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Background/Aims: The principal cellular effectors of fibrosis in liver are hepatic stellate cells (HSC). In response to
liver injury these quiescent cells undergo a phenotypic change to a myofibroblastic cell type, proliferate and secrete
matrix components. Thus, removal of activated HSC should be beneficial for the prognosis of hepatic fibrogenesis and
preserve organ function.

Methods: The purpose of this study was to investigate whether administration of adenoviruses constitutively expressing
the p53 tumor suppressor or the retinoblastoma protein (pRb) is sufficient to induce cell arrest or apoptosis in culture-
activated HSC. The expression of the transgenes was confirmed by Western blot analysis and immunohistochemistry.

Results: Both proteins were expressed mainly in the nucleus and their expression was associated with a marked
inhibition of cell proliferation and induction of apoptosis as determined by measurement of phosphatidylserine exposed
at the surface, proliferation assay, induction of the p21 cyclin-dependent kinase inhibitor, and an increase of caspase-3
activity. Additionally, electron microscopic analysis confirmed that activation of the p53-mediated pathway in HSC
results in chromatin and cytoplasmic condensation, typical features of ongoing apoptosis.

Conclusions: Our results indicate that transduction of p53 or pRb offers a feasible approach to induce apoptosis in
activated HSC. Thus, targeted transfer of these proteins into HSC may be potentially useful for the treatment of hepatic
fibrosis.
q 2002 European Association for the Study of the Liver. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Apoptosis, or programmed cell death, is a natural process

to remove unneeded, senescent, or damaged cells. The

morphologic and biochemical alterations during apoptosis

have been the subject of much investigation [1,2]. Hepatic

stellate cells (HSC) are abundant during fibrogenesis and

resolution of liver fibrosis is associated with apoptosis [3].

The development of methods for the isolation and culture of

HSC has enabled in vitro studies of these cells and interest-

ingly, culturing quiescent HSC on uncoated plastic surfaces

causes activation similar to that seen in liver fibrogenesis

[4,5]. This observation has greatly facilitated the study of

HSC activation and mechanisms counteracting the execution

of the fibrogenic program, e.g. the transdifferentiation into

contractile myofibroblasts (MFB). The phenotypic transition

includes stimulation of proliferation, loss of cellular retinoid

stores, appearance of a-smooth muscle actin, increased

synthesis of extracellular matrix proteins, and acquisition

of contractility. Given these apparent relevant disease-asso-

ciated changes, induction of apoptosis in MFB potentially

should be beneficial for recovery from established liver fibro-

sis. Cells undergoing apoptosis exhibit a series of morpholo-

gical and biochemical changes that allow them to be

distinguished from viable cells and from cells dying by
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other cell death mechanisms [6]. These include membrane

blebbing, chromatin condensation, DNA fragmentation,

exposure of phosphatidylserine to the cell surface, and acti-

vation of specific cell death proteases (caspases). In the

execution phase of apoptosis, regulators of cell cycle

progression as well as growth suppressor genes play impor-

tant roles [7]. The retinoblastoma protein (pRb) controls

entry into the S phase by binding to the E2F transcription

factor [8]. In the presence of proliferative signals, pRb is

phosphorylated at multiple sites by cyclins and cyclin-depen-

dent kinases (cdks) to generate hyperphosphorylated Rb,

which is unable to repress E2F-dependent transcription. In

contrast, kinase activity is in turn negatively regulated by a

number of cdk-inhibitors that act to prevent phosphorylation

of Rb thereby maintaining cells in the G1 phase. p21, one

member of the cdk-inhibitor family, is induced by p53 in

response to DNA damage [9]. The function of pRb is there-

fore linked to the activity of p53, that induces several

responses in cells, including differentiation, senescence,

DNA repair and the ability to regulate cell cycle-checkpoint

activity as well as apoptotic responses [10–13]. In glioma

cells the experimental transfer of p53 first induces expression

of p21 and growth arrest and subsequently induces apoptosis

[14,15]. Despite the importance of transcriptional regulation,

however, transcriptionally independent activities of p53 also

mediate at least some of its downstream effects during apop-

tosis. The mechanisms underlying these functions remain

poorly understood, but include the relocalization of death

receptors to the cell surface, a direct role for p53 in mitochon-

dria and an ability to regulate translation by binding to the 5 0-

untranslated region of certain mRNAs [16–18].

In the last decade remarkable progress has been made in

defining how p53 and pRb functions are regulated, deter-

mining the pathways that can be activated by these proteins

and identifying the downstream mediators of the growth

inhibitory and apoptotic cellular response. Ultimately,

these insights have initialized the development of novel

therapeutic strategies based on activation of the p53 or

pRb pathways for the treatment of diverse proliferative

disorders in liver [19,20].

We tested whether adenovirus-mediated transfer of p53

or pRb can induce cell death in culture-activated HSC. We

demonstrate that both proteins are efficient means of

enabling the apoptosis pathway to be initiated and executed

in these cells. Thus, local expression of these transgenes in

activated HSC may also be appreciable to the treatment of

hepatic fibrosis.

2. Materials and methods

2.1. Cell culture

HSC were isolated by liver-perfusion with pronase/collagenase and puri-

fied by a single-step density gradient centrifugation as described elsewhere

[21–24]. Cells were seeded in Dulbecco’s modified Eagle medium

(DMEM) supplemented with 10% fetal calf serum (FCS), 4 mM l-gluta-

mine, penicillin (100 IU/ml), and streptomycin (100 mg/ml).

2.2. SDS-PAGE and immunoblotting

Protein samples were resolved by SDS-PAGE and electroblotted onto

Protran membranes. pRb and p53 were detected with monoclonal antibo-

dies directed against human pRb (clone G3-245; BD PharMingen) or p53

(clone PAb421; Oncogene Research Products). For detection of the senes-

cent cell-derived inhibitor-1 a mouse anti-p21 antibody (BD PharMingen)

was used. The primary antibodies were visualized using horseradish perox-

idase-conjugated anti-mouse IgG and the supersignal chemiluminescent

substrate (Pierce).

2.3. Construction of recombinant adenoviruses

\vskip12pt\vskip12ptThe construction of Ad5-CMV-EGFP expressing

the enhanced green fluorescent protein was described previously [25].

For construction of the adenoviral shuttle vector pDE1sp1A-CMV-p53

the filled-in 1471 bp EcoRI fragment of clone PbR6 [26] was inserted

into pDE1sp1A-CMV-EGFP, which was filled-in after digestion with NheI

and EcoRI. For construction of pDE1sp1A-CMV-pRb the blunt-ended 2.9

kbp EcoRI/Bsu36I fragment from the pUC12 derivative pmRb115 [27]

harboring murine Rb cDNA was first cloned into pEGFP-C1 which was

depleted for EGFP by digestion with NheI and HindIII. Thereafter the 3.8

kbp Ppu10I/MluI fragment was released and cloned into pDE1sp1A [28].

Integration of transgenes into vector pJM17 [29] was performed by in

vitro homologous recombination.

2.4. Transfection and luciferase assays

The cirrhotic fat-storing cell line CFSC [30] or adherent 293 cells were

transfected with indicated constructs and an internal control (pRL-TK),

using the Fugene6e method (Roche). Firefly luciferase was quantified 48

h later using the Dual Luciferase Assay (Promega) in a Liquid Scintillation

& Luminescence counter. Values were normalized to Renilla luciferase

activities expressed from pRL-TK. The vectors pp53-TA-Luc, pRb-TA-

Luc, and pRL-TK were obtained from CLONTECH.

2.5. Proliferation assay

HSC were seeded in DMEM (10% FCS) and 1 day later serum was

reduced to 5% heat-inactivated FCS and cells were infected with indicated

adenovirus. Twenty-four hours later, medium was renewed (10% FCS) and

cells were exposed to 75 kBq/ml [6-3H]thymidine for another 24 h labeling

period. Incorporated radioactivity was measured as described [31].

2.6. Annexin-V-FLUOS assay

For determination of phosphatidylserine we used the FITC-conjugated

Annexin-V method (Roche). Briefly, HSC were seeded on glass slides in

DMEM (10% FCS) at a density of 2 £ 105 cells per six-well chamber. One

day later cells were infected at a multiplicity of infection (MOI) of 1000

with indicated viruses in 1 ml DMEM containing 5% heat inactivated FCS.

Twenty-four hours later DMEM was renewed (2 ml, 10% FCS) and cells

were cultured for another day. For Annexin-V assay 1 ml of the medium

was discarded and 20 ml of the Annexin-V-FLUOS solution was added.

Subsequently, cells were washed in binding buffer and staining was visua-

lized with an Axiovert-135M fluorescence microscope (Zeiss).

2.7. Cell death detection

HSC were seeded in 12-well chambers at a density of 9 £ 104 cells per

well and the next day the cells were infected with indicated adenovirus in

DMEM containing 5% heat inactivated FCS. The medium was changed

(10% FCS) 1 day later and cell death was monitored with the Cell death

detection ELISA (Roche) 24 h later. Therefore, cells were harvested in lysis
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buffer and intact nuclei were pelleted by centrifugation. Aliquots of the

supernatant were transferred to streptavidin-coated wells of a microtiter

plate and nucleosomes were bound to monoclonal antibodies against

histone (biotin-labeled) and DNA (peroxidase-conjugated), respectively.

Antibody-nucleosome complexes were washed three times (PBS) and

samples were incubated with the peroxidase substrate 2,2 0-Azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS). The amount of immobilized

antibody-histone was determined spectrophotometrically at 405 nm and

normalized to the content of DNA measured in parallel dishes using Sybr-

Green I dye.
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Fig. 1. Adenoviral expression of pRb and p53. (A) Construction of Ad5-CMV-pRb. The clone pCMV-pRb was constructed by fusing the EcoRI/Bsu36I

fragment of pmRb115 into pEGFP-C1 depleted for EGFP. The fragment harboring the CMV promoter, murine Rb, and the SV40-polyadenylation

signal was then transferred into adenoviral shuttle vector pDE1sp1A. (B) Construction of Ad5-CMV-p53. The EcoRI fragment of PbR6 was blunt-

ended and cloned into EGFP-depleted pDE1sp1A-CMV-EGFP. (C) pJM17. Integration of transgenes into adenovirus was performed by in vitro

homologous recombination into pJM17. In the schematic diagrams (A–C) sequences from Ad5 are shown as thick black lines, bacterial vector

sequences as thinner black lines, sequences encoding Rb, p53 or EGFP as thick dark gray lines, and selection markers for ampicillin (Amp),

kanamycin (Kan) and tetracycline (Tet) as thick gray lines, respectively. (D) Immunoblot analysis of pRb. HSC infected with wild-type Ad5 (2),

mock-infected HSC (3), untreated HSC (4), or Ad5-CMV-pRb-infected HSC (5) were tested for pRb expression. As a positive control lysates from

human leukemia cell line MOLT-4 expressing high levels of the 110 kDa pRb with a moderately different Mr were loaded (1). (E) Immunoblot analysis

of p53. Extracts of HSC infected with wild-type Ad5 (2), mock-infected HSC (3), untreated HSC (4), or Ad5-CMV-p53 infected HSC (5) were tested for

p53 expression. A human p53 standard with a moderate different apparent Mr served as control (1).



2.8. Caspase-3 assay

The activity of caspase-3 was analyzed with the ApoAlert caspase-3

fluorescent assay kit (CLONTECH). It measures the shift in fluorescence

emission of 7-amino-4-trifluoromethyl coumarin (AFC) after cleavage of

the amino acid substrate Asp-Glu-Val-Asp (DEVD)-AFC. AFC emits a

yellow-green fluorescence and the level of enzymatic activity in the lysates

is proportional to the color reaction, which was quantified at 508 nm.

2.9. Subcellular localization

Cells were seeded on glass coverslips for 24 h in DMEM (10% FCS).

One day later, serum content was reduced to 5% FCS and cells were

infected (MOI 160) with indicated adenovirus for 24 h. Thereafter,

DMEM was changed and 48 h later the cells were washed three times in

PBS, fixed for 15 min in 4% paraformaldehyde buffered in PBS (pH 7.4),

and permeabilized for 2 min on ice in a solution containing 0.1% sodium

citrate and 0.1% Triton X-100. Then the cells were washed three times in

PBS, blocked for 30 min at 37 8C in 50% FCS, 0.1% BSA in PBS and then

in 0.5% BSA/0.1% fish gelatine in PBS, and washed three times for 5 min at

room temperature. Incubations with appropriate antibody solutions were

performed at 37 8C for 1 h in 1% BSA following three washes in PBS.

Primary antibodies for p53 and pRb were the same as used for immuno-

blotting and detection was performed using a purified biotin-conjugated

anti-mouse antibody and a streptavidin-FITC conjugate.

2.10. Electron microscopic studies

HSC (3 £ 106) were infected (MOI 33) in six-well plates 1 day after plating

with indicated adenovirus in DMEM (5% FCS). One day later the medium

was renewed (10% FCS) and cells were fixed in 3% glutaraldehyde/0.1 M

phosphate buffer (pH 7.4) for 15 min after incubation for 24–48 h. Scraped

cells were centrifuged for 10 min at low speed and the cell pellet was mixed

with 3% agarose at 50 8C by addition of 3% glutaraldehyde. Blocks of

embedded cells were washed with phosphate buffer and osmification was

performed with 1% osmium-tetraoxide in phosphate buffer for 1 h. Cells

were then dehydrated with standard alcohol series, infiltrated in a mixture of

epoxy resin/propylene oxide (1:1) for 30 min and flat embedded in pure

epoxy resin for 60 min in dried, labeled silicon moulds. The epoxy was

allowed to polymerize (8 h at 37 8C, 56 h at 60 8C). Sections (1 mm) were

counterstained with Toluidine Blue and ultrathin sections (80–100 nm) were

prepared with a diamond knife and mounted on copper grids. The grids were

stained with uranyl acetate and lead citrate, air-dried and examined with a

Philips transmission electron microscope TEM 400 at 60 kV.

3. Results

3.1. Adenoviral delivery of p53 or pRb

Recombinant adenoviruses are the most widely used

vectors to deliver genes to HSC with high transduction effi-

ciencies [25]. This straightforward gene transfer method

was chosen to design the adenoviral shuttle vectors

pDE1sp1A-CMV-pRb (Fig. 1A) and pDE1sp1A-CMV-p53

(Fig. 1B) expressing murine pRb or rat p53 under transcrip-

tional control of the cytomegalovirus (CMV) promoter. The

integration of the transgenes into the genome of Ad5 was

performed through homologous recombination in 293 cells

between common regions of the shuttle vectors and the

adenoviral backbone vector pJM17 (Fig. 1C). After two

rounds of amplification and purification recombinant Ad5

particles were tested in respect to expression of the foreign

gene cassettes. Both viruses, Ad5-CMV-pRb and Ad5-

CMV-p53, were able to direct substantial expression of

the respective protein products of 110 kDa (pRb) and 53

kDa (p53) in size as indicated by Western blot analysis (Fig.

1D,E). In these experiments total lysates from human leuke-

mia cell line MOLT-4 expressing high levels of the 110 kDa

pRb and a commercially available human recombinant p53

standard with moderate higher molecular weights served as

controls. In order to follow the cellular localization of

expressed proteins we performed immunocytochemistry.

As expected, staining of both transgenes occurs predomi-

nantly within the nuclei of HSC (Fig. 2). Both transgenes

induced nuclear blebbing and shrinking, drastic cellular

disintegration and an accompanied degree of mortality. In

cells infected with empty control viruses or other heterolo-

gous adenoviruses we observed only a weak immunostain-

ing of endogenous p53 or pRb and no features characteristic

for cell death (data not shown).

3.2. p53 and pRb induce apoptosis in HSC

To study the effects of recombinant pRb and p53 on HSC

proliferation, we determined the cell number following

infection by direct counting in a light microscope (Fig. 3).

In different experiments, the p53- and pRB-infected cultures

showed a significant reduction in cell number (up to 50%).

In agreement, the DNA content in these cultures was

reduced to half that of control cultures suggesting that p53

and Rb were biologically active. We next tested the func-

tionality in transient co-transfection assays using reporter

vectors pp53-TA-Luc or pRb-TA-Luc. The vector pp53-

TA-Luc contains a p53 responsive element (p53CE) located

upstream of the firefly luciferase reporter gene (Fig. 4A).

After binding of p53 to p53CE, transcription is induced and

the reporter gene is activated. In contrast, in vector pRb-TA-

Luc transcription of reporter is decreased in response to

binding of Rb to the Rb-cis-acting element (RCE). When

assayed in the fat-storing cell line CFSC [30] or 293 cells

the shuttle vector pDE1sp1A-CMV-p53 confers strong acti-

vation of the p53-sensitive reporter (Fig. 4C). In analogy,

the functionality of pRb expressed by vector pDE1sp1A-

CMV-pRb was proven in 293 cells (data not shown). We

then quantitatively assayed the influence of pRb or p53 on

proliferation by [3H]thymidine incorporation in HSC (Fig.

5A). Compared to mock- or virus-controls, the multiplica-

tion activity of HSC was significantly reduced by pRb and

p53. Concomitant with these findings was the induction of

cell death within these cells as monitored by quantitative

cell death detection ELISA (Fig. 5B). To investigate

whether the observed cell death in HSC was secondary to

necrosis or apoptosis, we performed caspase-3 activity

assays (Fig. 5C). Increased caspase-3 activity was detected

in the Ad5-CMV-pRb and Ad5-CMV-p53 infected cells but

not in cells infected with other recombinant adenoviruses,

revealing that the observed cell death was due to induction

of the apoptotic pathway. To confirm that the type of cell
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death was indeed apoptosis, we also quantified the content

of phosphatidylserine on the outer leaflet of the plasma

membrane. Again, consistent with the hypothesis that high

levels of p53 and pRb induce apoptosis in HSC we found

that cells infected with the corresponding Ad5 derivatives

were phosphatidylserine-positive as demonstrated by

Annexin-V staining, while there was only a weak back-

ground staining in untreated or mock-infected cells (Fig. 6).
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Fig. 2. Apoptosis in HSC. Cells were infected with Ad5-CMV-pRb (A–C) or Ad5-CMV-p53 (D–F) and immunostained with a purified mouse IgG

(A,D), an antibody specific for Rb (B,C), or an antibody directed against p53 (E,F). Original magnifications were 100 £ (B,E) or 400 £ (A,C,D,F).

Fig. 3. Microscopic appearance of HSC overexpressing pRb or p53. Photographs were taken from mock-infected HSC (A), control virus-infected HSC

(B), Ad5-CMV-pRb infected HSC (C), and Ad5-CMV-p53 infected HSC (D), respectively.



3.3. Expression of p21

A key regulator of the p53 pathway is p21/WAF1, which is a

transcriptional target of p53 [14,15]. This small regulatory

protein is a potent inhibitor of cdks and can also inhibit cell

cycle progression by binding to proliferating cell nuclear anti-

gen (PCNA), thereby blocking DNA replication. To address

the question of whether the expression of p21 is altered in

response to increased levels of p53 we performed Western

blot analysis (Fig. 7). In HSC and in control virus-infected
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Fig. 4. Functional activity of p53 and pRb. (A) pp53-TA-Luc. The

vector pp53-TA-Luc contains a p53 cis-acting element [39], located

upstream of the minimal TA promoter, the TATA box from the Herpes

simplex virus thymidine kinase promoter (PTA). Located downstream

of PTA is the firefly luciferase reporter gene. After transcription factors

bind to the p53-response elements, transcription is induced and the

receptor gene is activated. (B) pRb-TA-Luc. The vector pRb-TA-Luc

contains an Rb cis-acting element (RCE) [40] upstream of the minimal

TA promoter. Binding of Rb to the RCE decreases expression of luci-

ferase. (C) Monitoring of p53 activity in pDE1sp1A-CMV-p53 infected

CFSC. CFSC-2G [30] were infected with 2 mg pp53-TA-Luc (control)

or co-transfected with 2 mg pp53-TA-Luc and 0.5 mg pDE1sp1A-CMV-

p53 (p53). Two days later the activity of the luciferase reporter was

measured and values were normalized to the renilla luciferase activity

expressed from pTL-TK co-transfected (0.4 ng) in each experiment.

Fig. 5. Determination of cell proliferation, cell death and caspase-3

activity in HSC overexpressing pRb or p53. (A) Proliferation assay.

HSC proliferation was analyzed by [3H]thymidine incorporation and

the mean values ^SD of triplicate determinations of a representative

experiment are shown. (B) Cell death analysis. HSC infected with Ad5-

CMV-pRb or Ad5-CMV-p53 were assayed for cell death. Shown is a

representative of three independent experiments each performed in

triplicate. (C) Caspase-3 activity. Normal, mock-infected or HSC

infected with Ad5-CMV-pRb or Ad5-CMV-p53 were assayed for

caspase-3 activity. Data are given as average released nmol AFC

normalized to the DNA content. In the experiments given (A–C) HSC

infected with a virus control served as controls.



cells p21 is only expressed at low levels. However, following

infection with Ad5-CMV-p53 we observed upregulation of

p21 in a time-dependent manner (Fig. 7A). The experiments

also revealed that the level of pRb, the downstream effector of

p21, correlates with the expression of p53 (Fig. 7B).

3.4. Cell morphology

Two days after infection with Ad5-CMV-p53 HSC showed

nuclear blebbing, cytoplasmic vacillation and cellular disinte-

gration, features highly compatible with apoptosis. To further

characterize these characteristic changes we performed elec-

tron microscopic analysis. HSC or cells infected with control

viruses showed the usual ultrastructural morphology and their

nucleus was euchromatic and acentric with several prominent

nucleoli (Fig. 8A,B). The cytoplasm was well distributed and

mitochondria were preferentially located in single organelle-

rich cones in close proximity to the nucleus. In contrast, after

infection with Ad5-CMV-p53 the chromatin arrangements in

the nuclei drastically changed (Fig. 8C,D). Nuclear hetero-

chromatin condensation and fragmentation, typical features

of apoptosis, were noted. In later stages of apoptosis nuclear

blebbing and shrinking were observed and nuclei were

surrounded by typical, highly condensed cytoplasm (Fig.

8E–G). Again, these results show that the introduction of

p53 into HSC enables the p53-dependent apoptosis pathway

to be initiated and executed.

4. Discussion

Previous studies have demonstrated that apoptosis of

HSC may vitally contribute to the spontaneous recovery
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Fig. 6. Staining of HSC with Annexin-V-FLUOS. Untreated HSC (A), HSC infected with a control virus (B), Ad5-CMV-Rb (C) or Ad5-CMV-p53 (D)

were stained with the Annexin-V-FLUOS staining kit and analyzed under a fluorescence microscope (400 £ ). Shown are representative results of

three independent experiments.

Fig. 7. Western blot analysis. Expression of pRb and p21 in HSC

infected for 1–6 days (1–6) with Ad5-CMV-p53. In these experiments,

lysates (20 mg) from mock-infected HSC (H) or control virus infected

(V) HSC isolated at day 3 after infection served as controls.



from fibrosis [3]. Thus, induction of apoptosis in activated

HSC or MFB may have important implications for the

development of therapeutic strategies in the liver. Upon

activation in culture, HSC undergo spontaneous apoptosis,

which can be greatly increased by serum deprivation and

fas-ligand [3,32,33]. In other studies it was demonstrated

that abrogation of cell adhesion by administration of a solu-

ble integrin antagonist induces apoptosis in primary HSC

and ongoing apoptosis was associated with increased

expression of p53 [34]. In vitro, TGF-b and TNF-a both

inhibit apoptosis in activated HSC and reduced apoptosis

may therefore represent the mechanism responsible for

prolonged survival of activated HSC in chronic liver failure

[35]. As for gene therapy of liver fibrosis, administration of

pro-apoptotic genes or transfer of constitutively active nega-

tive regulators of the cell cycle are effective means. In light

of the broad spectrum of activity, the classical tumor

suppressor genes p53 and pRb are strong candidates for

use as anti-proliferative agents in a number of disorders

that are characterized by inappropriate proliferative

responses. With regard to the liver, the cellular activation

of HSC in the course of liver fibrogenesis may be a relevant

example of such an excessive response, and agents that

attenuate the proliferation and activation of HSC could

potentially provide a promising strategy for therapy of

acute or chronic injury of the liver. In other cellular systems

the concept that the activities of p53 and pRb are crucial for

the induction of apoptosis and blocking of cell cycle

progression is widely accepted [7,36]. In this regard, several

studies are tremendously encouraging from the view of ther-

apeutic application, e.g. in hepatocellular carcinoma cells

adenoviral-mediated transfer of the p53 gene was shown to

initiate cell proliferation arrest and apoptosis [19,20].

However, proof that delivery of p53 or pRb could enable

the apoptosis pathway in HSC is uncertain. We therefore

constructed replication-defective recombinant adenoviruses

expressing wild-type p53 or pRb and examined their effects

on HSC proliferation in vitro. Infection with either Ad5-

CMV-pRb or Ad5-CMV-p53 resulted in strong expression

of the transgenes, which was associated with a drastic

suppression of cell proliferation. Both proteins were predo-

minantly localized in the nucleus and were able to induce

nuclear blebbing and shrinking. We have used a series of

complementary techniques to demonstrate that the observed

cell death was mediated by apoptosis and have obtained

remarkably consistent results. First, we demonstrate that

the activity of caspase-3 was increased. Second, on the

basis of staining with an Annexin-V conjugate we were

able to show the characteristic externalization of phospha-

tidylserine, which is usually confirmed to the inner leaflet of

the plasma membrane and occurs as a widespread event

during apoptosis. Third, the expression of p53 stimulates

the activity of the p21 gene. This cdk-inhibitor is known

to be a direct p53 target and activation of this downstream

mediator confirms that p53-dependent apoptosis in HSC is

caused by the classical apoptotic pathway. The prior eleva-

tion in the levels of the p21 protein prior to execution of

apoptosis via p53 is also known from other cellular systems.

Notably, we observed a significant upregulation of pRb

expression after transfer of p53 in HSC. Rb is known to

signal downstream of p21 and common induction of p21

and pRb again demonstrates that p53 mediates its proper

function in the apoptotic program. Furthermore, electron

microscopic analysis revealed that HSC infected with

Ad5-CMV-p53 generate nuclear heterochromatin conden-

sation and fragmentation with nuclear blebbing and shrink-

ing, typical features of apoptosis.

As for an apoptosis driven gene therapy of liver fibrosis,

it is important to induce the transgenes in a HSC/MFB-

specific manner. We recently found that in liver the

CSRP2- and SM22-a genes are exclusively active in
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Fig. 8. Electron microscopy. Phenotypic appearance of nuclei from

mock-infected HSC (A), or HSC infected with Ad5-CMV-asTGF-b1

[41] (B) or Ad5-CMV-p53 (C–F). Note the chromatin arrangements

in nuclei of HSC infected with Ad5-CMV-p53 (C,D). Apoptosis ends

in cytoplasmatic disintegration (E) with nuclear blebbing and shrink-

ing (black arrow) and condensed nuclei (F,G). These changes were not

seen in mock-infected HSC or in cells infected with other recombinant

adenoviruses. Space bars correspond to 1 mm.



HSC/MFB [37] (unpublished observation). Another poten-

tial regulatory element for selective expression in HSC is

the promoter of the tissue inhibitor of metalloproteinases-1

[38]. The fusion of p53 or pRb with relevant promoter

elements responsible for HSC/MFB-specific expression

might offer one way to design specific therapies for liver

fibrosis.
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The authors thank René Bernards (The Netherlands

Cancer Institute, Antoni van Leeuwenhoek Hospital,

Amsterdam) for providing murine Rb cDNA, Thierry Soussi

(Institut Curie, Section Recherche, Paris) for rat p53 cDNA,

and Marcos Rojkind (Marion Bessin Liver Research Center,

Albert Einstein College of Medicine, New York) for send-

ing cell line CFSC. Studies from the authors’ laboratory

relevant to this work were supported by grants from the

DFG and from the IZKF BIOMAT.

References

[1] Hacker G. The morphology of apoptosis. Cell Tissue Res

2000;301:5–17.

[2] Saraste A, Pulkki K. Morphologic and biochemical hallmarks of

apoptosis. Cardiovasc Res 2000;45:528–537.

[3] Iredale JP, Benyon RC, Pickering J, McCullen M, Northrop M,

Pawley S, et al. Mechanisms for spontaneous resolution of rat liver

fibrosis. Hepatic stellate cell apoptosis and reduced hepatic expression

of metalloproteinase inhibitors. J Clin Invest 1998;102:538–549.

[4] Friedman SL. Molecular regulation of hepatic fibrosis, an integrated

cellular response to tissue injury. J Biol Chem 2000;275:2247–2250.

[5] Gressner AM, Weiskirchen R, Breitkopf K, Dooley S. Roles of TGF-

b in hepatic fibrosis. Front Biosci 2002;7:D793–D807.

[6] Majno G, Joris I. Apoptosis, oncosis, and necrosis. An overview of

cell death. Am J Pathol 1995;146:3–15.

[7] Amundson SA, Myers TG, Fornace Jr. AJ. Roles of p53 in growth

arrest and apoptosis: putting on the brakes after genotoxic stress.

Oncogene 1998;17:3287–3299.

[8] Nevins JR, Chellappan SP, Mudryj MK, Hiebert S, Devoto S, Horo-

witz J, et al. E2F transcription factor is a target for the RB protein and

the cyclin A protein. Cold Spring Harbor Symp Quant Biol

1991;56:157–162.

[9] Szak ST, Mays D, Pietenpol JA. Kinetics of p53 binding to promoter

sites in vivo. Mol Cell Biol 2001;21:3375–3386.

[10] Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, Craig RW.

Participation of p53 protein in the cellular response to DNA damage.

Cancer Res 1991;51:6304–6311.

[11] Kastan MB, Zhan Q, el-Deiry WS, Carrier F, Jacks T, Walsh WV, et

al. A mammalian cell cycle checkpoint pathway utilizing p53 and

GADD45 is defective in ataxia-telangiectasia. Cell 1992;71:587–597.

[12] Kuerbitz SJ, Plunkett BS, Walsh WV, Kastan MB. Wild-type p53 is a

cell cycle checkpoint determinant following irradiation. Proc Natl

Acad Sci USA 1992;89:7491–7495.

[13] Yonish-Rouach E, Resnitzky D, Lotem J, Sachs L, Kimchi A, Oren

M. Wild-type p53 induces apoptosis of myeloid leukaemic cells that

is inhibited by interleukin-6. Nature 1991;352:345–347.

[14] Gomez-Manzano C, Fueyo J, Kyritsis AP, Steck PA, Roth JA,

McDonnell TJ, et al. Adenovirus-mediated transfer of the p53 gene

produces rapid and generalized death of human glioma cells via apop-

tosis. Cancer Res 1996;56:694–699.

[15] Gomez-Manzano C, Fueyo J, Kyritsis AP, McDonnell TJ, Steck PA,

Levin VA, et al. Characterization of p53 and p21 functional interac-

tions in glioma cells en route to apoptosis. J Natl Cancer Inst

1997;89:1036–1044.

[16] Bennett M, Macdonald K, Chan SW, Luzio JP, Simari R, Weissberg

P. Cell surface trafficking of Fas: a rapid mechanism of p53 mediated

apoptosis. Science 1998;282:290–293.

[17] Marchenko ND, Zaika A, Moll UM. Death signal-induced localiza-

tion of p53 protein to mitochondria. A potential role in apoptotic

signalling. J Biol Chem 2000;275:16202–16212.

[18] Miller SJ, Suthiphongchai T, Zambetti GP, Ewen ME. p53 binds

selectively to the 5 0 untranslated region of cdk4, an RNA element

necessary and sufficient for transforming growth factor b- and p53-

mediated translational inhibition of cdk4. Mol Cell Biol

2000;20:8420–8431.

[19] Mitry RR, Sarraf CE, Havlik R, Habib NA. Detection of adenovirus

and initiation of apoptosis in hepatocellular carcinoma cells after Ad-

p53 treatment. Hepatology 2000;31:885–889.

[20] Reiser M, Neumann I, Schmiegel W, Wu PC, Lau JY. Induction of

cell proliferation arrest and apoptosis in hepatoma cells through

adenoviral-mediated transfer of p53 gene. J Hepatol 2000;32:771–

782.

[21] de Leeuw AM, McCarthy SP, Geerts A, Knook DL. Purified rat liver

fat-storing cells in culture divide and contain collagen. Hepatology

1984;4:392–403.

[22] Fehrenbach H, Weiskirchen R, Kasper M, Gressner AM. Upregulated

expression of the receptor for advanced glycation end products

(RAGE) in cultured rat hepatic stellate cells during transdifferentia-

tion to myofibroblasts. Hepatology 2001;34:943–952.

[23] Schafer S, Zerbe O, Gressner AM. The synthesis of proteoglycans in

fat-storing cells of rat liver. Hepatology 1987;7:680–687.

[24] Gressner AM, Zerbe O. Kupffer cell-mediated induction of synthesis

and secretion of proteoglycans by rat liver fat-storing cells in culture.

J Hepatol 1987;5:299–310.

[25] Weiskirchen R, Kneifel J, Weiskirchen S, Van de Leur E, Kunz D,

Gressner AM. Comparative evaluation of gene delivery devices in

primary cultures of rat hepatic stellate cells and rat myofibroblasts.

BMC Cell Biol 2000;1:4.

[26] Soussi T, Caron de Fromentel C, Breugnot C, May E. Nucleotide

sequence of a cDNA encoding the rat p53 nuclear oncoprotein.

Nucleic Acids Res 1988;16:11384.

[27] Bernards R, Schackleford GM, Gerber MR, Horowitz JM, Friend SH,

Schartl M, et al. Structure and expression of the murine retinoblas-

toma gene and characterization of its encoded protein. Proc Natl Acad

Sci USA 1989;86:6474–6478.

[28] Bett AJ, Haddara W, Prevec L, Graham FL. An efficient and flexible

system for construction of adenovirus vectors with insertions or dele-

tions in early regions 1 and 3. Proc Natl Acad Sci USA 1994;91:8802–

8806.

[29] McGrory WJ, Bautista DS, Graham FL. A simple technique for the

rescue of early region 1 mutations into infectious human adenovirus

type 5. Virology 1988;163:614–617.

[30] Greenwel P, Rubin J, Schwartz M, Hertzberg EL, Rojkind M. Liver

fat-storing cell clones obtained from a CCl4-cirrhotic rat are hetero-

geneous with regard to proliferation, expression of extracellular

matrix components, interleukin-6, and connexin 43. Lab Invest

1993;69:210–216.

[31] Zerbe O, Gressner AM. Proliferation of fat-storing cells is stimulated

by secretions of Kupffer cells from normal and injured liver. Exp Mol

Pathol 1988;49:87–101.

[32] Gong W, Pecci A, Roth S, Lahme B, Beato M, Gressner AM. Trans-

formation-dependent susceptibility of rat hepatic stellate cells to apop-

tosis induced by soluble Fas ligand. Hepatology 1998;28:492–502.

[33] Saile B, Knittel T, Matthes N, Schott P, Ramadori G. CD95/CD95L-

mediated apoptosis of the hepatic stellate cell. Am J Pathol

1997;151:1265–1272.

B. Abriss et al. / Journal of Hepatology 38 (2003) 169–178 177



[34] Iwamoto H, Sakai H, Tada S, Nakamuta M, Nawata H. Induction of

apoptosis in rat hepatic stellate cells by disruption of integrin-

mediated cell adhesion. J Lab Clin Med 1999;134:83–89.

[35] Saile B, Matthes N, Knittel T, Ramadori G. Transforming growth

factor b and tumor necrosis factor a inhibit both apoptosis and prolif-

eration of activated rat hepatic stellate cells. Hepatology

1999;30:196–202.

[36] Wang JY, Ki SW. Choosing between growth arrest and apoptosis

through the retinoblastoma tumour suppressor protein, Abl and p73.

Biochem Soc Trans 2001;29:666–673.

[37] Weiskirchen R, Moser M, Weiskirchen S, Erdel M, Dahmen S, Buett-

ner R, et al. LIM domain protein cysteine- and glycine-rich protein 2

(CRP2) is a novel marker of hepatic stellate cells and binding partner

of the protein inhibitor of activated STAT1. Biochem J

2001;359:485–496.

[38] Bahr MJ, Vincent KJ, Arthur MJ, Fowler AV, Smart DE, Wright MC,

et al. Control of the tissue inhibitor of metalloproteinases-1 promoter

in culture-activated rat hepatic stellate cells: regulation by activator

protein-1 DNA binding proteins. Hepatology 1999;29:839–848.

[39] Komarova EA, Chernov MV, Franks R, Wang K, Armin G, Zelnick

CR, et al. Transgenic mice with p53-responsive lacZ: p53 activity

varies dramatically during normal development and determines radia-

tion and drug sensitivity in vivo. EMBO J 1997;16:1391–1400.

[40] Robbins PD, Horowitz JM, Mulligan RC. Negative regulation of

human c-fos expression by the retinoblastoma gene product. Nature

1990;345:668–671.

[41] Arias M, Lahme B, Van de Leur E, Gressner AM, Weiskirchen R.

Adenoviral delivery of an antisense RNA complementary to the 3 0

coding sequence of transforming growth factor-b1 inhibits fibrogenic

activities of hepatic stellate cells. Cell Growth Differ 2002;13:265–273.

B. Abriss et al. / Journal of Hepatology 38 (2003) 169–178178


