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Ribosomall  protein S3a: a guardian of hepatocyte differentiation 

Summary y 

Duringg embryonic development cells of the ventral foregut (pre-hepatic 
endoderm)) become destined to develop along the hepatic lineage 
(specification).. Hereafter, these cells begin expressing liver-specific genes 
(differentiation)) and the early hepatocytes start to proliferate and invade the 
mesenchymee of the surrounding septum transversum. This leads to formation 
off  the liver organ and the hepatocytes coincidently start to express sub-sets of 
liver-specificc genes in relation to their position in the liver (maturation). 
Hepatocytee specification and subsequent differentiation is the result of tissue 
interactionss between pre-hepatic endoderm and adjacent (pre-)cardiac 
mesodermm and, subsequently, the mesenchyme of the septum transversum. 
Utilizingg a novel functional in vitro assay that allows the comprehensive 
screeningg of cDNA libraries, an embryonic day 12 rat heart cDNA expression 
libraryy was screened for gene products involved in hepatocyte growth and 
differentiation.. This led to the identification of ribosomal protein S3a as a 
factorr capable of restoring the differentiated state in de-differentiated 
hepatocytes,, and that requires cell-cell interactions to exert its effect. In situ 
hybridizationn studies in rat showed that, in vivo, S3 a transcripts are abundantly 
expressedd in embryonic hepatocytes during the phase of exponential liver 
growth.. We hypothesize that the biological function of S3a in the embryonic 
liverr is to maintain the differentiated state of the rapidly dividing hepatocytes. 
Sincee we observed high expression of S3a in other rapidly dividing tissues, 
suchh as embryonic enterocytes, central nervous tissue, and branchial arches, it 
mayy well be that its differentiation-preserving function is not confined to 
embryonicc hepatocytes. The presumed function of S3a may be applied to 
inhibitt de-differentiation of hepatocytes cultured in vitro, which forms the 
majorr limitation in the devices providing bioartificial liver support to patients 
withh acute liver failure. 
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Introductio n n 

Formationn of the liver takes place along a cascade of well defined steps 
duringg embryonic development (Le Douarin, 1975; Zaret, 1996, 1998). 
Hepatocytee specification and differentiation occur as a result of tissue 
interactionss between the pre-hepatic endoderm and first, the (pre-)cardiac 
mesodermm and, subsequently, the mesenchyme of the septum transversum (Le 
Douarin,, 1975; Houssaint, 1980; Fukuda-Taira, 1981). Firstly, the pre-hepatic 
endodermm of the ventral foregut is specified toward the hepatic lineage. 
Secondly,, the newly specified hepatocytes start proliferating within the 
epitheliall  endodermal layer resulting in a regional thickening called the liver 
primordium.. In the hepatic rudiment early hepatocyte markers such as albumin, 
a-fetoprotein,, arginase and glutamate dehydrogenase (GDH) can be detected 
(hepatocytee differentiation) (Gaasbeek Janzen et al., 1988; Cascio and Zaret, 
1991;; Shiojiri et al., 1991). Thirdly, hepatic cells from the liver primordium 
startt invading the mesenchyme of the surrounding septum transversum in a 
cord-likee fashion whereafter they take position around sinusoids thus forming 
thee liver organ. The hepatocytes now begin to express sub-sets of liver-specific 
geness in relation to their position in the liver (hepatocyte maturation). Over the 
pastt decade molecules that are involved in the regulation of the different stages 
off  early liver growth have been identified. In many cases, promising candidates 
weree selected based on their temporal and spatial expression pattern and 
studiedd further utilizing genetic manipulation in mice. This led to the 
identificationn of transcription factors and both membrane-bound and soluble 
(inter-)cellularr signaling molecules (for review, see Zaret, 1998; Jung et al., 
1999). . 

Inn our laboratory a functional in vitro assay was developed allowing the 
screeningg of entire cDNA libraries for molecules involved in liver 
organogenesiss and in particular hepatocyte differentiation (Spijkers et al., 
1999).. In short: A cDNA expression library was prepared from embryonic day 
(ED)) 12 rat hearts. At that stage the inductive potential of the cardiac 
mesodermm is still maximal (Fukuda-Taira, 1981). COS-1 cells were transfected 
withh this cDNA library for transient expression and maintained in 
co-cultivationn with de-differentiated ED 15 rat hepatocytes to identify 
moleculess with a function in hepatocyte differentiation. Similar to 
de-differentiatedd quail hepatocytes cultured in combination with inducing 
embryonicc tissues (Houssaint, 1976) a reversion to the differentiated state was 
observed.. As marker for differentiation we used de novo expression of 
carbamoylphosphatee synthetase (CPS). In ED 15 rat hepatocytes in vivo CPS is 
expressedd by only a few cells, whereas hormonal stimulation of the same 
hepatocytess in vitro leads to ubiquitous expression (Dingemanse et al., 1994). 
CPSS expression therefore represents a composite and, hence, sensitive 
parameterr for complete hepatocyte differentiation. Following immunohisto-
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chemicall  screening, cDNA constructs recovered from COS-1 cells which were 
proximatee to CPS-positive (re-differentiated) hepatocytes, were amplified and 
characterized. . 

Thiss approach led to the identification of the ribosomal protein S3a as a 
factorr capable of reverting hepatocyte de-differentiation. We further show, by 
inn situ hybridization studies in rat that, in vivo, S3a transcripts are 
preferentiallyy expressed in the embryonic liver. 

Material ss and methods 

Animals s 

Adultt Wistar rats were obtained from the HSD animal farm in Zeist (The 
Netherlands)) and kept in a controlled light-dark cycle (light: 7 a.m. to 7 p.m.). 
Animalss were fed a standard chow diet (RMH 1410, Hope Farms, Woerden, 
Thee Netherlands) and water ad libitum. Animal welfare was in accordance with 
institutionall  guidelines of the University of Amsterdam. Females in oestrus 
weree selected as described (Lamers et al., 1987) and mated. Time of mating 
wass regarded as the beginning of gestation (embryonic day (ED) 0). Pregnant 
ratss were decapitated after CO2/02 anaesthesia at ED 10-20. The caudal foregut 
(hepatogenicc area) or the liver was dissected for primary cell culture from 
embryoss of ED 10 (7-somite stage), or EDI5, respectively. Embryos of ED 12 
weree used for whole mount in situ hybridization. The heart was dissected from 
embryoss of ED 12 for cDNA library preparation. A developmental series of 
embryoss (ED 10-20) and neonates from day 0.5, 1.5, 7, and 20, were used for in 
situu hybridization staining. 

cDNAA librar y preparation and amplification 

AA total of 363 ED 12 rat hearts were collected, frozen on dry ice 
immediatelyy after isolation, and pooled. Total RNA was isolated by 
guanidinium-phenoll  extraction as described (Chomczynski and Sacchi, 1987). 
Thee poly(A)+ fraction was extracted utilizing the polyATtract mRNA isolation 
kitt (Promega, Madison, WI, USA). To increase yield the total RNA sample was 
re-extractedd once. The integrity of the isolated poly(A) RNA was confirmed 
byy visualizing 20-30 ug of the remaining poly (A)" RNA sample on a 
0.8%% (w/v) agarose-formaldehyde gel. Conversion of the poly(A)+ RNA into 
cDNAA was performed utilizing the "great lengths cDNA synthesis kit" 
(Chenchikk et al., 1994) (Clontech, Palo Alto, CA, USA). A mixture of three 
differentt anchor primers was used, each consisting of 25 thymidine residues 
withh on the 5'-end a Notl recognition site for unidirectional cloning purposes 
andd on the 3'-end the anchor nucleotide. Incorporation of 0.5 (il [a-32P]dCTP 
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(55 uCi) (Amersham, Piscataway, NJ, USA) into the cDNA allowed 
visualizationn for size determination via 1% (w/v) agarose gel electrophoresis 
(forr 2 hours at 80 V) and subsequent autoradiography (for 24 hours). Following 
thee ligation of nonpalindromic BstX I adaptors (Invitrogen, Carlsbad, CA, 
USA)) the cDNAs were challenged with Notl and BstX I restriction enzymes 
andd unidirectionally ligated into the eukaryotic expression vector pcDNA3 
(Invitrogen).. The library was amplified via electroporation of the ligation 
mixturee into XL 1-Blue MRF' cells (Stratagene, LaJolla, CA, USA) as described 
(Dowerr et al., 1988). The resulting colonies were washed from the agar plates 
withh LB-medium (per liter: 10 g tryptone (Gibco-BRL, Solana Beach, CA, 
USA),, 5 g yeast-extract (Gibco-BRL), 10 g NaCl (Merck, Darmstadt, Germany) 
andd used for plasmid isolation utilizing an isolation kit (Qiagen, Chats worth, 
CA,, USA). Commercially available kits were used as recommended. 

Hepatocytee isolation and de-differentiation 

Primaryy cell cultures were started as described (Lamers et al., 1984) from 
hepatogenicc areas or livers from embryos of ED 10 (7-somite stage) or EDI5, 
respectively,, with minor modifications. Briefly, hepatogenic areas or livers 
weree dissected free of adhering tissue and transferred to ice-cold DMEM/F12 
culturee medium (Gibco-BRL) containing 0.25% (w/v) trypsin (Gibco-BRL), 
andd 1 mM EGTA. Following 15 minutes of incubation at 37°C, tissues were 
dispersedd mechanically by aspiration into a Pasteur pipet and incubated for an 
additionall  10 minutes at 37°C. The samples were then washed with 
DMEM/F122 containing 10% (v/v) fetal calf serum (FCS) (Gibco-BRL) and 
0.01%% (w/v) DNase I (Boehringer, Mannheim, Germany) by centrifugation for 
77 minutes, 100 x g at room temperature (RT). To remove large debris the 
resuspendedd pellet was filtered through a double-layered nylon mesh (pore size 
50-1000 urn). Finally, the cells were washed as above and plated in DMEM/F12 
containingg 10% (v/v) FCS (Gibco-BRL) in culture plates (Nunc, Roskilde, 
Denmark)) coated with rat-tail collagen-I (1 ug/cm2), isolated as described 
(Chandrakasann et al., 1976). Per cm2 culture dish 6 ED 10 hepatogenic areas 
(4-wellss plate) or 0.2 ED 15 liver (6-wells plate) were used. The day of plating 
wass taken as day 1. Cells were incubated at 37°C, 5% C02-95% air and 
90%% relative humidity and used for in situ hybridization or de-differentiation. 
Forr in situ hybridization cells were washed at day 2 and continued as above. At 
dayy 3 cells were fixed in 4% freshly prepared formaldehyde for 1 hour at 4°C, 
washedd three times with 70% ethanol and stored at 4°C until use. 
De-differentiationn of the ED 15 hepatocytes was accomplished as follows: At 
dayy 2 cultures were washed free of non-adhering cells and continued as above. 
Att day 3 cultures were washed with PBS and incubated with PBS containing 
0.25%% (w/v) trypsin and 1 mM EGTA until cell detachment. Trypsin was 
inhibitedd by addition of DMEM/F12 containing 10% (v/v) FCS. After 
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trituration,, the cells were washed and replated. Hereafter, medium was 
refreshedd at days 4, 5 and 7, whereas the cells were passaged at days 6 and 8. 
Replatingg at days 6 and 8 was performed in a medium mixture containing 
10%(v/v)) FCS (final concentration), 45% (v/v) DMEM/F12 and 45% (v/v) 
DMEM/F122 conditioned by NIH/3T3 mouse fibroblasts to enhance attachment 
off  the (de-differentiated) embryonic hepatocytes (Dingemanse, M. A. and 
Lamers,, W.H., unpublished data). Conditioned medium was centrifuged for 
77 minutes, 100 x g before use ensuring the removal of any NIH/3T3 cells. Cells 
weree used after 8 days of cultivation under these de-differentiating growth-
promotingg conditions. 

Celll  transfection 

COS-11 cells (Gluzman, 1981) and NIH/3T3 cells (Jainchill et al., 1969) 
weree transfected as described (van den Hoff et al., 1995a) with some 
modifications.. In short, exponentially growing cells were harvested by 
trypsinizationn and washed by centrifugation for 7 minutes, 100 x g at RT with 
DMEM/F122 containing 10% (v/v) FCS and, subsequently, with PBS. Per 
transfectionn 3.5 x 106 cells (COS-1) or 5 x 106 cells (NIH/3T3) were 
resuspendedd in 500 ul "cytomix" (van den Hoff et al., 1992), containing 
33 mg/ml glutathione (Merck) and sample DNA (25 ug for single cDNA 
constructs,, and 5 ug combined with 20 ug linearized pBluescript (carrier) for 
cDNAA (sub-)libraries). The mixture was transferred to a cuvette with a 2 mm 
electrodee gap and incubated for 10 minutes at RT. After electro-shock at 
12000 uF and 260 V, the cuvette was placed at RT for 10 minutes allowing the 
cellss to recover. 

Co-cultivationn and immunohistochemistry 

Co-culturess of suspended hepatogenic areas from ED 10 rat embryos 
(7-somitee stage) and transfected COS-1 cells were performed in DMEM/F12 
containingg 10% (v/v) FCS and supplemented with chlorophenylthio-cyclic 
AMPP (10 M) (Boehringer) and dexamethasone (21-phosphate disodium salt; 
100 M) (Sigma, St. Louis, MO, USA) (final concentrations). Cell mixing was 
achievedd by gentle swirling. Per cm2 culture dish (4-wells plates) 6 embryonic 
isolatess were plated. Control cultures were suspended embryonic isolates only. 

Co-culturess of de-differentiated hepatocytes (isolated at day 8 of culture 
underr de-differentiating conditions) and transfected cells (COS-1 or NIH/3T3) 
weree performed in 6-wells culture plates (Nunc) coated with rat-tail collagen-I 
(11 ug/cm2). Per cm2 culture dish 25,000 de-differentiated hepatocytes and 
25,0000 transfected cells were plated, both in suspension. Cells were mixed by 
gentlee swirling. Controls were co-cultures with mock transfected cells or mono-
culturess of either de-differentiated hepatocytes or transfected cells. All cultures 
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weree maintained in a mixture containing 10% (v/v) FCS (final concentration), 
45%% (v/v) DMEM/F12, and 45% (v/v) DMEM/F12 conditioned by NIH/3T3 
mousee fibroblasts. The medium was supplemented with hormones to induce, in 
combinationn with the putative inductive factor, expression of CPS in 
re-differentiatingg hepatocytes. 

Al ll  incubations were performed at 37°C, 5% C02-95% air, 90% relative 
humidity.. After 24 hours of incubation in the presence of hormones half of the 
mediumm mixture was refreshed. After 36-48 hours of exposure to hormones all 
culturess were washed with PBS, fixed with a mixture of methanol, acetone, and 
waterr (2:2:1, respectively) (v/v) for 10 minutes at 4°C, washed twice with 
70%% ethanol at RT, and used for immunohistochemical analysis. 

Afterr fixation endogenous peroxidase activity in the cells was eliminated 
byy incubation with 70% ethanol containing 0.3% (v/v) H202 followed by 
incubationn with 70% ethanol containing 2% (v/v) H202, both for 15 minutes at 
4°C.. All subsequent steps were performed at RT. Following hydratation in a 
gradedd series of ethanols non-specific protein binding sites were blocked by 
incubationn for 1 hour in TENG-T buffer (5 mM EDTA, 150 mM NaCl, 
0.25%% (w/v) gelatin, 0.05% (v/v) Tween-20, 10 mM Tris-HCl (pH 8.0)). 
Antibodyy binding was visualized by the indirect unconjugated peroxidase-
antiperoxidasee (PAP) technique (Sternberger et al., 1970). Cultures were 
incubatedd overnight with a rabbit polyclonal antibody against rat liver 
carbamoylphosphatee synthetase (CPS) (1:1000 diluted; non commercial) 
(Charless et al., 1980; Gaasbeek Janzen et al., 1984), followed by incubation for 
22 hours with goat anti-rabbit serum (1:250 diluted) as described (Gaasbeek 
Janzenn et al., 1984) and for 1 hour with rabbit peroxidase-antiperoxidase (PAP) 
immunocomplexx (1:750 diluted; Nordic, Tilburg, The Netherlands). Washing 
betweenn steps and dilution of antisera was performed with PBS. Peroxidase 
activityy was visualized with a buffer of 0.1 M NaAc (pH 4.9) containing 
0.1%% (v/v) H202 and 0.5 mg/ml 3-amino-9-ethyl-carbazole (AEC; Sigma), 
addedd from a 10 mg/ml N,N'-dimethyl formamide (Merck) stock solution 
(Grahamm et al., 1965). COS-1 cells expressing CPS from a transfected cDNA 
constructt served as a positive control. 

cDNAA isolation 

Areass containing CPS-positive cells were isolated as described (Horst et 
al.,, 1991). Cell lysis was performed in lysis buffer (100 mM NaCl, 25 mM 
EDTA,, 0.5% (w/v) SDS (USB, Cleveland, OH, USA), 100 ng/ml proteinase K 
(fungal)) (Gibco-BRL), 10 mM Tris-HCl (pH 8.0)) for 1 hour at 50°C. 
Followingg the addition of 15 \ig sheared herring testis carrier DNA, the lysate 
wass extracted once with phenol: chloroform: isoamylalcohol (25:24:1, 
respectively;; v/v). After re-extracting the organic phase twice with 0.5 volume 
TEE the recovered cDNA (enriched library) was precipitated in the presence of 
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100 p.g glycogen (carrier) and transformed to XL 1-Blue MRF' cells (Stratagene) 
ass described above. Following this amplification step the enriched library was 
usedd for a next round of screening. 

Sequencee analysis 

Individuall  bacterial colonies were grown overnight in liquid broth (LB) 
andd plasmids were isolated as described (Sambrook et al., 1989). Nucleotide 
sequencee of cDNA inserts was established from the 3'-end utilizing the 
ABII  Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-
Elmer,, Foster City, CA, USA) as recommended. Sequence identity was 
determinedd by comparing the obtained sequences with those present in the 
non-redundantt nucleotide sequence databases utilizing the Blast 2.0 software 
(Altschull  et al., 1997). 

Statisticall  analysis 

Thee number of wells containing one or more re-differentiation event(s) in 
122 different experiments (144 wells in total) were counted. Poisson statistics 
weree used to calculate the probability of observing only negative controls under 
thee assumption that re-differentiation events were to occur randomly in all 
wells. . 

Efficiencyy of the method 

Sampless of the original and enriched (see cDNA isolation) cDNA libraries 
weree used to transform XL 1-Blue MRF' cells (Stratagene) by electroporation as 
describedd (Dower et al., 1988). Southern blots were obtained via colony lif t as 
describedd (Sambrook et al., 1989; Ausubel et al., 1991) and probed with a 
[a-32P]dCTPP (3000 Ci/mmol) (Amersham) random prime labelled fragment of 
thee rat ribosomal protein S3a cDNA, containing nucleotides 344-861 (X75161) 
(Chann et al., 1996). Probe labelling and hybridization procedures were 
performedd according to standard protocols (Feinberg and Vogelstein, 1983, 
1984;; Sambrook et al., 1989). 

Effectt  of conditioned medium from S3a-transfected cells 

Hepatocytess were cultured for 7 days under de-differentiating conditions. 
Followingg passaging, the cells were maintained for 48 hours in the presence of 
hormoness in a mixture containing 30% (v/v) DMEM/F12, 10% (v/v) FCS (final 
concentration),, 30% (v/v) medium conditioned by NIH/3T3 mouse fibroblasts 
(too enhance attachment of the de-differentiated embryonic hepatocytes), 
andd 30% (v/v) medium conditioned by S3a-transfected cells (either 
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NIH/3T33 or COS-1). S3a-conditioned medium consisted of DMEM/F12 
containingg 10% (v/v) FCS which had supported S3a-transfected cells for 
488 hours. All conditioned media were centrifuged before use to remove any 
cells. . 

Inn situ hybridization 

Forr in situ hybridization embryos were fixed in 4% (w/v) freshly prepared 
formaldehydee for 4 hours at RT (sections), or overnight at 4°C (whole mount). 
Thee embryos of ED 10 were left in utero. After fixation, the embryos for 
sectioningg were dehydrated in a graded series of ethanol, passed through 
butanol,, and embedded in Paraplast plus (Oxford Labwarf, St. Louis, MO, 
USA).. Serial sections of 7 urn thickness were cut and mounted on 
aminoalkylsilane-coatedd slides and stored at RT until use. Embryos for whole 
mountt in situ hybridization were dehydrated in a graded series of 
methanol:PBSTT (PBS with 0.1% Tween-20) and stored in absolute methanol at 
-20°CC until use. Sense and antisense cRNAs were transcribed in vitro as 
describedd (Melton et al., 1984; Hogan et al., 1994; Henrique et al., 1995) in the 
presencee of [a-35S]dCTP (1000 Ci/mmol; Amersham) (sections) or 
digoxigenin-UTPP (Boehringer) (whole mount, cultured cells) using T3, T7 or 
SP66 RNA polymerases (Gibco-BRL), under appropriate conditions. The 
followingg cDNA clones served as template: rat a-fetoprotein (AFP) (V01254; 
ntt 520-1240) (Jagodzinski et al., 1981), rat S3a (X75161; nt 1-861) (Chan et al., 
1996;; Lecomte et al., 1997), mouse bone morphogenetic protein-4 (BMP-4) 
(L24755;; nt 1-1785) (Jones et al., 1991), rat c-fos (X06769; nt 1-2116) (Curran 
ett al., 1987) and mouse c-jun (X12761; nt 354-1356) (Ryseck et al., 1988). 
Nucleotidee positions correspond to those of the nucleotide sequences present in 
EMBLL and GenBank data bases. For 35S-labelled probes, the synthesized cRNA 
strandss were hydrolyzed in 40 mM NaHC03, 60 mM Na2C03 (pH 10.2) at 60°C 
(Coxx et al., 1984) to an average fragment length of 150-200 bases. After 
phenol/chloroformm purification cRNA probes were ethanol precipitated and 
dissolvedd in TE buffer containing 10 mM DTT (Merck). The probe 
concentrationn in the hybridization mixture was approximately 5x104 cpm/ul for 
alll  probes except for AFP, where 2x10 cpm/ul was used. Prehybridization, 
hybridizationn and autoradiography were performed as described (Moorman et 
al.,, 1993) with minor modifications. Treatment of the specimens began with 
incubationn for 10 minutes at 70°C in 2 x SSC and continued with incubation in 
0.1%% pepsin (Sigma) in 0.01 M HC1 at 37°C (incubation time depends on 
embryonicc age). Following termination of the protease reaction with 0.2% 
(w/v)) glycine, and subsequent washing with PBS the specimens were treated 
immediatelyy with 10 mM DTT. Slides were exposed for 7 days at 4°C, using 
Ilfordd nuclear research emulsion G5 (Ilford, Mobberly Cheshire, UK) and 
developedd for 4 minutes. Finally, sections were counterstained with 0.02% 
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nuclearr fast red for 1.5 minute. For digoxigenin-labelled probes hybridization 
conditionss were as described (Henrique et al., 1995) with slight modifications 
(Beloo et al., 1997). Prior to overnight incubation with a primary Fab mouse 
antibodyy against the digoxigenin-labelled riboprobes (1:2000 diluted; 
Boehringer)) the embryos were treated with TBST containing 2% of blocking 
reagentt (Boehringer) and 10% heat-inactivated rat serum for 1 hour. Specimens 
weree washed for 2 hours in MABT (100 mM maleic acid, 150 mM NaCl, 0.1% 
Tween-20,, 5 mM levamisole, adding Tris-base salt to buffer at pH 7), and 
finallyy rinsed in NTMT (100 mM NaCl, 100 mM Tris-HCl (pH 9.5), 50 mM 
MgCl2,, 0.1% Tween-20, 5 mM levamisole). Alkaline phosphatase activity was 
revealedd using Purple AP reagent (Boehringer). 

Results s 

cDNAA librar y preparation 

Thee amount of total RNA obtained from the ED 12 rat hearts equaled 
4055 ug from which 4 jag poly(A)+ RNA was extracted. Conversion to cDNA, 
unidirectionall  cloning, and propagation in XL 1-Blue MRF' cells provided a 
libraryy containing 2.2 x 10 independent clones. Restriction analysis showed 
thatt 82% of the constructs contained a cDNA clone of which the majority had a 
lengthh between 500 and 2300 base pairs (b.p.). COS-1 cells were transfected 
withh an efficiency of approximately 20% as was established by transient 
transfectionn with a DNA construct encoding (3-galactosidase. Transfection of 
55 ug of the embryonic heart library into COS-1 cells (3.5 x 10 cells) and 
subsequentt immunohistochemical staining for 6-myosin heavy chain (6-MHC), 
aa 6,000 bp gene-product normally expressed in heart ventricle, yielded 115 
6-MHCC positive cells (0.025% prevalence) and showed that also very large 
cloness are represented in the library. 

Hepatocytee de-differentiation 

Thee de-differentiation of ED 15 fetal rat hepatocytes in primary culture 
followedd a highly reproducible time scale outlined in Fig. 1. During the first 
44 days in vitro the cells displayed characteristic hepatocyte morphology and 
expressedd hepatocyte-specific genes, as was determined by immunohisto-
chemicall  staining for glutamate dehydrogenase (GDH) (Fig. 1A). At day 5 the 
cellss started to de-differentiate gradually. First, the characteristic epithelial 
morphologyy changed to a fibroblast-like spindle-shape (Fig. IB), 24 hours later 
followedd by a loss of hepatocyte-specific gene-expression (Fig. 1C). Important 
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CPS-inducibilityy in vitro Culture time (days) 

Fig.. 1. Phenotypical characteristics of embryonic rat hepatocytes in primary culture for 9 
dayss under growth promoting de-differentiating conditions (A-C). Day of plating is regarded 
ass day one. Cells received DMEM/F12 containing 10% FCS throughout the experiment. 
Goingg from panel A to C it is shown how the hepatocytes gradually de-differentiated as 
culturee time (indicated in panel D) increased. Differentiation status was monitored by both 
celll  morphology and expression of the hepatic enzyme glutamate dehydrogenase (GDH). The 
threee phenotypical stages distinguished are, GDH-positive with epithelial morphology (A), 
GDH-positivee with fibroblast-like morphology (B), and GDH-negative with fibroblast-like 
morphologyy (C). Panel D depicts the effect of culture time on the ability of the hepatocytes to 
expresss carbamoylphosphate synthetase (CPS) upon hormonal stimulation. During the first 
threee days of culture CPS could be induced rapidly, whereas addition of hormones at day 7 of 
de-differentiationn did, for up to 72 hours, not result in the expression of CPS, or GDH. Bar 
(355 urn) is identical in panels A-C. 

parameterss affecting the de-differentiation time scale are cell density (high 
densityy delays de-differentiation) and cell passaging (passaging promotes 
de-differentiation).. Addition of hormones at day 1-3 of de-differentiation 
resultedd in the rapid induction of CPS protein expression. Addition of 
hormoness at day 7 of de-differentiation did not result in (re-)expression of CPS 
(orr GDH), or in restoration of epithelial morphology after up to 72 hours of 
culturee (Fig. ID). Expression of GDH, which does not depend on hormonal 
stimulation,, could not be used as a parameter for hepatocyte re-differentiation 
inn the co-culture experiments, because the gene is endogenously expressed by 
thee COS-1 cells. 

cDNAA isolation 

Thee co-culture initiated with de-differentiated fetal hepatocytes and COS-1 
cellss transfected with the original cDNA expression library, contained cells 
positivee for the marker protein CPS after 48 hours of culture in the presence of 
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hormones.. In total 7 re-differentiation events were observed over a total of 
100 wells (0 4 cm). Isolation of plasmid DNA and subsequent bacterial 
transformationn resulted in 698 colonies from which an enriched library was 
prepared.. The second round, performed with this enriched library, resulted in 
199 re-differentiation events over 10 wells and eventually in 473 bacterial 
coloniess after plasmid isolation and bacterial transformation. Preliminary 
experimentss in which COS-1 cells were transfected and screened for the 
expressionn of [3-MHC and a-SMA showed that the enrichment observed with a 
secondd screening was two- to three-fold. Since areas of CPS-positive cells that 
interactt with transfected COS-1 cells must be harvested it is intrinsic to the 
methodd that identification of single clones is not possible. Therefore, the 
remainingg 473 colonies were amplified separately in liquid culture and 
sub-populationss of 50 plasmids were screened in the co-cultivation assay, 
leadingg to the identification of one population with highest re-differentiation-
inducingg activity. To identify single factors involved in hepatocyte 
re-differentiationn the nucleotide sequence of these 50 plasmids was determined 
(listedd in Table 1). Ribosomal protein S3a represented 46% of the cDNA 
constructss present in this sub-library. Mono-transfection with this construct and 
subsequentt co-cultivation led to hepatocyte re-differentiation and identified S3a 
ass the factor capable of reverting hepatocyte de-differentiation. In this case a 
totall  of 70 re-differentiation events was observed over a total of 10 wells 
( 00 4 cm). Mono-transfections with the other plasmids from the sub-population 
didd not result in hepatocyte re-differentiation. 

cDNAA sequence 
ribosomalribosomal protein S3a 
alpha-globin n 
ribosomalribosomal protein S5 
acyl-CoAA oxidase 
cytochromee c oxidase 
ribosomalribosomal protein S2 
Sox-4 4 
cyclophilin n 
drpl l 
ubiquinone e 
unknown n 
emptyy vector pcDNA3 

Frequency y 
46% % 
14% % 
6% % 
4% % 
4% % 
4% % 
4% % 
2% % 
2% % 
2% % 
2% % 
10% % 

Tablee 1. Identity and prevalence of the plasmids in the sub-library with the highest 
hepatocytee re-differentiation-inducing activity. 
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Fig.. 2. Expression of carbamoylphosphate synthetase (CPS) protein in experimental (A-C) 
andd control (D-F) cultures. Experimental co-cultures contained de-differentiated hepatocytes 
andd COS-1 cells transfected with a plasmid encoding a hepatocyte re-differentiation-inducing 
protein.. In such cultures CPS-expressing cells were present both as single cells (A) or in 
smalll  groups of up to 5 cells (B). Occasionally CPS-positive cells were observed surrounding 
aa cluster of negative cells (C). True positive cells (arrows in panels A and B) were 
distinguishedd from dead cells by their unstained nucleus. Control cultures of de-differentiated 
hepatocytess in mono-culture receiving either medium containing plain DMEM/F12 (D) or 
DMEM/F122 conditioned by S3a-transfected cells (F) did not contain cells positive for CPS, 
ass was the case for cultures combining de-differentiated hepatocytes with mock transfected 
COS-11 cells (E). Bar (35 urn) is identical in panels A, B, and D-F. 
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Re-differentiatedd CPS-positive hepatocytes were encountered both as 
singlee cells or as small groups containing up to 5 cells (Figs 2A and B, 
respectively).. Occasionally, groups of CPS-negative cells surrounded by cells 
positivee for CPS were observed (Fig. 2C). Controls containing de-differentiated 
hepatocytess in mono-culture or in co-culture with mock transfected cells were 
negativee for CPS (Figs 2D and E, respectively), showing that expression of 
CPSS observed in the experimental cultures was not caused by the presence of 
hormoness or spontaneous re-differentiation. 

Inn Fig. 3 it is shown that clones representing the mRNA for ribosomal 
proteinn S3a are rare in the initial ED 12 rat heart cDNA library (Fig. 3A), 
whereass S3a contributes for 60% to the enriched library after two rounds of 
screeningg (Fig. 3B), in agreement with the sequence data (see Tabel 1). This 
showss the extreme efficiency of the co-cultivation assay. In addition, the 
co-cultivationn assay is also highly specific. For the identification of ribosomal 
proteinn S3a as a hepatocyte de-differentiation reverting factor a total of 12 
separatee co-cultivation experiments were performed. Taken together these 
involvedd 120 experimental co-cultures and 24 control cultures. The latter 
consistedd of 12 cultures containing de-differentiated fetal hepatocytes only and 
122 cultures containing de-differentiated fetal hepatocytes in combination with 
mockk transfected cells. Among the 120 experimental co-cultures there were 36 
withh one or more areas of cells expressing CPS, whereas in the 24 controls, 
nonee of the cells did express the differentiation marker CPS. If it is assumed 
thatt re-differentiation occurs randomly in all wells then the probability of 
observingg no re-differentiation in 24 controls is 0.001. 

AA B 

Fig.. 3. Enrichment of the heart cDNA expression library for constructs encoding ribosomal 
proteinn S3a after employing the co-cultivation assay. The large increase in prevalence, from a 
raree gene-product in the initial library (A) to a 60% frequency after two rounds of enrichment 
(B),, shows the power of the co-cultivation assay. 
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Celll  line specificity and mode of action 

Co-culturess of de-differentiated fetal hepatocytes and NIH/3T3 cells 
transfectedd with the S3a expression construct gave similar results compared to 
thosee utilizing COS-1 cells. In conjunction with COS-1 cells, there were 5 to 10 
re-differentiationn events per well. CPS-positive cells were present as single 
cellss or as small groups containing up to 5 cells (Fig. 4A). All controls were 
negativee for CPS (Figs 4B and C). 

Too investigate whether ribosomal protein S3a is a soluble factor or that 
producerr cell and target cell must be in close proximity the de-differentiated 
fetall hepatocytes were cultured with medium conditioned by S3a-transfected 
COS-11 or NIH/3T3 cells. In both cases re-differentiation was not observed 
(Figss 2F and 4D, respectively). 

Fig.. 4. Expression of carbamoylphosphate synthetase (CPS) protein in experimental (A) and 
controll (B-D) cultures. In experimental co-cultures of S3a-transfected NIH/3T3 cells and 
de-differentiatedd hepatocytes cells expressing CPS were present (arrow in panel A). Control 
culturess of de-differentiated hepatocytes in mono-culture receiving either medium containing 
plainn DMEM/F12 (B) or DMEM/F12 conditioned by S3a-transfected cells (D) did not 
containn cells positive for CPS, as was the case for cultures combining de-differentiated 
hepatocytess with mock transfected NIH/3T3 cells (C). Bar (35 (im) is identical in all panels. 
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Primar yy endoderm induction 

Co-culturess of COS-1 cells transfected with the S3a expression construct 
andd cells derived from the caudal foregut of ED 10 rat embryos (7-somite stage) 
didd not result in the appearance of CPS expressing hepatocytes. (Figs 5A and 
B). . 

Fig.. 5. Expression of carbamoylphosphate synthetase (CPS) protein in enterocytes from the 
caudall foregut of 7-somite stage embryos. CPS-expressing cells were not observed in 
co-culturess of enterocytes and S3a-transfected COS-1 cells (A) or in control cultures 
containingg enterocytes in mono-culture (B). Bar (40 um) is identical in both panels. 

Inn situ hybridization 

S3aa transcripts were detectable from ED 11 onward in rat development. 
Cardiacc expression of S3a was slightly above background, mainly in the 
ventriclee and only detectable at EDI 1 (not shown) and ED 12 (Figs 6A and F; 
seee pp. 72 and 73). Expression in the liver became weakly detectable at EDI 1 
(nott shown) and increased up to ED 14 (Figs 6A, C, and F). The expression 
patternn observed for S3a at EDI 1-14 coincided with that obtained for 
a-fetoproteinn (AFP), an early hepatocyte marker (compare Figs 6A and B). 
Afterr ED 14 the S3a signal weakened and became restricted to a speckled 
patternn distributed throughout the fetal liver (Fig. 6D). This pattern was still 
presentt after birth at neonatal day (ND) 7 (Fig. 6E), but had disappeared at 
ND200 (not shown). Going from ED 14 to ND7 the spots decreased in number 
butbut became more intense (compare Figs 6D and E). To distinguish between 
hepatocellularr and mesenchymal S3a-expression a primary culture of ED 15 rat 
hepatocytess was stained for S3a utilizing in situ hybridization. This showed 
thatt the hepatocyte was the site of expression (compare Figs 6G (S3a, arrows) 
andd H (AFP)). Additional S3a transcripts were detected in the luminal 
epitheliumm of the gut (Figs 6C and D), and in thyroid, lung, stomach 
epithelium,, and the epithelial cells of the pancreas (all endodermal derivatives). 
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Inn addition to S3 a we studied the mRNA expression patterns of bone 
morphogeneticc protein-4 (BMP-4), c-fos, and c-jun. BMP-4 was chosen 
becausee 246 consecutive nucleotides of the antisense of the mouse BMP-4 
transcriptt have a high similarity (83% identity) to the S3a mRNA. This may 
representt a mechanism of antisense regulation. We studied c-fos because S3a 
hass been identified as the effector protein of v-fos (the viral homologue of 
c-fos)) (Kho and Zarbl, 1992), and c-jun because it is the partner of c-fos in the 
transcriptionn factor complex AP-1, which has been implicated in the regulation 
off a spectrum of cellular functions, including proliferation, differentiation, and 
transformationn to apoptosis (Karin et al., 1997). Steady state levels of BMP-4 
expressionn were detectable in the outflow tract of the embryonic heart at 
EDII 1-14 (Fig. 61). BMP-4 transcripts were undetectable in the liver at these 
developmentall stages (Fig. 6J). In case of c-fos and c-jun, transcripts were 
undetectablee at EDI 1-14 of rat development (Figs 6K and L, respectively). 

Discussion n 

Wee identified the ribosomal protein S3a as a factor capable of reverting 
hepatocytee de-differentiation in vitro. S3a is a 29.8 kDa protein of 263 amino 
acidss (Metspalu et al., 1992) with 99% conservation between the human, 
mouse,, and rat amino acid sequences (Kho and Zarbl, 1992; Nolte et al., 1996; 
Rebanee et al., 1998). In the ribosome, S3a is located in the 40S subunit at the 
protuberancee of the interface with the 60S subunit (Uchiumi et al., 1986; 
Lutschh et al., 1990). There, it forms part of the binding site for the initiation 
factorss eIF-2 and eIF-3 and contacts both the initiator Met-tRNA and the 
mRNAA (for review, see Uchiumi et al., 1986; Chan et al., 1996). S3a therefore 
occupiess a potentially strategic position to regulate protein synthesis. The 
coordinate,, stoichiometric expression of ribosomal proteins and RNAs was 
longg considered crucial for proper ribosome assembly and function (Mager, 
1988).. Nevertheless, overexpression of one or a few of the ribosomal proteins 
iss not a rare phenomenon, which resulted in the now widely accepted view that 
manyy ribosomal proteins have a second function outside the ribosome (Wool, 
1996).. The putative extraribosomal function of S3a explains why S3a was 
"rediscovered"" several times. Thus, S3a was identified as the TNFa-inducible 
genee product TU-11 in murine fibroblasts (Lecomte et al., 1997), as the 
abundantt transcript nbl in Namalwa Burkitt lymphoma (Naora et al., 1995, 
1996),, as the upregulated gene product fte-1 (v-fos-transformation effector 
protein)) in v-fos transformed Rat-1 fibroblasts (Kho and Zarbl, 1992), and now 
ass a factor capable of reverting hepatocyte de-differentiation by us. High 
mRNAA concentrations were found in rapidly dividing tissues, such as prenatal 
liver,, intestinal epithelium (Starkey and Levy, 1995; Figs 6C and D), and 
transformedd cells (Kho and Zarbl, 1992). On the other hand, very low levels 
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Fig.. 6. Localization of S3a mRNA (A and C-G), a-fetoprotein (AFP) mRNA (B and H), bone 
morphogeneticc protein-4 (BMP-4) mRNA (I and J), c-fos mRNA (K), and c-jun mRNA (L) 
inn sections of a rat embryo at ED12 (A and B), ED14 (C and I-L), and ED20 (D), and in 
sectionss of a neonatal rat at ND7 (E), in primary ED 15 rat hepatocyte cultures (G and H), and 
inn an intact ED 12 rat embryo (F). Sections A and B, and sections C and J-L are consecutive. 
Thee signal for AFP shows the position of the hepatocytes. In panels F-H digoxigenin-labelled 
probess were used whereas in all other panels probes were labelled with [a-35S]dCTP. From 
thee embryo in panel F the ventral body wall was removed. At ED 12 the in situ hybridization 
signall for S3a coincided with the signal for AFP (compare A and B). Comparison of G and H 
showss that S3a transcripts were localized in the hepatocytes (arrows in panel G). In the 
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embryonicc heart S3a was weakly detected in the ventricle (A). Both hepatic and cardiac 
expressionn of S3a mRNA could also be demonstrated in an intact ED12 rat embryo (F). At 
laterr developmental stages S3 a expression in the liver changed from a homogeneous 
distributionn (C) to a speckled pattern (D and E). The expression of S3a in the liver at ED14 
(C)) was not accompanied by the expression of BMP-4 (J). In contrast to liver, a weak signal 
forr BMP-4 was detected in the outflow tract (I). At ED14 the liver was also negative for c-fos 
andd c-jun (K and L, respectively). Abbreviations: A, atrium; B, brain; BA, branchial arch; G, 
gut;; Go, gonads; H, heart; L, liver; LB, limb bud; M, mesonephros; OFT, outflow tract; V, 
ventricle.. Bar (100 urn) is identical in A-E, G and H, and I-L, respectively. Bar in F 
representss 500 um. 
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weree found in e.g., postnatal liver (Fig. 6E), hepatoblastoma cells (Naora et al., 
1996),, and non-transformed fibroblasts (Gordon et al., 1992; Naora et al., 
1998).. So it appears that enhanced expression of S3a is associated with rapid 
celll proliferation (S3a accumulates during S-phase), but cell transformation as a 
resultt of only overexpression of S3 a has, at least in vitro, not been observed 
(Naoraa and Naora, 1999). 

Overexpressionn of S3a did not induce hepatocyte differentiation in 
culturess containing enterocytes from the caudal foregut of 7-somite stage 
embryos,, that is, in all likelyhood, before endodermal cells are specified to the 
hepaticc lineage (Fig. 5). This finding, together with the abundant expression of 
S3aa in the intestinal epithelium, shows that S3a is not involved in hepatocyte 
specification.. It suggests that the de-differentiated hepatocytes used in the 
co-culturee experiments were positioned between specified endoderm and 
differentiatedd hepatocyte in the developmental cascade ranging from 
pluripotentt endoderm to mature hepatocyte. On the basis of these data and 
thosee already quoted we hypothesize that the biological function of S3a in the 
embryonicc liver is to maintain the differentiated state in the rapidly dividing 
hepatocytes.. Since we observed abundant expression of S3 a in other rapidly 
dividingg tissues, such as embryonic enterocytes, central nervous tissue, and 
branchiall arches, it may well be that this differentiation-preserving effect is not 
confinedd to the embryonic hepatocytes. 

Thee mechanism by which S3 a exerts its presumed extraribosomal 
functionn remains to be elucidated, but we did establish some basic principles. 
Inn embryonic liver, S3a was expressed in the hepatocytes (Fig. 6G). In contrast, 
underr our experimental conditions S3a exerted its re-differentiation-inducing 
activityy on de-differentiated hepatocytes when expressed in COS-1 cells or in 
non-transformedd NIH/3T3 cells. These findings indicate that S3a is equally 
effectivee when it is expressed in parenchymal cells of the fetal liver or in 
non-parenchymall cells from different origin. The finding that overexpression of 
S3aa in fibroblasts causes de-differentiated hepatocytes to re-differentiate, 
whereass expression in vivo is confined to embryonic hepatocytes further 
suggestss that the mechanism by which S3a exerts its effect involves 
intercellularr communication. Exposure of de-differentiated hepatocytes to 
culturee medium conditioned by S3a-transfected cells did not result in 
hepatocytee re-differentiation, indicating that S3 a does not operate as a soluble 
factor,, but that cell proximity between a S3a-transfected cell and a 
de-differentiatedd hepatocyte is required. In addition, it is described that 
NIH/3T33 cell lines stably transfected with S3a showed enhanced growth 
propertiess only when cells were in close contact (Naora and Naora, 1999). The 
requirementt for cell proximity together with the apparent absence of a 
requirementt for cell-type specificity for the cell that expresses S3 a, suggest that 
S3aa may operate by modifying the activity or expression of common 
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extracellularr matrix or membrane proteins. Alternatively, S3a or one of its 
downstreamm products may translocate between cells before exerting its 
differentiation-preservingg effect. The finding that S3a protein is not only 
detectablee in the ribosome-rich perinuclear zone, but also in the ribosome-
depletedd periphery of cultured mouse fibroblasts (Gavrilova et al., 1987) is 
consistentt with intercellular trafficking of S3a. However, S3a does not contain 
aa N-terminal signal peptide for classical protein secretion via the Golgi-
complex.. Possibly S3a is translocated Golgi-independently via so-called 
nonclassicall secretion. Although the mechanism underlying nonclassical 
secretionn is unclear it is hypothesized that ABC-transport proteins are involved, 
ass was demonstrated for bacteria (for review, see Kuchler and Thorner, 1992). 
Thiss secretory form is also described for interleukin 1(3 (Rubartelli et al., 1990), 
thee fibroblast growth factors (FGF) (Jackson et al., 1992), the viral proteins Tat 
(HIV-1;; Ensoli et al., 1993) and VP22 (HSV-1; Elliott and O'Hare, 1997), and a 
numberr of other gene products (for review, see Kuchler, 1993). However, S3a 
proteinn is not known to accumulate in the nucleus as the viral proteins do and 
predictionn of the subcellular site of location defines the cytoplasm (Reinhardt 
andd Hubbard, 1998). S3a may therefore function like members of the FGF 
family,, which bind to membrane receptors on target cells before being 
internalizedd (Maher, 1996), whereafter localization remains cytoplasmic (acidic 
FGFF (FGF-1); Cao et a l , 1993). 

Wee did not attempt to discriminate direct from indirect effect by means 
off transient transfection of S3 a to de-differentiated hepatocytes, because these 
cellss contribute only minimally to the de-differentiated hepatocyte cultures: at 
thee start of primary culture 80-90% of the cells are hepatocytes and the 
remainderr is practically all fibroblasts. Fetal hepatocytes only proliferate during 
thee first few days of culture (Gruppuso et al , 1997), whereas fibroblasts do not 
havee this limitation. In addition, during the course of de-differentiation the 
abilityy of hepatocytes to attach to the culture dish after passage decreases. Since 
de-differentiatedd hepatocytes and S3a-transfected cells each form only a small 
percentagee of the co-culture, this observation at least partly explains the low 
numberr of re-differentiated hepatocytes in the co-culture experiments during 
thee first round of screening. In the second round of screening a two- to 
three-foldd enrichment in re-differentiated hepatocytes was observed, in 
agreementt with the increase found for (3-MHC and a-SMA in preliminary 
experimentss performed under similar conditions. Mono-transfection with S3 a 
didd not result in an increase in re-differentiated hepatocytes as was anticipated 
basedd on the enrichment observed in the blotting experiment (Fig. 3). This was 
probablyy because the number of de-differentiated hepatocytes in the co-culture 
wass limiting. The requirement for hormones to induce expression of CPS in the 
experimentall cultures does, in all likelyhood, not represent an additional 
requirementt for re-differentiation to occur: it is also observed in freshly isolated 
embryonicc hepatocytes (Lamers et a l , 1984) and can be explained by the 
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completee dependence of the activity of the CPS enhancer on hormones (van 
denn Hoff et al., 1995b; Christoffels et al., 1998). To exclude a contribution of 
hormoness to the observed re-differentiation, we initially included the 
constitutivelyy expressed hepatocyte differentiation marker glutamate 
dehydrogenasee (GDH) (Das et al., 1996) in our analysis of hormonal effects on 
re-differentiation. . 

Potentially,, S3a mRNA can exert its function as antisense RNA of bone 
morphogeneticc protein-4 (BMP-4), a TGF(3-like growth factor (Takaoka et al., 
1993),, or vice versa. This is because nucleotides 633-879 of rat S3a mRNA 
havee a high similarity (83% identity) to the antisense of nucleotides 9-255 of 
mousee BMP-4 mRNA. To evaluate this mechanism of action, we investigated 
thee distribution of S3a and BMP-4 mRNA in vivo. S3a transcripts were found 
too be highly expressed in embryonic liver between ED 11 and ED 14, whereas 
BMP-44 transcripts were undetectable at these stages, which argues against an 
antisensee mechanism. S3a has been identified as the effector protein of v-fos 
(thee viral homologue of c-fos) (Kho and Zarbl, 1992). The partner of c-fos in 
thee transcription factor complex AP-1 is c-jun. AP-1 has been implicated in the 
regulationn of a spectrum of cellular functions, ranging from proliferation, 
differentiation,, and transformation to apoptosis (Karin et al., 1997). In addition, 
micee lacking c-jun, suffer from enhanced hepatocyte turnover due to reduced 
mitoticc and increased apoptotic rates (Hilberg et al., 1993; Eferl et al., 1999). 
However,, the low expression levels of c-fos and c-jun transcripts observed in 
thee in situ hybridization make it unlikely that S3a functions as a downstream 
effectorr of these proteins in liver organogenesis. 

Thee technique we employed to identify S3 a as a hepatocyte 
differentiation-preservingg factor, is a novel modification of the expression 
cloningg method known as 'panning' (Seed and Aruffo, 1987). The applicability 
off this technique was expanded from surface proteins to intracellular proteins 
whenn it was demonstrated that biologically active cDNAs could be recovered 
fromfrom immunohistochemically stained cultures (Horst et al., 1991). Both 
approachess depend on antibody recognition of a cDNA-encoded protein, so that 
onlyy cDNA clones corresponding to known proteins can be isolated. We 
extendedd the technique by using a functional property of the cDNA to be 
identified,, viz. induction of hepatocyte-specific gene expression, as 
(immunohistochemical)) selection parameter. Statistical analysis of the numbers 
off positive and negative cultures observed showed a very low probability that 
thee selection procedure is not specific. The selection procedure is also powerful 
andd rapid, since the clone of interest already represented 50-60% of the 
sub-libraryy population after only two rounds of enrichment. Our modification 
off the original method of Seed and Aruffo (1987) therefore allows the 
identificationn of cDNA clones without prior structural knowledge of the 
correspondingg protein. It is anticipated that the method works best for cDNAs 
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regulatingg intracellular signal transduction or intercellular signal transduction 
dependingg on cell-cell contacts. 

De-differentiationn of cultured hepatocytes is a major limitation on the 
usee of bioartiflcial liver support devices in patients with acute liver failure 
(Strain,, 1999). One of the reasons why de-differentiation develops, is the onset 
off proliferation in cultured hepatocytes after 24 hours of culture in the absence 
off hormones (Wolff et al., 1987). The presumed in vivo function of S3a 
thereforee suggests that co-cultivation of primary hepatocytes with a cell line 
producingg a high level of S3a protein may address the de-differentiation 
problemm in the bioartiflcial liver device. 
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