholangitis and extrahepatic biliary atresia. This

fibrosis model is characterized by primary pathological lesions occurred surrounding the

bile duct epithelium. The operation of BDL introduces biomechanical stress to biliary

epithelium and triggers the compensatory proliferation and expansion of biliary epithelial

cells (BECs) (Rojkind and Greenwel, 1993; Wu and Norton, 1996). Following the

proliferative response of BECs, chronic obstruction of bile duct causes massive activation

of HSCs in the periductal region and ultimately results in liver fibrosis and cirrhosis (Wu

and Norton,1996). This model is often used to study differentiation and apoptosis of

HSCs, expression and regulation of ECM, interaction of different hepatic cells, and

proliferation of hepatocytes in fibrotic liver (Xia, Dai et a1.,2006).
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Figure 7 Signaling pathways involved in HSCs apoptosis
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Oval Cells

1. Generøl introduction

The "stem-like" cells in the liver were not identified until 1940s when Kinosita

studied the capacity of liver regeneration using a hepatocarcinogenesis animal model

(Vessey and de la Hall, 2001). Thereafter, many experiments provided evidence in

support of the existence of a liver stem cell population (Solt, Medline et al., 1977;

Dunsford, Maset et al., 1985; Alison, Poulsom et al., 1993). The concurrence of

extensive hepatic inju.y and factors inhibitory to hepatocyte proliferation was the

requirement for the rapid emergence of this cell population in the liver.

The stem-like cells are oval-shaped with scanty cytoplasm, termed "oval" cells in

rodent and termed "progenitor" cells in human (Farber, 1956). They are 3-5 pm in

diameter, smaller than the smallest cholangiocytes (6 pm) detected in rat liver and have a

high nuclear to cytoplasmic ratio with a vesicular oval nucleus under conventional light

microscopy. The oval cells can be detected by using immunohistochemistry with a

mouse monoclonal antibody OV-6, which was raised against the hepatocytes isolated

from liver nodules of 2-AAF treated rats (Dunsford and Sell, 1989; Crosby, Hubscher et

al., 1998).

The oval cells are located at the smallest branches of the intrahepatic biliary tree, the

canals of Hering. When severe damage occurs in the liver, proliferative oval cells are

budding off portal bile ducts and forming tortuous ductular structures with the expression

of alpha-fetoprotein (AFP), and then spreading out into the hepatic parenchyma (Alison,

Poulsom et al., 1993).
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2. Ovøl cells: stem cells

The classical definition for "stem cells" by Potten and Loeffler is "undifferentiated

cells capable of proliferation, self maintenance, production of a large number of

differentiated progeny, regeneration of tissue after injury and flexibility in the use of

these options" (Potten and Loeffler, 1990). Essentially, there are two requirements for a

cell to be "stem cell", self-renewing and pleuripotent.

The in vlvo self-renewal capacity of oval cells has not been thoroughly documented

since oval cells can not be easily detected in normal liver (Lowes, Brennan et al., 1999).

Generally, the self renewal of quiescent stem cells is relatively slow, and differentiated

daughter cells or intermediate cells can proliferate more rapidly. Increased oval cells can

be easily detected in rat liver after induction with carcinogens by immunohistochemistry.

The isolated oval cells from rat liver after treatment with 2-AAF can form colonies and

maintain oval cell phenotype for at least 30 days in the absence of growth factors and

ECM proteins (Leite, Correa-Giannella et al., 2007). As for the pleuripotency, it has

been demonstrated that oval cells can give rise to either hepatocytes or cholangiocytes

depending on the injury or the cell culture conditions. Oncostatin M, dexamethasone,

bFGF and HGF all have the capacity to induce oval cell differentiation toward hepatocyte

lineage (Germain, Noel et al., 1988; Dasgupta, Hughey et al., 2005; Okaya, Kitanaka et

al., 2005). Moreover, several in vivo studies indicated that oval cells can differentiate

into either hepatocellular or cholangiocyte lineage (Tee, Kirilak et al., 1994; Golding,

Sarraf et al.,1995; Evarts, Hu et a1.,1996).
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3. Oval cells nìche

The niche concept was first elucidated in the ovarian stem cell niche in Drosophila

(Spradling, Drummond-Barbosa et al., 2001). Niche represents microenvironment

around stem cells, which regulates stem cell activities, quiescence, proliferation or

differentiation. Generally, niche includes stromal cells, base membrane and extracellular

matrix (Figure 8).

Cønals of Hering

Oval cells are located at the canal of Hering, which is the terminal branches of the

intrahepatic biliary tree (Theise, 2006). It is partially lined by hepatocytes and

cholangiocytes and forms the connecting channel between the bile ductules and bile

canaliculi. The lined hepatocytes and cholangiocytes are morphologically and

phenotypically intermediate cells, which are not found in normal tissue (Paku, Schnur et

al., 2001). Confocal microscopy clearly showed that the oval cells form ductules

surrounded by basement membrane, which derives from the canals of Hering and

terminates on hepatocytes. The basement membrane and the contact between

hepatocytes and oval cells may play an important role in regulating stem cell proliferation,

differentiation and migration (Paku, Schnur et al., 2001).

Niche cells

In the liver, it has been suggested that one niche cell is HSCs. Ultrastructure of

portal area of liver in Z-acetyl-aminofluren (AAF)-treated rat after partial hepatectomy

clearly showed that HSCs moved across the basement membrane and formed direct cell-

cell contact with oval cells (Paku, Schnur et al., 2001). However, the exact function of

HSCs in regulating oval cells selÊrenewal and differentiation remains to be fuither
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investigated. Moreover, the adhesive molecules that anchor stem cells to their niche play

crucial roles not only in keeping stem cells within the niche but also in transducting the

controlled signaling from niche to stem cells.

ECM

Adnesive
Molecule

Progeny

Figure 8 Niche structure. Niche cells underlying a basement membrane

signal to stem cells to block differentiation and regulate division.
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ECM

It has been demonstrated that ECM not only acts as scaffold physically connecting

different cell types and maintaining the location but also recruits many kinds of cytokines,

which regulate the activities of stem cells (Dasgupta, Hughey et a1.,2005). In the liver,

the basement membrane of bile ducts consists of laminin and type IV collagen, and the

expression of integrin is also observed in biliary tree (Leite, Correa-Giannella et al.,

2007). Since HSCs, the primary source of ECM in the liver, are structurally associated

with oval cells, ECM may play an important role in regulation of the proliferation and

differentiation of oval cells.

4. Hepatíc ønd bílíøry mørkers for oval cells

A wide range of markers has been used to identiff oval cells. OV-6 is mouse

monoclonal antibody, raised against hepatocytes isolated from 2-AAF treated rat liver

(Dunsford and Sell, 1989; Crosby, Hubscher et al., 1998). It recognizes a cytokeratin

with epitopes shared on both CK 14 and CK 19 (Dunsford and Sell, 1989; Bisgaard,

Parmelee et al., 1993). Oval cells can express hepatocellular markers and biliary

differentiation markers. Moreover, some markers associated with haematopoietic cells

can also be expressed by oval cells, which may imply the bone marrow origin of oval

cells (Petersen, 2001). These markers can be used to immunochemically detect and sort

oval cells ('l'able 5).

Differentiation of oval cells toward biliary or hepatocellular lineage is determined

by using the expression pattern of hepatic and biliary markers, which are often used to

elucidate the oval cells hepatic and biliary lineage mature (Table 6).
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Table 5. Markers used in the identification of oval cells in liver.

lovat 
cetls

I 

monoclonal antibodies

I Biliary epithelial phenotype

I

I

lHaematoRoietic 

cells

I

lg".rrtopo¡.tic stem cells marker

l r,,,.o differentiation markers

lH.nrti. 
phenotype

I 

Hepatocetlular carcinom¡ marker

lOeleteO 
in malignant brain tumour I

lGap junction protein

ov-6

oc.2, oca, oc.4.oc.s, oc.l0

BDST

Gam ma-glutamyltranspeptidase (GGT)

Thy-l

c-kit

cD34

flt-3 ligand/flt-3

ABCG2/BRCPI

cK7, CKlg, CKl4

4FP
Placental form of glutathione-S-transferase (GST-P)

DMBTI

Connexin 43

Table 6. Markers used to identifu the differentiation lineage of oval cells.

iìi:¡;.il f*i:'u Irt+

Early hepatic marker:

Fetoprotein (AFP)

Mid-hepatic marker:

Albumin

Late hepatic marker:

Glucose-6-phosphatase(G6Pase)

Tyrosine-aminotransferase (TAT)

lå;l: ,.. :t ..
-..:"-ri.: :

cKt9, cK7

B4 integrin

Yp

CX43

GGTmRNA IV
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HYPOTHESIS AND OBJECTIVES

Rationale

Many studies have proved that BMP4 signaling plays an important role during liver

development' BMP4 expressed in mesoderm is required for the induction of liver-

specific markers, such as albumin, and the exclusion of expression of a pancreas gene in

endoderm. In adult liver, even though BMP4 expression appears undetectable in normal

liver, stable expression of BMPRs in hepatocytes, hepatic stellae cells and hepatic stem

cells obviously renders these cells responsive to BMP4. TGFP, another member of TGFB

superfamily, is directly involved in liver fibrogenesis through initiating Smad and MApK

signaling pathways in HSCs. It has been shown that BMP4 can initiate a wide variety of

biological activities in different cell types depending on the different spatial and temporal

expression patterns of ligand and interaction of downstream signaling molecules with

various partners. Some partners associated with BMP4 downstream signaling molecules

have shown changes in activity and expression levels during liver fibrogenesis, such as

RLINX (Miyazono, Kusanagi et al., 200I; Bertrand-Philippe, Ruddell et al., 2004), p300

and C/EBP (Yavrom, Chen et al., 2005). Therefore, it is reasonable to hypothesize that

BMP4 is an important cytokine involved in liver fibrogenesis.
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Hypothesis:

BMP4 and its induced signaling pathway play crucial roles in trans-differentiation

and apoptosis of hepatic stellate cells as well as differentiation of hepatic stem cells.

Objectives:

o To investigate BMP4-induced differentiation of hepatic stellate cells.

o To investigate intracellular signaling pathway initiated by BMP4 during the

differentiation of hepatic stellate cells.

o To investigate BMP4-induced differentiation of rat hepatic stem cells, WB-F344

cells, toward hepatocytes.

o To investigate intracellular signaling pathway initiated by BMP4 during the

differentiation of WB-F344 cells.

o To investigate BMP4 signaling in determination of the susceptibility of hepatic

stellate cells to apoptosis.
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II. MATERIALS AND METHODS

l. Materials

Table 7 Materials

_Product

25cmz Cell Culture Flask

l5ml Centrifuge Tubes

50ml Centrifuge Tubes

100bp DNA Ladder (250ug)

1Oul Pipet Tips

200u1Pipet Tips

lO00ulPipet Tips

100mM dNTP set, PCR Grade

¡y-3211-atl

Adeno-XrM Expression Systems

Adeno-XrM Rapid Titer Kit

7-Aminoactinomycin D

Annexin V-Cy3 Apoptosis Kit

Acrylamide

Anti-mouse IgG (HRP linked)

BCA Protein Assay Reagent

BLOCK-iTrM U6 RNAi Entry Vector kit

Collagenase Type IV

Costar 96-well Easy Wash ELISA Plate

BD Adeno-X Rapid Titer Kit

Bis-acrylamide

Charcoaf s(ripped fgfa!,bo-vine gerygr-

Company

Fisher

Fisher

Fisher

Invitrogen

VWR

VWR

VWR

Invitrogen

Amersham

Clontech

Clontech

Sigma

CEDARLANE

Sigma

Amersham

PIERCE

Invitrogen

Sigma

Fisher

BD Biosciences

Sigma

Hyclone
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Product

Dexamethasone

Dnase I

Dulbecco's Modified Eagle Medium

ECL Plus Reagents

Essential amino acids

G-25 Sephadex Column

GFX PCR DNA and Gel Band Purification Kit

Glycerol

Kodak Biomax XAR film

L-Glutamine

LB Broth

Lipofectamine2000

MEM

Methanol

MicroSpin G25 column

MlV-Reverse Transcriptase

Noggin

Non-essential amino acids

Nonidet P40 substitute

Nuclei EZprepkit

Nycodenz AG

One Shot@ Topl0 competent cells

Oligo(dT) 12-18 Primer

PCR Thermowell Tubes

Penicillin, Ampicillin

Pac I

Company

Sigma

Roche

GIBCO/BRL

Amersham

GIBCO/BRL

Roche

GE health care

Sigma-Aldrich

GE health care

Fisher

Fisher

Invitrogen

Hyclone

VWR

GE health care

Invitrogen

R&D Systems

GIBCO/BRL

Sigma-Aldrich

Sigma-Aldrich

Invitrogen

Invitrogen

Promega

Fisher

GIBCO/BRL

New England
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'

Product

Phenol/Chloramform/Isomyl Alcohol(25 :24:I)

Plasmid DNA Spin Miniprep Kit

Polyd(I-C)

Polaroid Film Type 667

Ponceau S solution

Pronase

Protein assay kit

Proteinase inhibitor

Proteinase K

QIAGEN Plasmid Mini Kit

QlAquick PCR Purification

Rainbow protein marker

RNaseOut Rnase Inhibitor

RNase, DNase-free

RNeasy Plus Mini Kit

Staurosporine

Sodium pyruvate

T4 DNA ligase

T4 polynucleotide kinase

Taq DNA Polymerase

The BLOCK-iTrM Adenoviral RNAi Expression System

Trichloroacetic Acid

Tris Base

Tween-20

u0t26

We_stem B I ot Membran,e_

Company_

Sigma-Aldrich

Qiagen

GE health care

Fisher

Sigma-Aldrich

Roche

Bio-Rad

Invitrogen

Invitrogen

Qiagen

Qiagen

Amersham

Invitrogen

Roche

Qiagen

Sigma

Sigma

Promega

Invitrogen

Qiagen

Invitrogen

VWR

Sigma-Aldrich

Sigma

Promega

Fisher
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Materials and Methods

2.1 Animal model of liverJibrosis

Male Sprague-Dawley rats (450-550gram body weight) were purchased from Central

Animal Breeding Facility of the University of Manitoba and maintained under

temperature controlled conditions (22-28'C) and an artificial 12 hrs lighldark cycles with

food and water ad libitum. In conducting the research described in this thesis, all animals

received humane care in compliance with the Institution's guidelines (animal protocol

no.98-053), which is in accordance with the Canadian Council on Animal Care's criteria.

Rats were randomly divided into bile duct ligation (BDL) and sham surgery groups.

After being anesthetized with pentobarbital, the common bile duct of rats was exposed by

median laparotomy and occluded by double ligature with a non-resorbable suture (7-0

silk). The first tie was made below the junction of the hepatic ducts and the second was

made above the entrance of the pancreatic ducts (AckerTnan, Karmeli et al., 1996). The

common bile duct was cut completely between these two ties. For sham-operated rats,

laparotomy was performed but the common bile duct was neither ligated nor cut.

Following surgery, rats were kept in individual cages until being sacrificed at 1,2, 3,

4, 5, and 6 weeks, respectively. At the end of the experiment, the common BDL was

confirmed to be intact with proximal dilatation of the conìmon bile duct. Liver tissue was

collected. Sectors of the liver were immediately frozen in liquid nitrogen and stored at -

70oC for subsequent determination.
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2.2 Isoløtíon of rat hepatíc stelløte cells

Hepatic stellate cells were isolated from rat liver by two steps of collagenase and

pronase methods (Shen, Zhang et a1.,2002). The liver was perfused via the portal vein

first with Ct* free Hanks' balanced salt solution (HBSS), pH7.4,for 10 minutes at37'C

and then with Ca2* HBSS containing 0.125 mg/ml collagenase D, 0.5 mg/ml pronase and

15 pglml DNase I for 20 minutes. After being dispersed gently, cells were incubated

with 0.025mgiml collagenase D, 1 mg/ml pronase, 15 pglml DNase I and I mg/ml BSA

for another 12 minutes with constant low speed stirring at37oC.

The cell suspension was filtered through a l00pm mesh. After removing

hepatocytes by centrifugation at 4809 using a bench-top centrifuge, Hepatic stellate cells

were separated from other non-parenchymal cells by density gradient centrifugation on

11.3 % Nycodenz with sodium chloride at 15009 for 17 minutes at 4"C. Hepatic stellate

cells were harvested from the interface between suspension buffer on the top and ll.3%

Nycodenz solution, and then cultured on uncoated plastic tissue culture dishes (Costar) at

a density of 25,000 cells/cm2. Hepatic stellate cells were identified by the typical star-

like configuration under light microscopic appearance. Purity was always greater than

9s%.

Hepatic stellate cells were incubated in DMEM supplemented with 10% FBS,

antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin) and 2mM L-glutamine at

37"C in a humidified atmospherc of 5%o COz. The first change of culture medium was

made 24hrs after seeding and then changes were made every 48 hrs.
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2.3 Cell line ønd culture conditions

2.3.1 Rat hepatíc stelløte cell line-T6 cells

Rat HSC line-T6 cells was the generous gift of Dr. Scot Friedman (Mount Sinai

School of Medicine, NY, USA). T6 cells were maintained in DMEM supplemented with

l0o/o fetal bovine serum, 4.5gll glutamine, 100 ru/ ml penicillin, 10Omg/ml streptomycin,

and 2mmol/l L-glutamine at 37oC in a humidified atmosphere of 5%o COz and 95Yo air.

Cells were sub-cultured in 1Ocm culture dishes for experiments. One day before addition

of BMP4, culture medium was removed and cells were incubated with DMEM with

0.0I% FBS for the rest of experiments.

T6 cells were derived from healthy male Sprague-Dawley rat hepatic stellate cells

and immortalized through infecting a temperature-sensitive mutant SV40. With regard to

the expression of retinoid-related proteins, T6 cells resemble more quiescent hepatic

stellate cells as found in vivo or in primary culture rather than an activated stellate cell.

2 3.2 Rat hepøtic stellate cell lines-CFSC-88, CFSC-2G, CFSC-3H, ønd CFSC-SH

CFSC-8B, 2G 3H, and 5H (cinhotic fat-storing cell-88, 2G, 3H and 5H) were

kindly provided by Dr. Marcos Rojkind (The George Washington University, DC). Cells

were cultured in MEM supplemented with 1olo non-essential amino acids, 10% FBS,

100U/ml penicillin and 100¡rg/ml streptomycin at 37oC in a humidified atmosphere of 5o/o

COz and 95Yo air. Cells were sub-cultured in l0 cm culture dishes for experiments. One

day before treatment, culture medium was removed and cells were incubated with serum-

free MEM. CFSC cell lines were originally isolated from cirrhotic rat liver and used as
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an in vitro model for activated HSCs based on their expression levels of collagen I and

TIMP I . (Schaefer, Rivas-Estilla et al., 2003).

2.3.3 Røt hepøtic stem cells-WB-F344 cells

WB-F344 cells were kindly provided by Dr. William B. Coleman (The University of

North Carolina at Chapel Hill, Chapel Hill, NC). Cells were cultured in MEM with 50%

increased concentrations of essential and non-essential amino acids, and supplemented

with 110mg/l sodium pyruvate, 10mM HEPES, I0% FBS, 100U/ml penicillin

andlO0¡rg/ml streptomycin at 37oC in a humidified atmosphere of 5Yo CO2 and 95Yo air.

Only the cells at passages 11-22 were used throughout the study. Cells were sub-

cultured in 10cm culture dishes for experiments. One day before treatment, culture

medium was removed and cells were incubated with medium described above

supplemented with 5o/o charcoal stripped FBS.

WB-F344 cell line was isolated and cloned from the liver of a young adult male

Fischer 344 rat and established as an immortalized cell line under conditions that

excluded differentiated hepatocytes or biliary epithelial cells. They were genetically

tagged with the E. coli lac Z gene (p-galactosidase) by infection with the CRE BAG2

retrovirus. WB-F344 cells are diploid, anchorage-dependent, express contact inhibition

in vitro, and are not tumorigenic.

2.3.4 Human kídney cells-2934 cells

Human kidney cell line - 293A cells was purchased from Invitrogen (Carlsbad, CA)

and maintained in DMEM supplemented with l0% FBS, l00IU/ml penicillin, 100 mg/ml
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streptomycin, and 2mmolfl L-glutamine at 37oC in a humidified atmosphere of 5%o COz

and 95Yo air.

The 293 cell line is a permanent cell line established from primary embryonic human

kidney transformed with sheared human adenovirus type 5 DNA (Graham, Smiley et al.,

1977; Harrison, Graham et al., I9l7). The293A cell line is a subclone of the293 cell

line. It can supply the El proteins as trans factors that are required for the expression of

adenoviral late genes, with which adenovirus can replicate. The cells exhibit a fatted

morphology, enabling easier visualization of viral plaques.

2.4 Cell co-culture

The co-culture of hepatic stem cells with hepatic stellate cells was employed to

investigate the effect of hepatic stellate cells on hepatic stem cell differentiation. A

mixture of hepatic stem cells (1X104 cells) and hepatic stellate cells (1X103 cells) was

seeded in a 35mm well and cultured in the serum free standard hepatic stem cell culture

medium with medium changes every 2-3 days. The mixture of cells was cultured for 1

week.

2.5 Mícrophotography

Cells were imaged and photographed on an Olympus inverted-phase microscope

(CK-40) using a mounted Olympus 35-mm camera (Carsen Group, Markham, ON,

Canada) and TMAX400 Kodak black-and-white film (Eastman Kodak, Rochester, NY).
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Materials and Methods

Total RNA was extracted from liver tissues and cells using TRIzol@ Reagent

according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). RNA was

eluted in RNase-free water and the concentration was determined by using a

spectrophotometer (Bio-Rad SmartSpec 3000 Spectrophotometer, Life Science Research

Division, Mississauga, oN). Good quality RNA had an Azootzso ratio of l.g to 2.

Working stocks of lpg/pl RNA in RNase-free water were prepared and used for all RT-

PCR reaction. RNA was stored at -70oC.

2.7 Reverse transcription polymerase chaín reaction (RT-PCR)

The first-strand cDNA was synthesized by an Advantage RT-for-PCR kit

(CLONTECH, Palo Alto, CA). Briefly, lpg of total RNA was dissolved in

diethylpyrocarbonate (DEPC)-treated doubled-distilled water (ddH2O) to achieve a final

volume of 12.5¡rl. Subsequently, lpl oligo(dT) primer,4¡rl 5X reaction buffer, lpl

l0mmol/l dNTP mix, 0.5prl recombinant RNase inhibitor, and lprl Moloney murine

leukemia virus reverse transcriptase were added and incubated for t hr at 42"C. At the

end of reverse transcription, the reaction mixture was heated to 94"C for 5 minutes to

denature reverse transcriptase and brought up to a final volume of 100p1 with DEPC-HzO.

PCR reactions were performed using Taq DNA Polymerase kit (Qiagen, Mississauga,

ON). Taq DNA Polymerase is a high quality recombinant polymerase originally isolated

from Thermus aquaticus, and expressed in E. coli. This kit includes two unique PCR

buffers. QIAGEN PCR Buffer contains both KCI and (NHa)2SOa providing a wide
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annealing temperature window and tolerance to variable Mg2* concentration. Q-Solution

facilitates amplification of difficult templates by modifuing the melting behavior of DNA.

A typical 50pl PCR reaction was setup as seen in lsl:ic li. Primers were designed

using Oligo5 program according to the DNA sequence and synthesized by Invitrogen

(Invitrogen, Burlington, oN). PCR reactions were performed in an Eppendoff

MasterCycler (Eppendoff Westbury, NY). The cycling conditions were as follows:

initial denaturation at 95oC for 5 minutes, followedby 25 to 38 cycles of denaturation at

95oC for 1 minute, annealing for 45 seconds at different annealing temperatures listed in

'i¿ri.,lc 9, extension at72oC for 90 seconds, and then followed by l0 minutes of final

extension at72"C. PCR products were analyzed by electrophoresis in a 1.2%o agarose gel.

Identity of PCR products was confirmed by sequencing at DNA sequencing facility of

Manitoba Institute of Cell Biology.

Table I Components for one PCR reaction

Component Volume (pl)

cDNA template

I0X PCR Buffer

5X Q Buffer

25mM MgCl 2

dNTP mix (10 mM each)

Forward Primer

Reverse Primer

Taq DNA Polymerase

RNase-free lVater

5

5

l0

4

I

I

I

0.4

22.6
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2.8 Proteín ßoløtíon

2.8.1 Nuclear proteÍn

Cell nuclear protein was isolated by Nuclei EZ prep kit (Sigma-Aldrich, Okaville

ON). Cells were washed with ice-cold PBS two times. After aspirating the PBS, 800p1

of ice cold Nuclei EZ lysis buffers was added to lyse cells. Cells were then harvested by

thoroughly scraping the dish with a small bladed cell scraper. Cell lysates were set on ice

for 5 minutes and then centrifuged at 500Xg for f,rve minutes at 4oC. The supernatant

was carefully aspirated and the nuclei pellet was set on ice. The nuclei pellet was then

washed with 400p1 of ice-cold Nuclei EZ lysis buffers as described above. Finally, the

nuclei pellet was resuspended in 200¡rl of ice-cold Nuclei EZ storage buffer

supplemented with 2pl protease inhibitor cocktail (Sigma-Aldrich, Oakville ON). The

nuclei fraction was stored at -70C. The nuclear protein concentration was determined by

the BCA (PIERCE, Rockford, IL) assay. Appropriate amount of nuclear proteins was

subjected to western blot analysis and DNA and protein binding reaction experiments.

2.8.2 ll/hole cellular protein

For isolation of whole cellular protein from liver tissues, 100mg liver tissue was

homogenized in 2ml ice-cold lysis buffer (50 mM Tris pH8.0, 0.5mM EDTA, 150mM

NaCl, 0.5% NP-40 and 20¡t"l protease inhibitor cocktail) by a power Brinkman

homogenizer (Brinkman Instrument, Westbury, NY). Following homogenization, the

insoluble material in the homogenate was removed by centrifugation at 12,000X g for 10

minutes.
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Table 9 Primers, condition of polymerase chain reaction and siRNA sequence.

Albumin

G6Pase

Tyrosine A minotransferase

Cytokeratin l9

Integrin p4

BMPRII

BMPR]A

BMP4

BMP4

GAPDH

BMP4 si RNA

Non-silencing siRNA

Gene

Materials and Methods

SENSE

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

sense

anti-sense

5'-ACCAGGCCACTATCTCCAGCA-3'
5'.CGCCTTCAGCACAGCACTTCTC-3'
5'-ATCGGGAGGAGGGGGAGTGTTTGG-3'
5'-CAGCAGCGTGGTCAGGGAAGCAGT-3'
5'-GAGAAGCAGAAGACGGAGGAT-3'
5'-CTACGAGAAGACAAGGAGGAAGAT-3'
5'-CGCTTTG GGTCAGGGGGTGTTTTC-3'
5'-CAGCAGCCCATCGGTCACAGTCA-3'
5'.GGAAATACTGTGCCTGCTGC.3'
5'-GTGATGTTTACCAGGCGTCG-3'
5' -GCTAACTGGAAATCGGCTGGTG-3'

5' -GCATAGCAGTTGACATTGGGTTGA-3'
5' - TGAAGAAAGCAGCAGGTGAAAG-3'
5' -GAA CAGACAGGCTCCCAGTAATCT.3'
5'-C CTTTC CAGCAAGTTTGTTCAA-3'
5'-GTGGTCGGATGG GCTTTGT-3'
5'-CCCTGGCTCTGCTCTTCT TC-3'
5'-CCCTGGCT CTGCTCTTCTTC-3'
5' -GGGATGGAATTGTGAGGGAGATG.3'
5' -TGATGCTGGTGCTGAGTATGTCGT-3'
5'-CACCGGATTACATGAGGGATCTTTACGAATAAAGATCCCTCATGTAATCC-3'
5'-AAAAGGATTACATGAGGGATCTTTATTCGTAAAGATCCCTCATGTAATCC-3'
5'-CACCGTTCTCCGAACGTGTCACGTCGAAACGTGACACGTTCGGAGAA-3'
5'.AAAATTCTCCGAACGTGTCACGTTTCGACGTGACACGTTCGGAGAAC-3'

Primers Temperature
rt)
60

60

Size

lbol

54

1040

332

431

r68

749

506

190

l3 68

587

981

63

60

59
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For isolation of whole cellular protein from cells, after washing with ice-cold PBS

two times, 600p1 cold lysis buffer was added directly in the culture dish. Cells were

harvested by thoroughly scraping the dish with a small bladed cell scraper. The insoluble

material from the lysate was removed by centrifugation at 12,000X g for 10 minutes.

Protein concentration was determined by the BCA (PIERCE, Rockford, IL) assay.

For liver tissues, working stocks of 5pgipl protein in lysis buffer were prepared.

Reconstituted protein samples were aliquoted into 500¡rl fractions. Protein samples were

stored at -70oC. Appropriate amount of proteins was subjected to westem blot analysis.

2.9 ll/estern blot analysís

Different amount of total protein was employed to detect different target proteins in

western blot analysis ('labt* 1i). Proteins of samples were boiled for five minutes in 4X

gel loading buffer (250mmol/l Tris-HCl, pH:6.8,0.8% sodium dodecyl sulfate (SDS),

20%o glycerol,0.2Yo bromophenol blue and 5o/o p-mercaptoehanol). The purpose of this

step was to denature and unfold the proteins. The SDS surrounded the protein with a

negative charge and the p-mercaptoethanol prevented the reformation of disulfide bonds.

Then the proteins were separated completely according to the molecular weight using

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The choice of

the percent gel was based on the molecular weight of proteins (Ì'i:i:ic lil). Once

separated, proteins were electrophoretically transferred to a Nitroplus-2000 membrane

(Micron Separations Inc., Westborough, MA). Nonspecific antibody binding was

blocked by pre-incubation of the membranes in TBS-T solution (Tris-buffered-saline-

Tween, 2.429 Tris base, 29.25g NaCl, and lml Tween 20 per liter) containing 5% skim

milk for I hr at room temperature. This blocking step can eliminate false positives and
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lead to clearer results. After blocking, membranes were then incubated overnight at 4'C

with appropriated primary antibodies at different dilutions in TBS-T solution containing

2Yo skim milk ( lai:ic i i). After washing the membranes with TBS-T to remove unbound

primary antibody, the membranes were subsequently incubated with donkey anti-rabbit

IgG or sheep anti-mouse IgG at 1:1,000 dilutions for I hr at room temperature. The

second antibody is linked to a reporter enzyme, horseradish peroxidase, vr,lriclr con\icrts ¿ì

lurnint¡l sutrstrate to a light r:eleasing subsfance in proportion to the amount of protein.

The protein-antibody complexes were detected by enhanced chemiluminescence kit (ECL

system, GE health care) according to the manufacturer's instruction and the densitometry

of the bands was determined by using ImageJ program.

Table 10 The choice of the percent gel based on the

molecular weight of proteins

Gel percentage (o/") Protein size (kDa)

20

r5

12.5

l0

I

4-40

t2-45

l0-70

l5-100

25-200
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2.10 Electrophoretic Mobilíty Shift Assay (EMSA)

The EMSA is a common technique to study protein-DNA interaction in vitro. The

interaction of proteins with DNA regulates DNA replication, DNA recombination, and

DNA repair. In addition, it also regulates transcription of gene expression. The

technique is based on the fact that protein: DNA complexes migrate more slowly than

free DNA molecules when they are electrophoresized on non-denaturing polyacrylamide

gel.

The consensus double-strand oligodeoxynucleotide probes for CiEBP (iirbirl3)

(santa cruz Biotechnology, Santa cruz, cA) were radiolabeled using ¡y-32e1-atp (GE

Healthcare, Pittsburgh, PA) and T4 polynucleotide kinase (Invitrogen, Burlington, ON).

T4 polynucleotide kinase possesses a 5'polynucleotide kinase and a 3'phosphatase

activity. The enzyme converts transfer of a phosphate of ATP at y-position to the 5'

hydroxyl group of DNA. A typical labeling reaction was set up as seen in l:ibl*ì'ì.
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Table 11 Antibody and condition of western blot analysis

Primary antibody

p-actin

GAPDH

Histon Hl

a-SMA

BMP4

ERKl

p-ERKI/2

p38

p-p38

JNKI

p-JNKI/2

Smadl

p-Smadl

C/EBPa

Albumin

Type

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Polyclonal

Polyclonal

Monoclonal

Monoclonal

Monoclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Polyclonal

Host

Mouse

Mouse

Mouse

Mouse

Mouse

Rabbit

Rabbit

Mouse

Mouse

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Total proteins used (pg) Working dilution

l0

20

50

l0

40

10

40

60

60

60

40

60

60

40

60

l:2000

l:2000

l:2000

l:2000

1:1000

l:2000

l:500

l:500

l:500

l:500

l:1000

l:1000

l:1000

1:500

l:500

Sigma-Aldrich (Okaville, ON)

IMGENEX ( San Diego, CA)

Santa Cruz ( Californi4 CA)

Sigma-Aldrich (Okaville, ON)

Santa Cruz ( Santa Cruz, CA)

Santa Cruz ( Santa Cruz, CA)

Santa Cruz ( Santa Cruz, CA)

Santa Cruz ( Santa Cru4 CA)

Santa Cruz ( Santa Cru4 CA)

Santa Cruz ( Santa Cruz, CA)

R&D System (Minneapolis, MN)

Upstate (Homby, ON)

Upstate (Homby, ON)

Santa Cruz ( Santa Cruz, CA)

Immunology Consultants Lab (Newbere.OR)

Source
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After centrifugation, reaction mixture was incubated at 37"C for 10 minutes and then was

stopped by adding EDTA to a final concentration of 5mM. Radiolabeled probes were

purified by passing reaction mixture through a G-25 Sephadex Column (Roche Laval,

QC) to remove free [1-32P]-ATP. TE buffer (90p1) was added to reaction mixture. The

final concentration of radiolabeled probes is 0.05pmol/pl.

For EMSA, 6¡19 of nuclear protein was preincubated in a reaction mixture consisting

of 1¡rg of poly (dI-dC) (GE health care), and appropriate amount of 5X binding buffer

(20% glycerol, 5mM MgClz, 2.5mM EDTA, 2.5mM DTT, 250mM NaCl, and 50mM

Tris-HCl pH7.5) for 15 minutes on ice to block nonspecific binding. Radiolabeled

probes (0.2 pmol) were than added and incubated for 20 minutes at room temperature

( i ribit l4).

Specificity of the EMSA was tested by competition experiment in which a 100 mol

excess of unlabeled wild-type or mutated oligonucleotide was added to the reaction

mixture and preincubated for 20 minutes at room temperature before the addition of

oligonucleotides. Supershift analysis was performed by adding 2mg antibody against

C/EBPo and incubated for 20 minutes at room temperature before the addition of

oligonucleotides ( I'abic 1-l).

Resulting protein/DNA complexes were separated on a 4Yo polyacrylamide gel

(6.7m1 of 30%o polyacrylamide, l.25ml of 2o/o bi-acrylamide, 2ml of 1OXTBE, 150u1 of

20yo APS,30ml of water, and 34ul of TEMED) in 0.5XTBE buffer. Gel was pre-run at

l00v for 30 minutes and then samples were mixed with l0Xgel loading buffer (250mM

Tris-HCl (pH 7.5), 0.2%obromophenol blue,40o/o glycerol) and run on a gel for 3 hrs at

200V at 4oC. The gel was dried under vacuum for 2 hrs at 50oC using Slab Gel Dryer-
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2000 (Fisher Scientific Limited) and exposed to X-ray film (Kodak Biomax XAR film)

for 3-6 days.

Table 12 Oligodeoxynucleotide probes for C/EBP

C/EBP Consensus Oligonucleotide

(binding sitefor CCAAT enhancer binding proteins)

5'- TGC AGA TTG CGC AAT CTG CA - 3'

3'- ACG TCT AAC GCG TTA GAC GT - 5'

C/EBP Mutant Oligonucleotide

5'- TGC AGA TCTGCA_3'

AGACGT-5'3'- ACG TC

Table 13 Components for one labeling reaction

Component Volume (¡rl)

D ephosp horyl øt e d DNA fr agm ent s

5X Forward Reaction Bffir

T4 Polynucleotide Kinqse

¡y-32 r1.erc Qo pci/ pt)

Rnase-free water

5pmol

5pl

l0units

2.5¡tl

to 25pl

(an eight base pair substitution in the binding motfl
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Table 14 Components for EMSA reactions

Reaction 1: Negative control group

Component Volume (pl)

Gel Shift 5X Binding Bufer

Nuclear Protein

Radíolabeled probe

Poly (dt-dC)

Nuclease-free llater

4pl

opg

lpl

lpg

to 20pl

Reaction 2: Experiment group

Component Volume (pl)

Gel Shift 5X Binding Buffer 4pl

Nuclear Protein

Radiolabeled probe

Poty (dt-dC)

6ttg

lpl

lpg

Nuclease-free l4/ater to 20pl

Reaction 3: Competition or supershift group

Component Volume (pl)

Gel Shift 5X Binding Buffer 4pl

Nucleur Protein 6þg

cold or mutsnt oligo or ontibody 2}pmol/2mg

Poly (dt-dC)

Radiolabeled probe

lpg

lpl

Nuclease-free þl/ater to 20pl
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2. I 1 Cell prolíferation

Cell proliferation is the measurement of number of cells that are dividing in culture.

Since DNA synthesis is closed related to cell division, measurement of DNA synthesis

can be used to assess cell proliferation. The labeled DNA precursors (3H-thymidine) can

incorporate into DNA during DNA replication. The incorporation is directly proportional

to amount of cell division in the culture. However, the incorporation might also represent

DNA repair and possibly RNA synthesis. Therefore, another indicator such as metabolic

activity of viable cells can also be used to determine cell proliferation. Increase in

number of viable cells results in an increase in overall activity of mitochondrial

dehydrogenases, which can cleave WST-I (a proliferating reagent from Roche) to form a

formazan dye. The amount of formazan dye is directly correlated to number of

metabolically active cells in the culture. The disadvantage of this method is sometimes

increase in the enzyme activity is a result of gene expression. Direct cell counting offers

the most direct method to determine cell proliferation and it can also provide direct cell

doubling time, which is calculated according to the following formula (Gong, Deng et al.,

2002).

Doubling time: t x log 2/ logNt/Ni

t: time between the count

Nt: cell number at day 6

Ni: cell number at day 2
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2. 1 1. 1 3 H Thymidine incorporation øssøy

Cells (5X104) were seeded onto 6-well plates. After 24 h¡s of quiescence in serum

free medium, cells were treated with BMP4 (R&D System, Minneapolis MN) at the

indicated concentrations and time points, and cultured in culture medium supplemented

with2o/o FBS. Culture medium was changed every other day. At the end of experiment,

cells were incubated with lpCi ¡3U1 tfrymidine (GE health care) for 4 hrs at 37C'. Then

the medium was aspirated and cells were washed with PBS two times. Cells were

subsequently fixed with l0% trichloroacetic acid (Sigma-Aldrich, Okaville ON) for 10

minutes at room temperature. After washing the cells with PBS, the lysis solution (0.3 M

NaOH and I%SDS) was added into the culture dishes to lyse cells with gently shaking

for 2 hrs. Finally, 50pl of cell lysate was added into liquid scintillation solution (Ultima

Gold; Packard Bioscience), and activity of 3H in each sample was measured by use of a

liquid scintillation detector (1217 Rackbeta; Wallac Oy) equipped with Utmac 1.1

(Wallac Oy) software.

2.11.2 trsT-t

Cells (4X103) were seeded into 96-well plates. After 24 hrs of quiescence in serum

free medium, cells were treated with BMP4 (R&D System, Minneapolis MN) at the

indicated concentrations and time points, and cultured in 100p1 culture medium

supplemented with 2% FBS. Culture medium was changed every other day. At the end

of experiment, 10pl of cell proliferation reagent WST-I was added into each well and

incubated the cells for 3 hrs at37C. Then the plate was placed on a shaker to thoroughly
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shake for I minute. Absorbance was measured using ELx 808 microplate (ELISA)

reader (Bio-TEK Instruments, Vy'inooski, VT). Wavelength for measuring the absorbance

of the formazan product is 490nm and the reference wavelength is 600nm.

2.11.3 Cell countíng

Cells (5X104) were seeded into 6-well plates. After 24 hrs of quiescence in serum

free medium, cells were treated with BMP4 (R&D System, Minneapolis MN) at the

indicated concentrations and time points, and cultured in culture medium supplemented

with2Yo FBS. Culture medium was changed every other day. At the end of experiment,

cells were trypsinized with lml 0.25% trypsin at 37oC for 2-3 minutes until cells

detached completely from the plate. Cell numbers were counted in triplicate using an

electronic Couler Cell Counter (model ZM, Coulter Electronics Ltd).

2.12 Cell apoptosís detectíon

Cell apoptosis was detected using a Annexin V Apoptosis Detection Kit ( BioVision,

Mountain View, CA). This method is based on the observation that after initiating

apoptosis, cells translocate the membrane phosphatidylserine (PS) from the inner face of

the plasma membrane to the cell surface. Once on the cell surface, PS can be easily

detected by staining with a fluorescent conjugate of Annexin V, a protein that has a high

affinity for PS. 7-Amino-actinomycin D (7-AAD) (Sigma-Aldrich, Okaville ON) can

only incorporated into late apoptotic or necrotic cells which have lost membrane integrity.
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Therefore, Annexin V-PE staining identifies apoptosis at an earlier stage (Annexin V-PE

positive, 7-AAD negative), whereas cells at late stage of apoptosis or necrosis show both

Annexin V-PE and 7-AAD positive.

Cells (2X10s) were seeded onto 6-well plates. After treatment with the apoptosis

inducer staurosporine at the indicated concentrations and time points, the medium was

collected and attached cells were trypsinized with 0.5m1 0.25% trypsin at 37oC for 2-3

minutes until cells detach completely from the bottom. The trypsinized cells were

combined with medium and subjected to centrifugation at 4809 for 5 minutes. After

discarding the supernatant, the cell pellet was resuspended in 500¡rl binding buffer (10

mM Hepes A{a OH (Fn 1.4), 140mM NaCl, and 2.5mM CaCl2). Five microlitres of

Annexin V-Cy3 and lpl 7-AAD (lmg/ml) were added to the resuspended cells. The cells

were incubated at room temperature for 15 minutes in the dark. Cell apoptosis was

detected by analyzing the Annexin V-Cys binding and the 7-AAD incorporating using a

Beckman Coulter EPICS ALTRA Flow C¡ometer (Beckman Coulter Canada Inc.,

Mississauga).
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2.13 ConstructÍon of recombinønt ødenovirus (short hairpin RNA ßbRNA))

Recombinant adenovirus containing oligonucleotide encoding shRNA to rat BMP4

was constructed using BLOCK-iTrM Adenoviral RNAi Expression System kit

(Invitrogen, Carlsbad, CA).

2.13.1 Structurolfeatures of shRNA and olígonucleotide encoding shRNA

Oligonucleotide encoding shRNA can be cloned into expression vectors to express

siRNA (19-2lnt RNA duplex) for RNA interference studies. shRNA has the following

structural features: A short nucleotide sequence ranging from 19-29 nucleotides derived

from the target gene, followed by a short spacer of 4-15 nucleotides (i.e. loop) and a 19-

29 nucleotide sequence that is the reverse complementary to the initial target sequence.

Oligonucleotide encoding shRNA against rat BMP4 was designed using the software -

BLOCK-iTrM RNAi Designer (Invitrogen, Carlsbad, CA). Th¡ee oligonucleotide

sequences were selected to examine their effects on knocking down BMP4 gene

expression ('f'able 15). CACC was added to the 5' end of the top strand oligonucleotide

and AAAA was added to the 5' end of the bottom strand oligonucleotide. The purpose of

adding these two 4 nucleotides is to enable directional cloning of the double-stranded

oligonucleotide into vector.
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Table 15 Oligonucleotides encoding shRNA against rat BMP4
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2. 1 3. 2 G e n e ratio n of do ub le-stran de d o ligo n uc le otides

The complementary single-stranded DNA oligonucleotides were synthesized by

Invitrogen (Invitrogen, Burlinglon, ON) and double-stranded oligonucleotides were

generated in the laboratory. Annealing reaction was set up as seen in i'al;li' ii:. Equal

amounts of single-stranded complementary oligonucleotides were mixed with 10X oligo

annealing buffer (l00mM Tris-HCl pH 8.0, 10mM EDTA pH8.0 and lM NaCl).and

incubated at95oC for 4 minutes in a heating block (Isotemp*125D heating block, Fisher

Scientific Limited, Nepean, ON). The heating block was then tumed off allowing the

temperature cool down slowly to room temperature for I hr. The single-stranded

oligonucleotides were annealed to form double-stranded oligonucleotides during this time.

Final concentration of the oligonucleotide mixture is 50pM. Integrity of the annealed

double-stranded oligonucleotides was verified by electrophoresing on 4o/o agarose gel.

Appropriate concentration of oligo (5nM) was made in lX oligo annealing buffer for

fuither ligation reaction and stored at -20oC.

Table 16 Components for annealing reaction

Component Volume (pt)

Top strand DNA oligo (200pM)

Bottom strand DNA oligo (200pM)

l0X Oligo Annealing Buffer

DN Aase/ Rnase Free Ll/ater

Total volume

5pl

5pl

2ttl

8pl

20pl
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2. I 3.3 Ligation reøctíon

Double-stranded oligonucleotides were cloned into the linearized pENTRTMÂJ6

vector (l;igrir'* {)). Ligation reaction was set up at room temperature according to the

lilþl¡ 17" Reaction solution was mixed by pipetting up and down and incubated for 2 hrs

at room temperature, where T4 DNA ligase forms a phosphodiester bond between

juxtaposed 5'-phosphate and 3'-hydroxyl termini in duplex DNA or RNA with blunt or

cohesive-end termini. Reaction solution was then used to transform One Shot@ Topl0

competent cells.

Table 17 Components for ligation reaction

Component Volume (pl)

5X Ligation Buffer

pENTRT^4U6 (0.Sng/pl)

ds Oligo (5nM)

Dnas e/ Rna s e- Fr ee Wale r

T4 DNA Ligase (lu/pÐ

Total volume

4ftl

2ttl

lpl

l2¡tl

lpl

20pl

2. I 3.4 Bøcterial transþrmation

Ligation reaction (10p1) was mixed gently with 50pl One Shot@ Top10 competent

cells, incubated on ice for 30 minutes and then subjected to heat shock for 30 seconds at

42oC. After heat shocking, reaction mixture was immediately put on ice and then the

reaction mixture was incubated in a shaking incubator (Cz+ incubator shaker, New

Brunswick Scientific, NJ) at 37oC for 30 minutes (200rpm) after addition of 250p1 room

-76-



Materials ond Methods

temperature SOS medium (Invitrogen, Burlington, ON). After shaking incubation, the

solution (100p1) was spread on a pre-warmed LB agar plate containing 5Opg/ml

kanamycin and the plate was incubated overnight in a 37'C incubator (Precision

incubator, Precision Scientific Inc., Chicago, IL).

2.13.5 Plasmid DNA Ísolation

Plasmids are non-obligate, circular, extrachromosomal bacterial replicons. Plasmid

DNA isolation requires separation of this DNA from the chromosomal DNA in the

bacterial cell as well as from the polysaccharides, lipids and proteins. In the experiment,

an alkaline lysis method was used to isolate plasmid DNA. Bacteria were lysed by strong

alkali QllaOH). After lysis of bacteria, proteins and chromosome DNA were precipitated

by high salt solution (NHaOAC) and detergent (SDS). Since plasmid was relatively small

and stable in alkali solution, it remained in the solution and was separated from proteins

and chromosome DNA after centrifugation. A single kanamycin-resistant colony was

picked up and cultured in 2ml LB containing 5Opgiml of kanamycin at 37oC with

vigorous shaking (300rpm) overnight. Bacteria were centrifuged at 13509 for 15 minutes.

Bacteria pellet was resuspended in l00pl of ice-cold suspension solution (5OmM glucose,

25mM Tris-Cl, pH 8.0, and 10mM EDTA pH S.0) by pipetting up and down. Alkaline

solution (200¡rl) (0.2N NaOH and lYo SDS) was freshly prepared and added into bacterial

suspension. The solution was mixed by inverting the tube gently 5 times and incubated

on ice for 5 minutes. High salt solution (150u1) (3.0 M NaOAc, pH 5.0) was added into

the tube and was mixed thoroughly by inverting the tubes 4-6 times to ensure complete

precipitation. (Be careful, the pAd/BLOCK-irTM-DEST plasmid is large and excessive

manipulations can shear the DNA.) Proteins and chromosome DNA were precipitated by
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Figure 9 pENTRTM/U6 vector cited from Invitrogen web page. Expression of the

oligonucleotide is driven by human U6 promoter, which can transcribe small RNAs by

RNA polymerase III and this transcription is terminated when polymerase meets Pol III

terminator. The pENTRrMru6 vector contains attl-l and attL2 sites, which are

bacteriophage }"-derived recombination sequences and allow recombinational cloning of

oligonucleotides in the pENTRTMNí vector to recombinant expression acceptor vector.

The pENTRrMru6 vector also possesses a kanamycin resistance gene, which allows

selection of the recombinant vector in E. colí. In addition, there are three sequencing

primer sites for convenient sequencing purpose - U6 forward priming site, Ml3 forward

primer site and Ml3 reverse primer site.

pENTFl'.ll"r6
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incubation of the tube on ice for 5 minutes. Plasmid DNA was separated by

centrifugation at 10,0009 for 15 minutes. The supernatant containing plasmid was

transferred to a new eppendorf tube. Phenol: chloroform: isoamylalcohol (25:24:l)

(a00pl) was added into the supernatant to extract DNA. The solution was mixed by

inverting the tubes for 2 minutes and centrifuged at 10,0009 for 5 minutes. Aqueous

layer was transferred to a new eppendorf tube and plasmid DNA was precipitated with

addition of two volumes of 100% ethanol and incubated at -70"C for 2 hrs. After

centrifugation of plasmid DNA at 10,0009 for 8 minutes at 4oC, DNA pellet was washed

withT1Yo ethanol twice, air dried for 15 minutes and redissolved in 20pl of TE buffer

containing 0.2p1 of 100pg/ml DNase-free RNase (Roche Mississauga, ON). The

concentration of plasmid DNA was determined using a spectrophotometer (Bio-Rad

SmartSpec 3000 Spectrophotometer, Life Science Research Division, Mississauga, ON).

Good quality DNA had an Azoyzso ratio of 1.65 to 1.85. Recombinant plasmids were

confirmed by DNA sequencing (University Core DNA & Protein Services, University of

Calgary, Canada).

2.13.6 Recombinøtion of pAú/BLOCK-|TÎWDEST and pENTWM/U6 vector

Gateway is one of the most popular recombination cloning technologies. It includes

two sets of reactions: LR and BP recombinations. The BP reaction is catalyzed by the BP

Clonase which recombines a//B sites with attP sites. The LR Clonase is responsible for

recombination of attL sites with dffR sites. The recombination reactions are based on the

E s c he r Ì c hi a c ol i bacteriophage lambda inte gt ase I a// system.
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LR recombination reaction was performed between the pAd/BLOCK-iTrM-DEST

vector (Figure l0) and pENTRru/[J6 entry clone. The pENTRTM/U6 vector (300ng) was

mixed with about 300ng of pAd/BLOCK-iTrM-DEST vector in a l6pl reaction that

contained 4pl LR Clonase in 5X reaction buffer. After t hr incubation at room

temperature, proteinase K (2¡rl at Zmglml) was added and the reaction mixture was

incubated at37oC for 10 minutes. The reaction was transformed into 50pl of One Shot@

Topl0 competent E. coli as described above. The LB plates contained lO0mg/ml

ampicillin. The putative expression clone was tested for growth on LB plate containing

3gpg/ml chloramphenicol. The true expression clones were ampicillin-resistant and

chloramphenicol-sensitive. The ccdB gene encodes CcdB protein, which is a natural

analogue of the quinolone antibiotics. Vector carrying the ccdB gene cannot grow in medium, as

well as the medium containing ampicillin or chloramphenicol. Therefore, only true expression

clone can grow in medium containing ampicillin'

2.13.7 Preparøtion of the expression clone

The pAd/BLOCK-iTrM-DEST vector contains Pac I restriction sites. Digestion of

the vector with Pac lallows exposure of the left and right viral ITRs and removal of the

bacterial sequences (i.e. puc origin and ampicillin resistance gene).

The purified plasmid DNA of pAd/BLOCK-iTrM-DEST pENTRTM/u6 (5pg) was

mixed with 10U Pac I (New England Biolabs, Ipswich, MA) in lXNEBuffer (total

volume up to 20pl) (10 mM Bis-Tris-Propane-HCl,10 mM MgCl2 and

1 mM Dithiothreitol), supplemented with 1O0¡rg/ml BSA. After 2 hrs incubation at 3'7"C,

the digested plasmid DNA \¡/as purified using phenol/chloroform and ethanol
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final concentration of 1¡rg/prl.

2.13.8 Package of adenovirus in 2934 cells

The 293A cells can provide El protein of adenovirus that is required for package of

adenovirus. In this experiment, LipofectaminerM 2000 (lnvitrogen, Carlsbad, CA), a

cationic lipid transfection reagent, was used to transfect the pAd/BLOCK-iTrM- DEST

expression construct into 293A cells. The positively-charged components of

LipofectaminerM 2000 form a complex with the negatively-charged plasmid DNA, and

then "escort" it through the membranes into cells.

293çcells were plated at 5X10s cells per well in a 6-well plate in 2ml DMEM with

10% FBS. One day after plating, the medium was replaced with 1.5 ml DMEM without

antibiotics. Plasmid DNA (a¡rg) and LipofectaminerM 2000 (10p1) was diluted in 250p1

DMEM without FBS and antibiotics, respectively. After incubation for 5 minutes at

room temperature, the diluted plasmid DNA and LipofectaminerM 2000 were mixed

gently, and incubated for 20 minutes at room temperature to allow the formation of

DNA/lipofectamine complexes. The 293 cells were transfected by adding the complexes

dropwise into each well and incubated overnight at37oC in an incubator. On the next day,

medium was changed to DMEM with 10% FBS and antibiotics, and cells were cultured

for another 4g hrs. After 48 hrs, cells were trypsinized and transferred to a lOcm culture

dish. Then the 2931^ cells were cultured in DMEM with l0% FBS and antibiotics, and

medium was changed every 3 days until approximately 80% cytopathic effect (CPE) was

observed (about 10 days post-tranfection). The adenovirus-containing cells and media
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DEST

34frF4 bp

Figure l0 pA{/BLOCK-|TM-DEST vector cited from Invitrogen web page. This vector

includes all elements (except El and E3 proteins) required to produce replication-

incompetent adenovirus including left and right inverted terminal repeats (ITRs),

encapsidation signal for packaging,E2 and E4 regions and late genes. Expression of the

oligonucleotide encoding shRNA is driven by bla promoter. The pAdiBLOCK-iTrM-

DEST vector also contains attRl and attR2 sites, which are bacteriophage L-derived

DNA recombination sequences that permit recombination of oligonucleotide encoding

shRNA in pENTRTMÂJ6 vector with a pAd/BLOCK-iTrM-DEST vector. Two antibiotic

resistance genes were included in this expression vector. One is chloramphenicol

resistance gene (CmR), which will be lost in recombined vector. Another is ampicillin

resistance gene (B-lactamase), which allows selection of the plasmid in E. coli. This

vector possesses two Pac l restriction sites. After digestion, left and right ITRs, required

for viral replication and packaging, were exposed. There are two sequencing primer sites,

pAd forward priming site and pAd reverse priming site'
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were harvested by pipetting cells off the dish and transferred to 15ml capped tubes. The

intracellular viral particles were released by three cycles of freezelthaw at -70"C and 37'C

(15 minutes at each temperature). After centrifugation at 15009 for 15 minutes, the

supernatant containing viral particles was transferred to cryovials in I ml aliquots and

was stored at -70"C.

2.13.9 Amptificatíon of adenoviral stock

2g3¡cells were plated at 3X106 cells per 1Ocm dish in 1Oml DMEM with 10% FBS.

one day after plating, the cells were at 90yo confluence, and the crude adenovirus stock

(200p1) was then added into the dish. After cells were infected with recombinant

adenovirus for 3 days, approximately 80% of the cells were rounded up and floated in the

medium. Cells were collected and viral particles were prepared by fteezelthaw method as

described above.

2.13.10 Titration of adenoviral stock

Zg3^cells were plated at2.2xl0s cells per well in aZ4-well plate in 0.5m1 DMEM

with 10% FBS and antibiotics. Three lO-fold dilution series of viral stock from 10-3-10-s

were prepared. Each viral dilution (100p1) was added to cell culture wells. Assays were

performed in triplicate. Cells were then incubated at in a 37"C incubator for 48 hrs'

After aspirating off the medium, the cell culture dishes were dried in a hood for l0

minutes, and then ice cold \}}%methanol (0.5m1) was added into each well to frx cells at

-2}"Cfor l0 minutes. After washing the cells with 0.5m1PBS containingl%o BSA twice,

0.25m1of the mouse anti-hexon antibody (1:500) was added into each well and incubated
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af 37"C for t hr. After washing the cells with PBS as described above, 0.25m1 of the

HRP-conjugated goat anti-mouse antibody (1:1000) was added into each well and

incubated at37"C for t hr. After washing the cells with PBS as described above, 0.25 ml

of diaminobenzidine (DAB) substrate (prewarmed to room temperature) in lXworking

solution (0.015% HzOz in PBS, pH 7.2) was added into each well and incubated at room

temperature until the desired staining color was developed. Under inverted microscope

(Olympus inverted-phase microscope) with 20X objective, l0 fields were randomly

selected and hexon positive cells were counted. The titer of virus stock was calculated

using the following formula and expressed as IFU (infectious unit per ml).

Average number of positive cells/field x fields/well
IFU=

Volume of diluted virus used in each well (ml) x dilution factor

2.14 Construction of recombinant adenovírus containing BMP4 cDNA

Recombinant adenovirus containing BMP4 cDNA was constructed using Adeno-XrM

Expression Systems (Clontech, Mountain View, CA)

The methods used in the construction of recombinant adenovirus containing BMP4

oDNA are the same as used in the construction of recombinant adenovirus containing

oligonucleotide encoding shRNA. PCR method was used to generate a full length of

BMP4 çDNA with restriction enzyme sites at two ends by using appropriate primers

containing the restriction enzyme sites. After purification, the full length of BMP4

cDNA was ligated into the adaptor vector, which was linearized by digestion with

restriction enzyme. Then the ligation reaction was transformed into DH5a cells' After

the correct entry clone was identified, the recombination reaction was performed to
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generate an expression clone. Finally, the expression clone was transfect into HEK 293

cells to produce an adenoviral stock. After amplification and titration, the adenovirus

containing BMP4 oDNA was used in my studies.

2.1 5 Statistical analysß

To analyze differences between different groups, ANOVA and Fisher's PLSD post

hoc test were perfomed via a computer software StatView (version 5.0) (SAS Institute,

Inc., Cary,NC). Differences with P-values less than 0.05 were judged as significant.
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III. RESULTS AND DISCUSSION

1. The Effect of Bone Morphogenetic Protein 4 on Rat Hepøtic Stellate Cells

Pro lde røtio n ønd D ffi re ntíøtío n

1.1 Introductíon

BMP4 plays pleiotropic roles in different cell types by initiating different signaling

pathways. For example, it has been demonstrated that activation of BMP4 downstream

Smadl signaling induced cell death in human lung cancer cell line A549 cells (Buckley,

Shi et a1.,2004). Moreover, Smadl and JNK pathways played an important role in

BMP4-induced anti-proliferation and differentiation of lung fibroblasts (Jeffery, Upton et

al., 2005). Furthermore, BMP4 could utilize p38 and ERKI/2 signaling pathways to

stimulate proliferation of human pulmonary artery smooth muscle cells (Frank, Abtahi et

al.,2005).

In the past 40 years, research in the field of liver fibrosis and cirrhosis has undergone

a rapid development and a lot of knowledge has been gained, such as the roles of HSCs in

hepatic fibrogenesis. It is known that TGFp, a member of TGFB superfamily, is the most

important cytokine during hepatic fibrogenesis and HSC trans-differentiation (Bedossa

and Paradis, 1995). However, expression of TGFp in activated HSCs only showed a

temporary increased expression pattern. Therefore, other cytokines could play an

important role in HSCs activation during liver fibrogenesis. These factors could belong

to the same family with TGFB or other growth factor families. BMP4 is a member of

TGFP superfamily. It has been shown that BMP4 could induce o-SMA expression in
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lung fibroblasts (Jeffery, Upton et al., 2005), which is also the marker for activated HSCs.

Moreover, in previous work, we observed that BMP2 and BMP4 could increase the

expression of g-SMA in primary cultured HSCs (Shen, Huang et al., 2003). However,

the exact role of BMP4 in HSC activation and trans-differentiation and hepatic

fibrogenesis remains to be determined. In order to further understand the role of BMP4

in hepatic fibrogenesis, we conducted an experiment to examine the expression of BMP4

and BMP receptors in primary cultured HSCs and in bile duct ligation (BDl)-induced

liver fibrosis model. We also investigated the effect of BMP4 on transformed HSC

proliferation and differentiation, and examined BMP4 down-stream signal transduction

pathways in these cells.

1.2 Results

1.2.1 BMP4 expression in the liver of BDL røts

To investigate the role of BMP4 in hepatic fibrogenesis, we first examined the

expressions of BMP4 and o-SMA in the liver of BDL rats. As shown in lrigure I l,

abundance of BMP4 mRNA was significantly elevated after I week of BDL while

abundance of g-SMA mRNA was significantly increased after 4 weeks of BDL. V/ith

increase in BMP4 mRNA after BDL, there was an increase in BMP4 protein aftet 2

weeks of BDL (I.'igur-e l2). The abundance of BMP4 protein after BDL showed two

peaks with the first peak at 3 weeks after BDL and the second peak at 6 weeks after BDL

(Figure l2). The a-SMA protein level was gradually elevated from 3 weeks after BDL

and peaked at 4 weeks and gradually decreased but still remained higher level than that in

sham rats (Figr-rre l2).
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Figure ll RT-PCR anølysis of BMP4 and a-SMA expressions in the liver. A represents

typical agarose gel pictures of BMP4 and a-SMA expressions after BDL. B and C

display density histogram of BMP4 and cr-SMA band densities, respectively. Data

represent mean+SE from four rats. Abundance of BMP4 mRNA was significantly

increased after I week of BDL and abundance of o-SMA mRNA was significantly

increased after 4 weeks of BDL. N represents negative control without reverse

transcription. P represents positive control with Marathon-ready Liver cDNA. 1+; and (-)

indicate the presence and absence of BDL, respectively. Glyceraldehyde 3-phosphate

dehydrogenate (GAPDH) was used for loading control. *indicates P<0.05 between sham

and BDL groups at the same week.
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Results and Discussion

Figure 12 Western blot analysis of BMP4 and a-SMA expression in the liver. The figure

shows the expression of BMP4 and o-SMA protein levels in the liver after BDL. The

abundance of BMP4 protein was increased after two weeks of BDL. The expression of

BMP4 showed two peaks with the first peak at the third week after BDL and the second

peak at the sixth week after BDL. The o-SMA protein level was gradually increased

from the third week after BDL and peaked at the fourth week. GAPDH was used for

loading control. (+) and (-) indicate the presence and absence of BDL, respectively. A

represents typical SDS-PAGE gel pictures of BMP4 and u-SMA expressions after BDL.

B and C display the density histogram of BMP4 and a-SMA, respectively. Data are from

four rats and represent meantSE. *indicates P<0.05 between sham and BDL groups at

the same week.
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Results qnd Discussion

1.2.2 Expression of BMP4 downstresm signalíng molecules after BDL

To understand BMP4 involvement in BDl-induced hepatic fibrosis, we examined

downstream signaling molecules of BMP4 in the liver of BDL and sham rats. As shown

in Figure 13, there were increase in phospho-Smadl, Smadl, phospho-ERKI/2, ERKI,

phospho-p38 and p38 in the liver after BDL, indicating that Smadl, ERKI, and p38

signal transduction pathways might mediate BMP4 activity during liver fibrogenesis.
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Figure 13 Western blot analysis of BMP4 downstream signaling molecules expression in

the liver after BDL. The top part shows the expression of phospho-Smadl, Smadl,

phospho-ERKll2, ERKI, phospho-p38 and p38 in the liver after BDL. The abundance of

these protein levels were all increased in the liver after BDL. GAPDH was used for

loading control. (+) and (-) indicate the presence and absence of BDL. The lower part

displays the density histogram data from four rat samples (mean+SE), which represent

the relative expression of phospho-Smadl (A), Smadl (B), phospho-ERKl/2 (C), ERKI

(D), phospho-p38 (E) and p38 (F) protein, respectively. *indicates P(0.05 between sham

and BDL groups at the same week. **indicates P(0.001 between sham and BDL groups

at the same week.
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Resultl and Discussion

1.2.3 BMP4 expressíon in rat hepøtic stelløte cells

To investigate the role of BMP4 in hepatic fibrogenesis, we also employed primary

cultured HSCs and a rat HSC line - T6 cells. Expressions of BMP4 and its membrane

receptors were examined in these cells. As shown in lìigute l4A, there were strong

expressions of BMP4 and BMPRII in T6 cells and primary cultured HSCs. A moderate

expression of BMPRIA was observed in both T6 cells and primary cultured HSCs.

Expression of BMPRIB was lowest among these genes in both T6 cells and primary

cultured HSCs. Moreover, expression pattern of BMP4 during in vitro activation of

HSCs was documented in Figure 148. Increased expression of BMP4 was observed at

day 9 of in vitro culture and a significant increase in BMP4 mRNA level was

documented at day 24.
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Figure 14 A: nRNA expression of bone morphogenetic protein 4 (BMP4) and its

receptors. Representative ethidium bromide-stained gels demonstrated the abundance of

mRNAs for BMP4, BMPRIA, BMPRIB and BMPRII in primary culture HSCs and T6

cells. Total RNA from rat bone marrow stromal cells was used as a positive control. B:

ExpressÌon of BMP4 nRNA level during primary culture of HSCs from day I to 24. The

abundance of BMP4 mRNA was increased at day 9 and signihcantly increased at day 24

during in vitro cultures. N represents negative control without reverse transcriptase. P

represents positive control with rat bone marrow stromal cells. GAPDH was used as the

loading control.
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Results and Discussion

1.2.4 Effects of BMP4 on T6 cells

The biological effect of BMP4 on T6 cells was next examined. The effect of BMP4

on T6 cell proliferation was determined by WST-1 reagent, 3H-thymidine incorporation

assay and cell counting. As shown in Figure 15, BMP4 had no effect on T6 cell

proliferation. In culture, T6 cells expressed low but detectable levels of o-SMA as seen

by Western blot analysis. However, when T6 cells were incubated with BMP4, there was

a signihcant increase in o-SMA protein level (l.igule 16). The increase in c¿-SMA

abundance occurred in a time-dependent manner with the peak at 48 hrs after BMP4

stimulation (Figrre l6Ä). [n addition, the increased o-SMA expression in response to

BMP4 stimulation was dose-dependent as shown in lìigure l(:lÌ. To determine the

intracellular signaling pathways initiated by BMP4 in T6 cells, we first examined Smad

pathway, which is classic BMP4 signaling pathway. After incubation of T6 cells with

BMP4, there was an increase in Smadl phosphorylation at 5 minutes, reaching maximum

at 15 minutes and then back to normal at 60 minutes (lìigule l7). We also examined the

MAPK pathway, which is shown to be involve in BMP4 signaling recently. In this study,

ERK1/2, p38, and JNK were investigated and results showed that BMP4 induced

phosphorylation of ERKli2 and p38 in T6 cells. BMP4, however, did not induce

phosphorylation of JNK (data not shown) (liigure I 8). The phosphorylation of ERK1/ 2

and p38 appeared to occur at 5 minutes and then back to normal at 30 minutes after

BMP4 stimulation.
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Results and Discussion

Figure 15 Effict of BMP4 on T6 cell proliferation. T6 cells were incubated with different

concentrations of BMP4 (0-100ng/ml) as described in Materials and methods. Cell

numbers were counted 48 hrs later. The data represent mean*SE from 6 wells. No

significant differences were found between treated and control groups.
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Results and Discussion

Figure 16 BMP4 Regulation of T6 cell trans-dffirentiation. A: T6 cells were incubated

with BMP4 (S}nglml) for different time periods as indicated. Western blot was

performed as described in Materials and methods. The top part represents typical

Western blot of o-SMA. The lower part represents the density diagram data from three-

separated Western blot analysis (mean+SE). B: T6 cells were incubated with different

concentrations of BMP4 (0-100ng/ml) for two days. Westem blot was performed as

described in Materials and methods. The top part represents typical Westem blot of o-

SMA. The lower part represents the density histogram data from three-separated Vy'estern

blot analysis (mean+SE). *indicates P<0.05 between treated and control groups.

**indicates P<0.001 between treated and control groups.
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Figure 17 Western blot ønalysis of phospho-Smadl in T6 cells stÌmulated with or without

BMP4 (50 nq/ml). Nuclear proteins were isolated from T6 cells at different time points

as indicated. Abundance of phospho-Smadl was analyzed by Western blot analysis as

described in Materials and methods. Histone was used as the loading control of nuclear

protein. The top part represents typical Westem blot of phospho-Smadl. The lower part

represents the density histogram data from three-separated Western blot analysis

(mean+SE). *indicates P(0.05 between treated and control groups.
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Results and Discussion

Figure 18 Western blot analysis of MAP kinases in T6 cells activated by BMP4. The

figure shows the expression of phospho-ERK1/2, ERKI, phospho-p38 and p38 in T6

cells stimulated with or without BMP4 (50ng/ml) at different time points as indicated.

GAPDH was used for loading control. The lower part displays the density histogram

data from three-separated Western blot analysis (mean+SE), which represents the relative

expression of phospho-ERKl/2 (A), ERK1 (B), phospho-p38 (C) and p38 (D) protein,

respectively. *indicates P(0.05 between treated and control groups.
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1.3 Discussion

Liver fibrosis and cirrhosis is common sequel of different liver diseases. It has been

widely investigated during last four decades. Different models of liver hbrosis and

cirrhosis have been established and one of them is the BDL model (Tsukamoto,

Matsuoka et al., 1990). BDL model of fibrosis in rats shows similar changes in

morphology of the liver and the activation of HSCs as observed in human liver diseases

(Ohata, Lin et al., 1997; Tieche, De Gottardi et al., 2001), especially liver fibrosis and

cirrhosis caused by cholestatic liver diseases. HSCs have been recognized as a major cell

type in the liver mediating the development of liver fibrosis and cirrhosis (Gressner,

1996). During liver injury, there are proliferation and trans-differentiation of HSCs in the

liver, which are regulated by different cytokines such as transforming growth factor betal

(TGF-p1) (Gressner, Weiskirchen et al., 2002), platelet-derived growth factor (Pinzani,

Gentilini et al., 1995; Kinnman, Goria et al., 2001), and endothelin l(Rockey and Chung,

1996). Among these cytokines, it is considered that TGFB1 is the most important

cytokine during hepatic fibrogenesis and the activation of HSCs (Bedossa and Paradis,

rees).

BMPs belong to TGF-B superfamily but TGF-p and BMPs have different functions

in different tissues (Heckman, Ehler et al., 1999). The expression and biological

activities of TGF-B in HSCs have been extensively investigated while the role of BMPs

in HSC activation is still unclear. We have observed that BMP2 and BMP4 stimulated

the expression of ü-SMA in HSCs, indicating a role of BMPs in HSC trans-

differentiation (Shen, Huang et al., 2003). This is in consistent with the general

consideration of BMPs in other tissues. However, recently numerous studies have
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multiple TGF-P superfamily members and their receptors are

dynamically co-expressed during cell proliferation, differentiation, and apoptosis, and can

reciprocally regulate related gene expression. During vascular smooth muscle cell

(VSMC) differentiation and phenotypic modulation, TGF-PI upregulated the expression

of g-SMA while BMP4 downregulated the expression of a-SMA (Nakajima, Yamagishi

et al., 2002). BMP2 can enhance TGF-B induced initial phenotypic changes associated

with endothelial-mesenchymal transformation during generation of the endocardial

cushion Q.{akajima, Yamagishi et a1.,2000). Therefore, the distinct spatio-temporal

expression profiles of each subfamily members may determine the development of

organs and the fate of cells.

During HSC activation, TGF-PI mRNA transcripts increased signif,rcantly at the

second day of HSCs primary culture and the first day after trypsinization and reseeding.

After this short-term elevation, there was a decrease in TGF-p1 mRNA abundance during

in vitro activation of HSCs (Gong, Roth et al., 1998). The temporal expression pattern of

TGF-PI mRNA in HSCs is different from those of BMP4 and BMP2 mRNA in HSCs

described in our study. The expression of BMP4 mRNA was significantly increased

during HSCs activation. The initial expression was observed at day 9 of HSCs primary

culture and a dramatic increase was observed at day 24 of HSCs primary culture. The

expression of BMP2 remained unchanged during this course (data not shown). The

different expression patterns of TGF-BI, BMP4, and BMP2 mRNAs during HSCs

activation suggest that these three growth factors may play different roles in the

regulation of HSCs. Previous studies have demonstrated that TGF-p1 significantly

inhibited HSCs proliferation, whereas BMP2 and BMP4 did not affect the proliferation of

that
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HSCs. Although both TGF-81 and BMPs were important in the transdifferentiation of

HSCs, BMP2 and BMP4 were more potent in the trans-differentiation of HSCs than

TGF-PI (Shen, Huang et al., 2003). The difference can be due to the different signaling

proteins involved in TGF-81 and BMPs signal transduction. Indeed the expression of

signaling protein involved in BMPs signal transduction - Smadl was significantly

increased during HSC activation (Shen, Huang et al., 2003) while the expression of

Smad2 and Smad3 remained unchanged (Dooley, Delvoux et al., 2001). Moreover, study

with TGF-BI gene knockout mouse indicated that HSCs could still be activated when

cultured in vitro (Hellerbrand, Stefanovic et al., 1999). Therefore, it is reasonable to

believe that dominant BMP signal transduction pathway in HSCs is more important on

cel I trans-differentiation and keeps myofibroblast-like phenotype.

Previous studies have shown that blocking p38 MAPK pathway in HSCs with the

specific inhibitor 5B203580 has no effect on the up-regulation of o-SMA in HSCs during

in vitro culture. However, collagen I and MMP-13 mRNA expression was strongly

reduced (Lechuga, Hernandez-Nazara et al., 2004; Lindert, Wickert et al., 2005). Our

results showed that BMP4 can induce the activation of p38 MAPK in HSCs. This may

imply rhat BMP4-mediated p3SMAPK signaling pathway contributed to the ECM gene

expression during trans-differentiation of HSC, but not the phenotypic changes of HSC

trans-differenti ation.

The present study is the first to report that Smadl dependent signaling pathway is

involved in the activation of HSCs. In addition, it is also documented that BMP4-

initiated Smadl signaling was capable to promote cell differentiation in fibroblast'
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2. The effect of Bone Morphogenetic Protein 4 on Røt Hepatic Stem Cells Prolderøtion

ønd Dffirentiation

2.1 Introduction

It has been debated by researchers in the field of hepatic fibrogenesis and

hepatocarcinogenesis why hepatocellular carcinoma developes from the cirrhotic liver. It

was demonstrated that during early hepatic fibrosis there is a so-called ductual response

or oval cell response which occurs at the terminal of bile duct at the portal triad (Clouston,

Powell et al., 2005). Our previous studies indicated that there was a significant increase

in BMP4 expression in both the fibrotic liver and activated HSCs in vitro (Fan, Shen et

a1.,2006). Moreover, it is known that in the early fibrosis, HSCs migrate toward the

portal triad (Craig, Quaglia et al., 2004). Therefore, during hepatic fibrogenesis, direct

interaction between HSCs and hepatic progenitor cells (HPCs) is possible and there could

be some paracrine interaction between HSCs and HPCs (Clouston, Powell et al., 2005).

The patterns of spatial and temporal expression of BMP4 in HSCs indicate that they may

exert an important effect on HPCs differentiation toward hepatocytes.

Several soluble factors such as hepatocyte growth factor, fibroblast growth factors,

oncostatin M, extracellular matrix (ECM), and cell surface associated molecules can

regulate the differentiation of HPCs toward hepatocytes (Heng, Yu et al., 2005).

Differentiation of HPCs toward hepatocytes are indicated by several hepatic markers

such as alpha fetoprotein (AFP), albumin, glucose-6-phosphatase (G6Pase) and tyrosine-

aminotransferase (TAT). Expression of these markers are regulated by several hepatic

nuclear transcription factors such as hepatocyte nuclear factors (HNFs),
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CCAAT/enhancer-binding proteins, and GATA-binding proteins (Suzuki, Iwama et al.,

2003; Heng, Yu et al., 2005). Moreover, several in vitro studies demonstrated that

dexamethasone has the potential to induce multiple end-phenotypes (Grigoriadis,

Heersche et al., 1990; Shalhoub, Conlon et al., 1992) by binding to its cognate nuclear

receptor and thus modulating the transcriptional activity of target genes (Tanaka, Murphy

et al., 2004). Dexamethasone is known to suppress DNA synthesis and upregulate

albumin and G6Pase production during specific hepatic maturation in embryonic stem

cells (Dasgupta, Hughey et al., 2005). Furthermore, in a recent investigation of mouse

embryonic stem cells, it was found that BMP4 was required for hepatic specification of

mouse embryonic stem cell-derived definitive endoderm (Gouon-Evans, Boussemart et

a1.,2006). However, there is a little information regarding the role of BMP4 in HPC

differentiation. The current study is the first to examine the role of BMP4 in HPC

differentiation and connect the link between HPCs and HSCs to investigate the role of

BMP4 in hepatic fibrogenesis and hepatocarcinogenesis.
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2.2 Results

2.2.1 BMP4 and its receptors expression in \VB-F344 cells and CFSC-ïB cells

To investigate the autocrine and paracrine stimulation of BMP4 on HPCs, the

expression of BMP4 and its receptors in one rat HPC cell line (WB-F344 cells) and one

transformed rat HSC cell line (CFSC-8B) were examined. As shown in lrigtn'e 19, there

was expression of BMP4 and its receptors BMPRII and BMPRIA in both WB-F344 and

CFSC-88 cells. Presence of BMP4 receptors on the cellular membrane of WB-F344

cells indicates a functional activity of BMP4 on WB-F344 cells.

BMP4

BMPRII

BMPRIA

F 587bp

<_ 506bp

<- l90bp

Figure 19 The ruRNA abundance of bone morphogenetic protein 4 (BMP4) and its

receptors in CFSC-\9 and WB-F344 cells. RT-PCR analysis demonstrated the presence

of mRNAs for BMP4, BMPR1A and BMPRII in both WB-F344 and CFSC-8B cells.

Bone marrow stromal cells were used as a positive control and negative control is the

reaction without reverse transcriptase. M: Marker, 1: CFSC-8B,2: WB-F344 3: Positive

control, 4: Negative Control.
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2.2.2 Elfect of BMP4 on differentiatíon of WB-F344 cells

The differentiation of WB-F344 cells was assessed by examination of several

hepatocyte and cholangiocyte marker genes. As shown in lrigure 20, after treatment with

BMP4 (5Ong/ml) for 8 days, albumin (mid-hepatic marker), G6Pase and TAT (late

hepatic markers) were all expressed in WB-F344 cells, whereas fetoprotein (early hepatic

marker) could not be detected (data not shown). In terms of cholangiocyte markers, CK-

19 and p4-integrin were not detectable. The pattern of marker genes expression indicated

that BMP4 could promote the differentiation of WB-F344 cells toward hepatic lineage.

As a positive control, dexamethasone also induced hepatic marker genes expression.

Moreover, there was a synergetic action between BMP4 and dexamethasone in the

induction of WB-F344 cells differentiation toward hepatocytes. Furthermore, specificity

of BMP4 activity on WB-F344 cells differentiation was evaluated by employing a

specific inhibitor of BMP4 - Noggin, which was able to block the effect of BMP4 on

hepatic marker genes expression in WB-F344 cells.

The effect of BMP4 on WB-F344 cells was also examined by employing recombinant

adenovirus vectors carrying BMP4 cDNA or oligonucleotide encoding shRNA against

BMP4, which were constructed in our laboratory. After infection of WB-F344 cells with

adenovirus containing BMP4, BMP4 protein level was significantly increased in the

cytoplasmic compartment (Figule 21,A). Expression of hepatocyte and cholangiocyte

markers were examined after infection of WB-F344 cells with recombinant adenoviruses

as shown in lìigute 211ì. There were significant increases in mRNA abundance of

hepatocyte markers while no cholangiocyte markers were detected. After infection of

cells with adenovirus containing oligonucleotide encoding shRNA against BMP4, the
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differentiation of WB-F344 cells was blocked. The protein level of albumin was also

examined as shown in lrigure 23. A dose dependent increase in albumin protein levels

was observed after infection of WB-F344 cells with adenovirus carrying BMP4 cDNA.

il3-



Results and Discussion

Figure 20 Effect of BMP4 on the dffirentiation of WB-F344 cells. WB-F344 cells were

treated with BMP4 (50ng/ml), dexamethasone (1O-tM), Noggin (200ng/ml) or cotreated

with BMP4 and dexamethasone or BMP4 and Noggin for 8 days. Total RNA was

extracted as described in Materials and methods. The expression of hepatocyte markers

(Albumin, TAT-1, and G6Pase) and cholangiocyte markers (CK-19 and B4-integrin) were

determined by using RT-PCR analysis. GAPDH was used for loading control and liver

cells were used as positive control. The lower part displays the density histogram data

from three-separated RT-PCR analysis (mean+SE), which represents the relative

expression of albumin, G6Pase and TAT-1, respectively. *indicates P<0.05 between

treated and control groups. *xindicates P<0.001 between treated and control groups. M:

Marker, l: Control,2: BMP4 (5Ong/ml), 3: Dexamethasone (10-7M), 4:

BMP4+Dexamethasone, 5: Noggin (200ng/ml), 6: Noggin+ BMP4, 7: Positive control, 8:

Negative Control.
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Figure 2l A: Western blot analysß of BMP4 expression in WB-F344 cells after infection

of adenovirus containing BMP4 cDNA. WB-F344 cells were infected with adenovirus

containing BMP4 oDNA for 72fu. Western blot was performed as described in Materials

and methods. Ad-GFP was used as vector control. C: control; GFP: green fluorescent

protein; CFU: colony forming unit. 8.' RT-PCR analysis of the expression of hepatocyte

and cholangiocyte markers in l4tB-F344 cells after infection of adenovirus containing

either BMP4 cDNA or oligonucleotide encoding shRNA against BMP4. WB-F344 cells

were infected with adenovirus with 5cfi¡/cell for 72brs. Total RNA was extracted for RT-

PCR as described in Materials and methods. GAPDH was used for loading control and

liver cells were used as positive control. Ad-GFP and Ad-non-silencing shRNA were

used as vector control. The lower part displays the density histogram data from three-

separated RT-PCR analysis (mean+SE), which represents the relative expression of

albumin, G$Pase and TAT-1, respectively. **indicates P<0.001 between Ad-BMP4 and

Ad-GFP treated groups or Ad-shRNA and Ad-non-silencing shRNA treated groups. M:

Marker; 1: control, 2: Ad-GFP; 3: Ad-BMP4; 4: Ad- shRNA; 5: Ad- non-silencing

shRNA; 6: Positive control; 7: Negative control.
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Figure 22 Western blot analysis of albumin expression in WB-F344 cells after infection

with adenovirus containing BMP4 cDNA. Cells were infected with adenovirus for 72hrs.

Western blot was performed as described in Materials and methods. The B-actin was

used for loading control and bovine serum albumin was used as positive control. Ad-

GFP was used as vector control. The lower part displays the density histogram data from

three-separated western blot analysis (mean+SE). *indicates P<0.05 between Ad-GFP

and Ad-BMP4 treated groups. C: control; GFP: green fluorescent protein; CFU: colony

forming unit.
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2.2.3 Co-culture of WB-F344 cells with hepatic stellate cells

To examine whether BMP4 released from HSCs could affect WB-F344 cells

differentiation, we co-cultured HPCs and HSCs in a dish for one week. The BMP4

inhibitor Noggin was also used in some dishes. After one week, total RNA was extracted

and the mRNA abundances of hepatocyte and cholangiocyte markers were examined by

RT-PCR analysis. As shown in Figule 23, expression of albumin and G6Pase in both

WB-F344 cells and CFSC-8B cells were seen, however a significant increase in albumin,

G6Pase and TAT-1 mRNAs were observed after co-culture of these two kinds of cells.

Moreover, Noggin significantly inhibited the increase in albumin, G6Pase and TAT-1

expression in the co-cultured cells.
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Figure 23 RT-PCR analysis of the expression of hepatocyte and chctlangiocyte markers

in WB-F344 cells, CFSC-ï\ cells and the co-cultured cells.. CFSC-8B cells (1X103) and

WB-F344 cells (1X100¡ were mixed and cultured in a 35mm well in serum free MEM

medium for I week, or they were cultured in the same medium individually for I week.

Total RNA was extracted for RT-PCR as described in Materials and methods. The top

part displays a typical agarose gel picture of different hepatocyte and cholangiocyte

markers expression. GAPDH was used as loading control and liver cells were used as

positive control. The lower part represents the density histogram data (mean+SE) from

three separate experiments. **indicates P<0.001 between cocultured cells and

individually cultured WB-F344 cells. ## indicates P<0.001 between cocultured cells and

cocultured cells with treatment of Noggin. M: Marker, 1: WB-F344 cells, 2: CFSC-8B

cells, 3: CFSC-8B+WB-F344 cells,4: CFSC-88+WB-F344 cells +Noggin (200ng/ml), 5:

WB-F344+Noggin (200ng/ml), 6: Positive control, 7: Negative control.
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Results and Discussion

2.2.4 Autocrine reguløtion of BMP4 and ìntracellular signaling pathwøys of BMP4 in

Íl/B-F344 cells

During these experiments, an interesting phenomenon observed was that BMP4

could stimulate the expression of BMP4 gene in WB-F344 cells. When WB-F344 cells

were incubated with BMP4, there was a significant increase in BMP4 mRNA abundance

whereas the mRNA levels of BMP4 receptors - BMPRIA and BMPRII remained

unchanged (Figure 24A,¡. The self-up-regulation of BMP4 indicates a function of BMP4

as autocrine factor to sustain the effect of BMP4 on WB-F344 cells differentiation toward

hepatocyte lineage.

It is known that in order to function as a cytokine, BMP4 needs to activate its

intracellular signaling pathways. There are two well-known intracellular signaling

pathways involved in BMP4 signal transduction. One is the typical Smad pathway and

the other is the MAPK pathway. By employing WB-F344 cells, we examined the

expression and phosphorylation of Smadl, ERKli2, p38 and JNK1/2. As shown in

Iìigure 248, BMP4 led to phosphorylation of Smadl after 5 minutes treatment, and then

the phosphorylation of Smadl was rapidly returned to its basic level. The rapidly

activated Smadl might act as an important signaling molecule to induce the hepatic

marker genes expression in WB-F344 cells. Three MAPKs were examined in WB-F344

cells after BMP4 treatment. As shown in Figure 248, BMP4 induced a phosphorylation

of ERK1/2 after 15 minutes treatment and the phosphorylation of ERK1/2 was sustained

up to 2 hours. In addition, BMP4 had no effect on the phosphorylation of p38 and

JNK1/2 in WB-F344 cells.
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2.2.5 BMP4 regulation on C/EBP transcriptionfactors expression in ll/B-F344 cells

CCAAT enhancer binding proteins (C/EBPs) are a family of transcription factors,

which play an important role in cell differentiation (Rao, Yukawa et al., 1996). In order

to understand BMP4 regulation on HPC differentiation and hepatocytes marker gene

expression, we examined the effect of BMP4 on the expression of C/EBP members such

as CiEBPo, C/EBPB, C/EBPy and C/EBPô in WB-F344 cells by semiquantitative RT-

PCR. As shown in FigLrre 252\, expression of CiEBPa mRNA level was not detectable in

undifferentiated WB-F344 cells. After treatment with BMP4 at different time intervals,

the CiEBPa mRNA level was rapidly upregulated at24hrs, and declined somewhat at 48

hrs. However, mRNA levels of other C/EBPs (C/EBPB, C/EBPy and C/EBPô) remained

unchanged after BMP4 treatment, indicating a lesser role of these C/EBPs in BMP4

regulation on WB-F344 cells differentiation. As a positive control for differentiation of

HPCs toward hepatic lineage, dexamethasone also stimulated the expression of C/EBPo

but not other C/EBPs. Moreover, the regulation of C/EBPo gene expression by BMP4

and dexamethasone was not mutually promoted. The protein level of C/EBFo was

further examined by using western blot analysis after BMP4 treatment. As shown in

Figure 258, after treatment with BMP4 for 0, 2, 3, 4, and 5 days, there was a gradual

increase in all isoforms of C/EBPo from 30 to 42 kDa in the nuclear of WB-F344 cells.

t26 -



Results and Discussion

Figure 25 A: RT-PCR analysis of nRNA levels of hepatic transuiptionfactors, C/EBPa,

C/EBPP, C/EBPy and C/EBPô, in LVB-F344 cells stimulated with or without BMP4 (50

ng/ml). WB-F344 cells were treated with BMP4 (50ngiml) and total RNA was extracted

at different time points as indicated. The top part represents typical agarose gel pictures

of hepatic transcription factors expressions after treatment with BMP4. The lower part

displays the density histogram data from three-separated experiments (mean+SE), which

represents the relative expression of C/EBPo mRNA. Liver cells were used as positive

control. GAPDH was used for loading control. **indicates P<0.001 between treated and

control groups. M: Marker, C: Control, l: BMP4 (5Ongiml), 2: Dexamethasone (i0-7M),

3: BMP4+Dexamethasone, P: Positive control, N: Negative Control. Bz llesÍern blof

analysis of protein level of C/EBPa in l4¡B-F344 cells stimulated with or without BMP4

Q0 ng/ml). Nuclear proteins were isolated from WB-F344 cells at different time points

as indicated. Expression of C/EBPo was analyzed by Western blot as described in

Materials and methods. Histone was used for loading control. The top part represents

typical Western blot of CiEBPo. The lower part displays the density histogram data from

three-separated Western blot analysis (mean+SE). t indicates P(0.05 between treated and

control groups.
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2.2.6 Effect of BMP4 on DNA binding activity of C/EBPa in ll/B-F344 cells

In order to know whether BMP4 induced C/EBPo has functional activity, we

examined the effect of BMP4 on DNA binding activity of C/EBPu in WB-F344 cells by

electrophoretic mobility shift assay (EMSA). Consensus C/EBP responsive element and

mutated C/EBP responsive element were employed in this experiment. Nuclear extracts

from WB-F344 cells after treatment with BMP4 for 0, 3, 4, and 5 days were obtained and

incubated with these C/EBP elements. As shown in Figure 2(i, several gel-shift bands

were observed. However, only the top band marked as Cl was speciÍic to C/EBPo

because with cold C/EBP consensus probe and antibody, there is a significant repletion of

Cl band. Moreover, the mutated cold C/EBP probe could not deplete the protein DNA

binding band. However, the confirmation of C/EBPo DNA binding will be investigated

in the future with help of proteomic techniques. Furthermore, other bands (C2 and C3)

could be the DNA binding of other members of C/EBP family, which could be confirmed

with specific antibodies against other members of C/EBP family.
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Figure 26 Effect of BMP4 treatment on DNA binding activity of C/EBPa in WB-F344

cells as measured by electrophoretic mobility shift assay (EMSA). Nuclear proteins were

isolated from WB-F344 cells after treatment with BMP4 (50ng/ml) for 3 to 5 days as

described in Materials and methods. EMSA was conducted using a 22-mer

oligonucleotide containing CÆBP binding site. The figure showed a tepresentative

EMSA gel of protein binding to the consensus C/EBP-binding DNA oligonucleotide. All

lanes contained 8pg of nuclear extract and 0.05pmol of labeled C/EBP-binding DNA.

The C/EBP proteins present in the complex were identified by supershift assay, which

was carried out by incubating the nuclear extract (with BMP4 treatment for 4 days) with

the polyclonal antibody (2 Vg each) directed against C/EBPo, whereas competition assays

were performed with unlabeled C/EBP oligonucleotide ( 100 or 200-fold molar excess) or

unlabeled mutant C/EBP oligonucleotide ( 200-fold molar excess). The C/EBPs and the

non-specific (NS) complexes are indicated. Cl: Complex 1; C2: Complex 2; C3:

Complex 3; NS: Non-specific shift band; FP: Free probe.
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Results and Discussion

2.2.7 Elfect of BMP4 on WB-F344 cell prolderation

The aforementioned studies indicated a role of BMP4 in WB-F344 cell

differentiation. But what is the effect of BMP4 on WB-F3 44 cell proliferation. A

preliminary experiment employing V/ST-I proliferation reagent revealed that BMP4

could stimulate WB-F344 cell proliferation under in vitro culture condition (Figure 27).

The effect of BMP4 on WB-F344 cell proliferation was time and dose dependent. With

concentrations of 50 and 100ng/ml, BMP4 significantly stimulated WB-F344 cell

proliferation after 3 and 6 days treatment while there was no stimulative effect of BMP4

on WB-F34 4 cell proliferation when the concentrations were at 0.5, 1.5 and lOng/ml.
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Figure 27 Effect of BMP4 on the proliferation of l4rB-F344 cells. WB-F344 cells were

incubated with different concentration of BMP4 (0-1OOng/ml) for l, 3, 6 and 9 days. Cell

proliferation was determined by using WST-I reagent. The data represent mean*SE from

8 wells. *indicates P<0.05 between control (Ong/ml) and BMP4 treated groups.
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Results and Discussion

2.3 Dßcussion

Hepatic stem cells (progenitor cells for human or oval cells for rat) are located at the

end of biliary duct, the so-called the canals of Hering. According to the concept of stem

cells, the areas around the canals of Hering are considered as niche, which converts the

signals from these areas to hepatic stem cells and influences the self-renewal of stem cells.

Self-renewal of stem cells features the controlled proliferation and differentiation of stem

cells. From this point, current studies identified a very important role of BMP4 in HPCs

self-renewal. BMP4 stimulates not only hepatic oval cell differentiation toward

hepatocyte lineage but also cell proliferation.

Our early consideration of this project is to investigate the effect of BMP4 secreted

from HSCs on HPC proliferation and differentiation. The reason that HSCs and HPCs

are in close proximity to each other is that during hepatic f,rbrosis there is a earlier so-

called "ductual response" or "oval cell response", which indicates the proliferation of

hepatic oval cells in rat model of liver fibrosis (Theise, Saxena et al., 1999). However,

the mechanism of oval cell response is still unknown. Since it was demonstrated that

HSCs are in direct contact with the canals of Hering through small gaps of the basement

membrane in the liver (Paku, Schnur et al., 2001) and the elevated BMP4 expression was

found in fibrotic liver and activated HSCs, we initiated the study to investigate the role of

BMP4 on HPCs and found that BMP4 could induce WB-F344 cell differentiation toward

hepatocytes. This finding was confirmed by not only incubation with recombinant BMP4

but also with adenovirus-delivered BMP4. Moreover, the specificity of BMP4 in the

stimulation of WB-F344 cell differentiation was confirmed by employing a specific

BMP4 inhibitor - Noggin. Furthermore, we also confirmed that BMP4 secreted from
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HSCs could stimulate HPC differentiation and the effect of BMP4 from HSCs could be

blocked by BMP4 specific inhibitor Q.,loggin). ln addition to BMP4 induction of hepatic

stem cell differentiation, we also demonstrated that BMP4 could stimulate WB-F344 cell

proliferation. This finding could have an important impact on our understanding of

hepatic cancer stem cells. It is documented that hepatocellular carcinoma could be

derived from the stem cells either from the bone marrow or the liver (Sell, 2004; Burkert,

Wright et al., 2006). Moreover, for stem celi to become malignant phenotype, there is a

need to break down normal self-renewal process in favor of un-controlled proliferation,

which can be influenced by factors secreted fi'om niche (Hagymasi, Molnar et al., 2007) .

However, fuither research is required to confirtn our hypothesis that BMP4 plays a

carcinogenetic role in hepatic stem cells.

Our results indicated that BMP4 has the capability to induce differentiation of WB-

F344 cells toward hepatocyte in the in vitro culture condition. However, there are still

some issues that could not be resolved from the cunent study. First, the early phase gene

(AFP) of hepatic differentiation could not be detected in WB-F344 cells after treatment

with BMP4; Second, the expression of mid phase gene (albumin) and late phase genes

(G6Pase and TAT) was remained at a relative high level after BMP4 treatment. Whether

these observations indicated that BMP4 could initiate the differentiation of WB-F344

cells, and further promote the hepatic lineage progression to pass through the early phase

and then went to the mid-late phase is still not clear. A controversial result was also

observed in a paper published in 2004, which suggested that acidic fibroblast growth

factor (aFGF) could significantly induce the expression of albumin in differentiating

human embryonic stem cells, whereas basic fibroblast growth factor (bFGF), HGF and
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BMP4 did not have significant effect on cell differentiation (Lavon, Yanuka et a1.,2004).

This different observation could be due to different differentiation stage of stem cells

(embryonic stem cells versus hepatic stem cells) or different expression pattern of

specific surface receptors for hepatogenic-promoting factors (Heng, Yu et al., 2005).

Dexamethasone was shown to inhibit DNA synthesis and promote hepatic stem cells

differentiation through PIP3 signaling pathway (Dasgupta, Hughey et al., 2005). In

current studies, dexamethasone also induced the expression of hepatic markers in WB-

F344 cells and the expression of C/EBPc¿, which is one of transcription factors involved

in regulation of albumin gene expression (Takiguchi, 1998). Although co-treatment of

WB-F344 cells with both BMP4 and dexamethasone did not synergistically stimulate the

expression of C/EBPa, co-treatment with BMP4 and dexamethasone did increase the

mRNA abundance of hepatic markers. Possibility of the mechanisms is that BMP4 and

dexamethasone may mutually stimulate the expression of hepatic markers through other

transcription factors.

One interesting observation was noticed regarding the transcription of albumin in the

current studies. By designing a pair of primers for RT-PCR analysis of albumin, an

unexpected size of amplified band was observed. A746 bp insert was present at mRNA

sequence between exon 8 and exon 9 because the primers we designed were located at

the exon 8 and exon 9. After sequencing the146 bp insert, it revealed that the sequence

completely matched the sequence of intron 8-9 of albumin and there was no mutation and

deletion. An exon skipping was reported in the case where a 7-base-pair deletion at the

splice donor site of intron 8-9 of the albumin gene would result in the skipping of exon 9

during RNA splicing in Nagase analbuminemic rats (Shalaby and Shafritz,7990). To
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exclude possible genomic contamination during PCR, we also designed another pair of

primers located at exon 3 and exon 4. There was no genomic contamination observed.

Although the exact mechanism could not be delineated, it could be that the albumin

mRNA process is different in WB-F344 cells and mature hepatocytes.

Our data showed that there were expression of BMP4 and its receptors in WB-F344

cells and HSCs increased expression of BMP4 in fibrotic liver and activated HSCs. It is

possible that BMP4 could be a cytokine playing autocrine and paracrine functions

between HSCs and WB-F344 cells. By employing a co-culture system and BMP4

antagonist (lr{oggin), it was demonstrated that BMP4 from HSCs stimulated the

differentiation of WB-F344 cells toward hepatocytes. A similar observation has been

reported indicating that co-culture of HSCs and liver epithelial (stem-like) cells for I

week induced liver epithelial (stem-like) cells differentiation toward hepatic lineage

Qrlagai, Terada et a1.,2002). Although other cytokines or growth factors from HSCs

could also influence the differentiation of WB-F344 cells (Nagai, Terada et al., 2002;

Miura, Nagai et al., 2003), Noggin could reverse the differentiation of WB-F344 cells

toward hepatocytes in co-culture system, which indicated the critical role of BMP4 in the

differentiation of WB-F344 cells.

Intracellular signaling molecules play an important role in cytokine regulation of cell

differentiation and proliferation. It is especially important in the case of BMP4 activity.

Since there are two intracellular signaling pathways mediating BMP4 signal transduction'

we investigated the role of these signaling pathways in BMP4-induced differentiation of

WB-F344 cells. The first and major signaling pathway of BMP4 is the Smad pathway. It

has been shown that Smadl is involved in many stem cells differentiation. BMP4-
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activated Smadl signal pathway could promote an astrocytic cell fate in SVZ neural

progenitors and participate in the differentiation process of chondrocytes into bone (Xin,

Li et al., 2006). Moreover, BMP4-activated Smadl trans-located into nucleus and

recruited transcription coactivators oAMP responsive element-binding protein (CREB)

and p300, which subsequently activated hepatic differentiation gene expression in hepatic

stem cells (Suzuki, Raya et a1.,2006). Our results demonstrated for the first time that

BMP4-activated Smadl signaling pathway is involved in the hepatic differentiation

process of stem cells. The second pathway of BMP4 is the MAPK signal pathway. It has

been reported that FGF-activated MAPK/ERKI/2 signaling was responsible for the

initiation of hepatic gene expression in embryonic endoderm cells, whereas activation of

the pI3K pathway by FGF exerted a proliferative effect on hepatic stem cells in

endoderm explants (Okano, Shiota et al., 2003; Calmont, Wandzioch et al', 2006)'

However, the role of ERKI/2 remains to be further investigated because it has been

demonstrated that ERK pathway may be complex and depend on different process of cell

differentiation since ERK activated by different mitogens could exert opposite effects in

the same stem cells (Bost, Aouadi et al., 2005).

In conclusion, BMP4 could be considered as an efficient candidate that induces the

differentiation of WB-F344 cells toward hepatocytes. Moreover, BMP4 secreted from

activated hepatic stellate cells may act as a paracrine factor to stimulate WB-F344 cell

differentiation.
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3. Role of Extrøcellulør Signal-regulated Kinase (ERK) and Protein Kinase C in

Heterogeneoas Populatíon of Hepatic Stellate Cells

3.1 Introductíon

Regression of liver fibrosis and, possibly, cirrhosis has been reported in patients with

chronic liver disease and experimental liver fìbrosis animal model (Iredale, 2001;

Friedman, 2003; Desmet and Roskams, 2004). Specific induction of apoptosis in HSCs

may be considered as a possible realistic approach for cell targeted therapy to liver

fibrosis. During the past decade, about 60 papers contributed to the study of molecular

mechanism involved in HSCs apoptosis. It has been shown that HSCs undergo

spontaneous apoptosis during in vitro culture (Saile, Matthes et al., 2001). The trans-

differentiation of HSCs to myofibroblasts was paralleled by an increased sensitivity to

apoptosis (Gong, Pecci et al., 1998). Moreover, some apoptotic systems have been

demonstrated in HSCs (Gong, Pecci et al., 1998; Fischer, Cariers et al., 2002; W*g,

Zhang et al., 2004; Chen, Wang et al., 2006). However, it is difficult to find a proper

reagent, which can selectively induce the apoptosis of o-SMA positive HSCs. The reason

for the difficulty is that the difference between survival and apoptotic signals in activated

and quiescent HSCs has not yet been identified.

The ERK signaling pathway, also known as the p42lp44 MAP kinase pathway, is a

major intracellular signaling pathway to control cell proliferation, differentiation and

apoptosis. It has been demonstrated that ERK1/2 signaling generally transduces

proliferative (Bridle, Li et al., 2006; W*g, Zhangetal.,2006), and profibrogenic signals

in HSCs (Ceni, Crabb et al., 2006; Perez de Obanos, Lopez Zabalza et al., 2006).
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However, N-acetyl-L-cysteine-activated ERK signaling provoked a cell cycle arrest in

HSCs (Kim, Rhim et al., 2001). Another important intracellular signaling in HSCs is

protein kinase C, which has multiple isoforms and is interactive with ERK signaling (Hu

and Gereau,2003; Hu, Glauner et al., 2003). It has been shown that angiotensin-Il-

induced TIMP-I expression was mediated through PKC signaling in HSCs (Yoshiji,

Kuriyama et al., 2003). Moreover, PKC activators could promote HSCs proliferation but

inhibit o-SMA expression (Ramm, Li et al., 2003). The activation of PKC by

acetaldehyde enhanced collagen o2(I) promoter activity in HSCs (Anania, Womack et al.,

1999). Furthermore, ERK and PKC signaling were always coupled and synergically

promoted HSCs activation (Pettersson, Couture et a1.,2004; Ceni, Crabb et al., 2006).

However, in breast cancer cells (MDA-MB-231), PKC inhibitors could stimulate ERK

activation and induce cell apoptosis (Pettersson, Couture et al., 2004). Therefore, in

order to understand the role of ERK and PKC signaling in apoptosis of HSCs, the current

study investigated the expression of ERK and the regulation of PKC inhibitor on HSCs

apoptosis in heterogeneous population of hepatic stellate cell lines including CFSC-8B,

2G,3[and 5H.
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3.2 Results

3.2.1 Morphologt of CFSC-ïB,2G,3H and 5H cells ønd expression of smooth muscle

alpha øctin ín these cells.

The morphologies of CFSC-8B,2G,3H and 5H cells were shown in Irigure 2[Ì4.

CFSC-8B cells show flat and parallel to each other; CFSC-2G cells are small and star

shape, whereas CFSC-3H and 5H cells look similar in a disorganized growth pattern.

Moreover, CFSC-8B cells grow faster than CFSC-3H and CFSC-5H cells. The mRNA

expression of o-SMA (a marker for activated HSCs) was demonstrated in Figule 288.

CFSC-8B and CFSC-2G cells have higher mRNA level of o-SMA than CFSC-3H and

CFSC-5H cells. Based on the expression of o-SMA, CFSC-8B and CFSC-2G cells

resemble myofibroblast-like HSCs, whereas CFSC-3H and CFSC-SH cells are more like

quiescent HSCs.
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A

B

u-SMA
+ 495bp

GAPDH + 98lbp

cFsc-88 2G 5H PC NC

Figure 28 Morphologt of CFSC-9Ù, 2G, 3H and 5H cells and expression of smooth

muscle alpha actin infour HSC clones. A: Cell morphology of four HSC clones at day 2

after plating of cells. Cells were maintained in standard culture medium supplement with

10% FBS. B: Total RNA was extracted as described in Materials and methods.

Representative ethidium bromide-stained gel demonstrated the abundance of mRNA for

o-SMA in four HSC clones. GAPDH was used for loading control.

3H

-144-



Results and Discussion

3.2.2 Effect of støurosporíne on heterogeneous population of hepatic stelløte cells

øpoptosís

To investigate the susceptibility of heterogeneous population of HSCs to

staurosporine-induced apoptosis, CFSC-8B, CFSC-2G, CFSC-3H and CFSC-5H cells

were incubated with staurosporine for different time periods as indicated, and cell

apoptosis was determined by flow cytometry. As shown in Figure 29, after treatment of

staurosporine for 48 hrs, the annexin V-Cy3-positive and 7-ADD-negative cell

population was increased in both CFSC-88 cells (18.3%) and CFSC-2G cells (27.6%).

In contrast, treatment of staurosporine for 48 hrs had no effect on apoptosis of CFSC-3H

and CFSC-SH cells. Moreover, after treatment of staurosporine, there was a decrease in

normal cell number with concomitant increase in the cell number of early apoptosis and

late apoptosis/necrosis in CFSC-8B and 2G cells. This result indicated that CFSC-3H

and CFSC-5H cells were more resistant to staurosporine-induced apoptosis than CFSC-

88 and 2G cells.
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Figure 29 Flow cytometric analysis of CFSC-9&, 2G, 3H and 5H cells after treatment

with staurosporine. Cells were incubated with staurosporine (8nM) for 0, 16,24 and 48

hrs, respectively. Then cells were stained with annexinV-Cy3 and 7-ADD as described

in Materials and methods. Cell fluorescence was measured by flow cytometry.

AnnexinV-Cy3 was excited with 543nm laser and detected using the green (564-606 nm)

filter, while 7-ADD was excited with 488nm laser and detected using the red (653469

nm) filter. Normal cells (annexinV-Cy3- and 7-AAD-negative, A3); cells in early

apoptosis (arurexinV-Cy3-positive and 7-AAD-negative, AÐ; cells in late

apoptosis/necrosis (annexin V-Cy3- and 7-AAD-positive, A2); and cells in necrosis

(annexin V-Cy3- negative and 7-AAD-positive, A1). For each measurement, 10,000

cells were counted. I: 0 hr, II: 16 hrs, III: 24hrs,IV: 48 hrs.
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3.2.3 Effect of støurosporine and U0126 on expressíon and phosphorylation of ERK in

CFSC-9B ønd 5H cells.

To investigate the mechanism involved in staurosporine-induced apoptosis in

different HSC lines, we examined the effect of staurosporine and U0126 on expression

and phosphorylation of ERK in CFSC-8B and 5H cells by western blot analysis. U0126

is a chemically synthesized organic compound that specif,rcally inhibits both active and

inactive }dBKllz, and downstream phosphorylation of ERK1/2, in turn, is blocked. As

shown in Figure 304, the basal level of phospho-ERKl/2 was higher in CFSC-8B and

2G cells than in CFSC-3H and 5H cells. It was hardly detectable for phospho-ERKl/2 in

CFSC-3H and CFSC-5H cells. Staurosporine significantly induced the phosphorylation

of ERK1/2 in CFSC-8B cells after 5 minutes treatment and the phospho-ERKl/2 level

was steadily increased and peaked at 2 hrs after treatment. Although the basal level of

phospho-ERKl/2 in CFSC-5H cells was very low, staurosporine still induced the

phosphorylation of ERKl/2 after treatment of 30 minutes (Figure 308). Moreover, dose

dependent stimulation of ERK1/2 phosphorylation by staurosporine was observed in

CFSC-5H cells (Figure 30C). In addition, U0126 (aOfrM) completely abolished the

phosphorylation of ERKI/2 in CFSC-SH cells after treatment of 5 minutes in a dose

dependent manner (Figure 30D).
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Figure 30 Western blot analysis of ERKI and phospho-ERKl/2 expression in CFSC-9&,

2G, 3H and 5H cells stimulatedwith or without staurosporine and U0126. Expression of

ERK and phospho-ERKli2 were analyzedby Western blot as described in Materials and

methods. A: The basal expression levels of ERK and phospho-ERKl/2 in CFSC-8B,2G,

3H and 5H cells. B: CFSC-8B and 5H cells were treated with or without staurosporine

(8nM) at different time points as indicated. C: CFSC-5H cells were treated with different

concentration of staurosporine (0-32nM) for 48hr. D: CFSC-5H cells were treated with

or without U0I26 (a0pM) at different time points as indicated. The top part represents

typical Western blot of ERK and phospho-ERK1/2. The lower part displays the density

histogram data from three-separated Western blot analysis (mean+SE). *indicates P(0.05

between control and treated groups. **indicates P<0.001 between control and treated

groups.
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3.2.4 Elfect of co-treatment of støurosporine and U0126 on hepatic stellate cells

apoptosís

Previous experiment documented that CFSC-8B cells were more susceptible to

staurosporine-induced apoptosis than CFSC-SH cells and there was higher expression of

phospho-ERKl/2 in CFSC-8B cells than that in CFSC-SH cells. V/hether the status of

phospho-ERKl/2 contributes to the susceptibility of HSCs to staurosporine-induced

apoptosis, we examined CFSC-5H apoptosis after treatment of staurosporine alone and

co-treatment of staurosporine and U0126. After treatment of CFSC-5H cells with

different concentrations of staurosporine (0-32nM) or co-treatment of staurosporine with

U0T26 (a0prM) for 48 hrs, respectively, apoptosis was determined by flow cytometry. As

shown in Figure 31, after treatment with different concentration of staurosporine for 48

hrs, the annexin V-Cy3-negative and 7-ADD-negative normal cell population maintained

unchanged. However, after co-treatment of staurosporine with U0126 for 48 hrs, most

CFSC-5H cells underwent apoptosis. The annexin V-Cy3-positive and 7-ADD-negative

cells number was significantly increased from 5.9 to 62.2Yo.
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Figure 3l Flow cytometric analysis of CFSC-SH cells apoptosis after treatment of

staurosporine alone or co-treatment of staurosporine and U0126. Cells were incubated

with different concentration of staurosporine (0-32nM) or co-treatment of U0126 (a0pM)

and different concentration of staurosporine (0-32nM) for 48 hrs. Then cells were stained

with annexinV-Cy3 and 7-ADD as described in Materials and methods. Cell

fluorescence was measured by flow cytometry. AnnexinV-Cy3 was excited with 543nm

laser and detected using the green (564_f,06 nm) filter, while 7-ADD was excited with

488nm laser and detected using the red (653-669 nm) f,rlter. Normal cells (annexinV-

Cy3- and 7-AAD-negative, A3); cells in early apoptosis (annexinV-Cy3-positive and 7-

AAD-negative, A4); cells in late apoptosis/necrosis (annexin V-Cy3- and 7-AAD-

positive, A2); and cells in necrosis (annexin V-Cy3- negative and 7-AAD-positive, A1).

For each measurement, 10,000 cells were counted.
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3.3 Dßcussion

Understanding of HSC apoptosis is becoming more and more important to develop

specific target treatment for patients with liver fibrosis and cirrhosis. The fact that

activated HSCs undergo an apoptotic process and expression of death receptor p75 was

different in quiescent and activated HSCs indicates an important role of apoptosis in HSC

biology. By employing a heterogeneous population of transformed HSC lines, we

demonstrated the difference of HSC's susceptibility to staurasporine-induced apoptosis

and the phosphorylation of an intracellular signaling molecule (ERK).

Staurosporine is a less selective inhibitor of PKC. It has been shown that

staurosporine can suppress proliferation of HSCs (Ramm, Li et al., 2003) and induce

apoptosis of HSCs (Yoshiji, Kuriyama et al., 2003). The current study indicated that

susceptibility of HSCs to staurosporine-induced apoptosis may be related to the levels of

o-SMA and phospho-ERKl/2. The higher levels of cr-SMA and phospho-ERKl/2 HSCs

had, the more susceptible to staurosporine-induced apoptosis HSCs were. Moreover, the

susceptibility of HSCs to staurosporine-induced apoptosis may be also related to the

proliferation rate of HSCs because CFSC-8B and CFSC-2G have higher proliferation

index than CFSC-3H and 5H cells (Schaefer, Rivas-Estilla et al., 2003). This is

consistent with the observations found in other cell types. The sensitivity to Fas-

mediated apoptosis in leukemic cells was largely restricted in proliferating cells

(Macnamara, Palucka et al., 1999).

Although there is a correlation between phospho-ERKl/2 and the susceptibility of

HSCs to staurosporine-induced apoptosis, result from U0126-treated cells did not support

that phospho-ERKl/2 mediates apoptosis in CFSC-5H cells. Treatment of CFSC-5H
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cells with U0126 induced a significant apoptosis. Whether U0126 specifically inhibited

the ERK activity in CFSC-5H cells and induced apoptosis or mediated other apoptotic

signal remains to be investigated. However, it indicated that ERK1/2 signaling was an

important signaling pathway to CFSC-5H cells survival. In addition, it has been

demonstrated that ERKLZ mediates IGF1 induced apoptosis in HSCs (Saile, DiRocco et

a1.,2004). However, it was shown that cellular responses to ERK1/2 signaling depend on

the strength and duration of activated ERK signal. Usually transient activation of

ERKI/2 resulted to increase in cell proliferation, whereas sustained high levels of

ERKI/2 activity could cause cell apoptosis (Pettersson, Couture et al., 2004). This seems

to be true in HSCs as we observed that CFSC-8B and CFSC-2G cells with higher basal

level of phospho-ERKl/2 were more susceptible to staurosporine-induced apoptosis,

whereas CFSC-3H and CFSC-5H cells with lower basal level of phospho-ERKl/2 were

less susceptible to staurosporine-induce apoptosis. Moreover, staurosporine can induce a

strong and sustained phosphorylation of ERK1/2 in CFSC-8B cells which also showed

higher susceptibility to apoptosis. Whether ERKI/2 signaling could initiate the apoptosis

process in CFSC-8B cells remains to be investigated.

In conclusion, CFSC-3H and 5H cells are more resistant to apoptosis induced by

staurosporine than CFSC-8B and 2G cells. The different phosphorylation level of

ERKI/2 and proliferation index may contribute to the susceptibility of HSCs to apoptosis.
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IV. SUMMARY

This study was the first to investigate the roles of BMP4 during liver fibrogenesis.

The data present here shows that BMP4 expression was significantly increased in the

liver of BDL rats and during HSCs activation. We fuither showed that BMP4 efficiently

induced the differentiation of HSCs, but had no effect on the proliferation of HSCs.

Studies on the intracellular signaling initiated by BMP4 in HSCs indicated that Smadl

and p38 MAPK signaling might be involved in the differentiation of HSCs, whereas ERK

MAPK was important for HSCs survival.

This study highlighted the critical roles of BMP4 on the induction of differentiation

of WB-F344 cells toward hepatocytes. Autocrine and paracrine stimulation of BMP4 on

V/B-F344 cells in liver could be possible given there were expression of BMP4 and its

receptors in WB-F344 cells. As the major cellular source of BMP4 in liver, HSCs can

induce the differentiation of V/B-F344 cells through the interaction of epithelial-

mesenchymal cells. BMP4-activated Smadl signal might mediate the hepatic

differentiation of WB-F344 cells. Additionally, BMP4 can increase the expression and

DNA binding activity of C/EBPo, which is involved in the regulation of liver-specific

genes expression.

The signaling directing the survival and apoptosis in activated and quiescent HSCs

was also investigated in this study. CFSC-3H and 5H cells were more resistant to

apoptosis induced by staurosporine than CFSC-8B and 2G cells. The different

expression level of p-ERK1/2 and different proliferative capacity may determine the

susceptibility of CFSC to apoptosis.

16l -



Conclusion

V. CONCLUSION

It has been demonstrated that BMP4, as an inductive factor, plays a key role in cell

proliferation and differentiation. BMP4 and its down-stream signaling are capable to

switch on certain genes required for a particular cell type during the developmental

process or in a disease situation. BMP4 signaling is important to promote the

specification of early hepatocytes during liver development (Rossi, Dunn et al., 2001).

Although BMP4 expression appears undetectable in normal adult liver, stable expression

of BMPRs in hepatocytes, hepatic stellate cells and hepatic stem cells obviously renders

these cells responsive to BMP4. In the present study, we investigated the roles of BMP4

during liver fibrogenesis, which involved hepatic stellate cell trans-differentiation.

The research that contributed to this thesis supports the hypothesis that BMP4 and its

signaling play crucial roles in trans-differentiation and apoptosis of hepatic stellate cells

as well as differentiation of hepatic stem cells.

Figule 32, shows an important role of BMP4 during liver fibrogenesis. In normal

liver, the expression of BMP4 was rarely observed. However, high level of BMP4 was

detected in fibrotic liver and activated HSCs. This may indicate that BMP4 was involved

in trans-differentiation of hepatic stellate cells during fibrogenesis. Thereafter, our study

demonstrated that the stimulatory effects of BMP4 on the expression of a-SMA, a marker

for activated HSCs. Compared with transient increased expression of TGFP in the

activation of HSCs (Gong, Roth et al., 1998), sustained highly expressed BMP4 during

fibrogenesis may serve as a more important cytokine mediating the pathological change

during liver fibrogenesis.
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Of interest is the fact that activated HSCs can move across the basement membrane

and form direct contact with oval cells. [t was reported that some chemoattractants

expressed in ductal epithelium, such as PDGF, MCP-I, and IGF-I, trigger the migration

of activated HSCs (Friedman, 2003; Clouston, Powell et al., 2005). It was shown that

BMP4 has a distinguishable role on the onset of neural crest cell migration (Sela-

Donenfeld and Kalcheim, 1999). Whether BMP4 is involved in the migration of HSCs

remains unknown. Oval cells, acting as rat hepatic stem cells, are located at the canal of

Hering. The canal of Hering serves as oval cells niche, and tightly regulates oval cells

self-renewal and differentiation. Upon the arrival of activated HSCs to the oval cell

niche, the overall balance of signals maintaining normal oval cell self-renewal is

inevitably disrupted. The current studies have demonstrated that BMP4 secreted from

activated HSCs plays a very important role on oval cells self-renewal and differentiation

through the interaction of epithelial-mesenchymal cells. It was shown that BMP4 can

stimulate not only hepatic oval cell differentiation toward hepatocyte lineage but also cell

proliferation. Moreover, the self-upregulation of BMP4 in oval cells after stimulation

with BMP4 may enhance its capability of inducing differentiation. Hepatic

differentiation of oval cells induced by BMP4 may provide a possibility for oval cells to

be the source of regenerating hepatocytes. However, it should be cautious to determine

the phenotype of differentiated oval cells, since many studies have indicated that

hepatocellular carcinoma could be derived from the stem cells either from the bone

m¿urow or the liver (Sell, 2004; Alison and Lovell, 2005; Burkert, Wright et al., 2006).

Moreover, BMP4 showed a certain relationship with cancer development (Alarmo,

Kuukasjarvi et al., 2006; Theriault, Shepherd et al., 2007). Therefore, whether the
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differentiated oval cells induced by BMP4 become mature hepatocytes or hepatocellular

carcinoma need to be further investigated.

Regression of liver f,rbrosis and possibly cirrhosis has been reported in patients with

chronic liver disease and experimental liver fibrosis animal model. Specific induction of

apoptosis in HSCs may be considered as a possibly realistic approach for cell targeted

therapy to liver fibrosis. By employing a heterogeneous population of transformed HSC

lines, we demonstrated the differences of HSCs in susceptibility to staurasporine-induced

apoptosis and expression of an intracellular signaling molecule (ERK). Our results

suggested that susceptibility of HSCs to staurosporine-induced apoptosis had a positive

correlation with expression of o-SMA and phosphor-ERKl/2 in HSCs. Moreover, our

studies demonstrated that BMP4 could increase abundance of o-SMA and phospho-

ERK1/2 in HSCs. However, it is not clear whether BMP4-increased expression of o-

SMA and phosphor-ERKl/2 are directly related to susceptibility of HSCs undergoing

apoptosis. It has been known that the activated HSCs appear more susceptible to

apoptotic stimulation than quiescent cells (Canbay, Friedman et al., 2004). However, the

role of ERK1/2 in HSCs remains controversial. Some studies showed that cellular

responses to ERK1/2 signaling depend on strength and duration of activated ERK signal

(Kim, Rhim et a1.,2001). Transient activation of ERK1/2 usually resulted to an increase

in cell proliferation, whereas sustained high levels of ERK1/2 activity could cause cell

apoptosis. Our results seem to support this conclusion. Further detailed study is required

to determine the exact role of ERKllZ in HSCs.

At present, some studies have proved that Smadl signaling was directly related to

the cell differentiation. Myocyte phenotype of lung fibroblasts was induced by the
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increase in BMP4 dependent Smadl signaling (Jeffery, Upton et al., 2005). Retinoic acid

stimulated chondrocyte differentiation through induction of Smadl (Li, Schwarz et al.,

2003). In addition, BMP2 signaling through Smadl participated in chondrogenic

differentiation (Ju, Hoffmann et al., 2000). Our results showed that the expression of

phosphor-Smadl was increased significantly in both HSCs and WB-F344 cells after

stimulation with BMP4. Therefore, we speculate that BMP4 induced the differentiation

of HSCs and hepatic stem cells through the activation of Smad l. However, what is the

exact role of Smadl in these cells remains to be fuither investigated.

In conclusion, BMP4 could be considered as an efficient candidate that induces both

hepatic stellate cell trans-differentiation and differentiation of WB-F344 cells toward

hepatocytes. BMP4 secreted from activated hepatic stellate cells may act as a paracrine

factor to stimulate WB-F344 cell differentiation. The smadl signaling initiated by BMP4

may involve in the differentiation of hepatic stellate cells and hepatic stem cells.

Moreover, different phosphorylation level of ERKllZ and proliferation index may

contribute to the susceptibility of HSCs to apoptosis.
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Figure 32 Interaction of BMP4 and liver cells. In this model, the expression of BMP4

was increased in activated HSCs. Autocrine stimulation of BMP4 stimulated the

expression of o-SMA and p-ERKll2 in activated HSCs. Susceptibility of activated HSCs

to apoptosis is increased with elevated expression of o-SMA and p-ERKI/2. Activated

HSCs could migrate to areas that close to hepatic stem cells. Hepatic stem cells, in tum,

could be induced to differentiate toward hepatocytes through autocrine and paracrine

stimulation of BMP4.
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