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Abstract

Background: Mature hepatocytes retain the ability to regenerate the liver lob-
ule fully in vivo following injury. Several cytokines and soluble factors (hepa-
tocyte growth factors, epidermal growth factors, insulin and nicotinamide)
are known to be important for proliferation of mature hepatocytes in vitro.
However, hepatocytes monolayer-cultured on extracellular matrices have
gradually lost their specific functions, particularly those in drug metabo-
lism. Aim: We have explored and established a new culture system for
expansion of functional hepatocytes. Methods: We evaluated two
approaches for efficient expansion of mature hepatocytes: (i) Co-culture with
mouse embryonic fibroblasts (MEF); (ii) Addition to culture of inhibitors of
cell signals involved in liver regeneration. After expansion steps, 3-dimen-
sional spheroid-forming culture was used to re-induce mature hepatocellular
function. Results: The addition of inhibitors for tumour growth factor
(TGF) B and glycogen synthase kinase (GSK) 3 efficiently induced in vitro
expansion of mature hepatocytes. Although expression of hepatocellular
functional genes decreased after expansion in monolayer culture, their
expression and the activity of cytochrome P450 enzymes significantly
increased with spheroid formation. Furthermore, when hepatocytes were co-
cultured with MEF, addition of a MAPK/ERK kinase (MEK) inhibitor at the
spheroid formation step enhanced drug-metabolism-related gene expres-
sion. Conclusion: Combination of the MEF co-culture system with the addi-
tion of inhibitors of TGFP and GSK3P induced in vitro expansion of
hepatocytes. Moreover, expression of mature hepatocellular genes and the
activity of drug-metabolism enzymes in expanded hepatocytes were re-
induced after spheroid culture.

The liver is an organ central to the maintenance of
homeostasis in vivo. Hepatocytes, the main cellular
component of the adult liver, express many enzymes
and proteins required for mature liver functions, such
as amino acid and lipid metabolism, gluconeogenesis,
synthesis of serum proteins and xenobiotic detoxifica-
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tion. Cytochromes P450 (CYP, a superfamily of hemo-
proteins), catalyses the conversion of hydrophobic
chemicals to more polar derivatives and is highly
expressed in mature hepatocytes (1). The substrates of
CYP include a wide variety of exogenous carcinogens
and drugs as well as endogenous substrates, such as
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steroid hormones or fatty acids. Primary hepatocytes
and microsomes derived from hepatocytes are fre-
quently used for the analysis of drug metabolism and
hepatotoxicity. During liver regeneration in vivo, mature
hepatocytes are temporally induced to divide with
recovery of liver functions (2). Mature hepatocytes can
also proliferate for a long time in vivo, as shown by serial
transplantation of hepatocytes into mice with liver
injury (3). Despite their high proliferation capacity
in vivo, isolated hepatocytes lose viability and markers
of hepatocellular differentiation within 3—4 days under
normal culture condition (4, 5). Therefore, effective cul-
ture systems that maintain both proliferative activity
and mature functions must be developed to permit
expanded use of hepatocytes in pharmacologic analysis.

Several groups have studied culture systems that
induce constitutive expansion of mature hepatocytes.
Hepatocyte growth factor (HGF), epidermal growth fac-
tor (EGF) and tumor growth factor (TGF) o, which are
important factors for in vivo liver regeneration, stimulate
DNA synthesis in mature hepatocytes in vitro (6, 7).
Addition of nicotinamide prolongs proliferation of
mature hepatocytes (8, 9). In addition, a specific fraction
of adult hepatocytes, known as small hepatocytes, were
found to exhibit high proliferative activity and
bi-potency for differentiation into hepatocytic and
cholangiocytic cells (10, 11). However, after two-dimen-
sional (2D) monolayer culture on several extracellular
matrices, the functional characteristics of adult hepato-
cytes were down-regulated. When freshly isolated from
livers, adult hepatocytes strongly expressed liver-
enriched transcription factors (HNF1a, 1B, HNF3a, B, v
and HNF4a) for hepatocellular functional genes. Never-
theless, when these cells were cultured on collagen-coated
dishes, expression of hepatocellular functional genes was
significantly down-regulated because expression of these
transcription factors fell during in vitro culture. Of inter-
est is that addition of nicotinamide and matrigel to the
culture partially induced expression of these genes (5, 7).
In addition, primary hepatocytes cultured on moderately
adhesive surfaces or cultured using hanging-drop tech-
nique spontaneously self-assemble into spherical aggre-
gates (‘spheroid formation’). Hepatocytes in the
spheroids maintain expression of liver-enriched tran-
scription factors and mature liver functions (12-14). In
addition, several growth factors and dexamethasone
induce expression of mature functional genes in 3D
hepatic organoid culture (15). These results suggest that
hepatocellular tertiary structure is important in mainte-
nance of mature liver functions. However, we know of no
study of de-differentiated hepatocytes that have recov-
ered mature hepatocellular functions (i.e. CYP activity)
on expansion using several growth factors.

In this study, we found that co-culture with mouse
embryonic fibroblasts (MEF) or the addition to culture
of inhibitors of cell signals modestly induced prolifera-
tion of mature hepatocytes from adult mouse livers.
Activation of B-catenin signalling using inhibitor for
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Expansion of functional hepatocytes in vitro

glycogen synthase kinase (GSK) 3 and inhibition of
TGEB signalling significantly induced expansion of
mature hepatocytes. Although these hepatocytes lost
their mature hepatocellular functions during in vitro
expansion, hepatocellular aggregation induced by hang-
ing-drop culture permitted recovery of expression of
several mature enzymes. In particular, spheroid for-
mation in the presence of inhibitor of MAPK/ERK
kinase (MEK) efficiently induced drug metabolic activ-
ity in vitro.

Materials and methods
Materials

C57BL/6NCrSlc mice and green fluorescent protein
(GFP) transgenic mice (Nihon SLC, Shizuoka, Japan)
were used in this study. All animals were treated under
guidelines of the Institute of Medical Science, The Uni-
versity of Tokyo. Purchased reagents included Dul-
becco’s modified Fagle’s medium (DMEM), DMEM/
Ham’s F12 half medium, penicillin/streptomycin/t-glu-
tamine (100x ), dexamethasone, nicotinamide, trypsin/
EDTA, donkey serum and gelatin from porcine skin
(Sigma, St Lois, MO, USA); insulin-transferrin-sele-
nium X, non-essential amino acid solution, Hepes buf-
fer solution and TRIzol (Invitrogen, Carlsbad, CA,
USA); fetal bovine serum (FBS: Nichirei Biosciences,
Tokyo, Japan); HGF and EGF (PeproTech, Rocky Hill,
NJ, USA); collagen type I (Nitta Gelatin, Osaka, Japan);
the selective MEK1/2 inhibitor N-[(2R)-2,3-dihydroxy-
propoxy|-3,4-difluoro-2-[ (2-fluoro-4-iodophenyl)amino]
-benzamide (PD0325901) and the selective GSK38
inhibitor 6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl-1H-
imidazol-2-yl)-2-pyrimidinylJamino]ethyl]amino]-3-
pyridinecarbonitrile (CHIR99021: both Axon Biochemicals,
Groningen, The Netherlands); the Rho-associated
protein kinase inhibitor 4-{(1R)-1-aminoethyl]-N-4-py-
ridinyl-trans-cyclohexanecarboxamide, dihydrochloride
(Y-27632; Wako Pure Chemicals, Osaka, Japan); the
activin receptor like kinase (activated by TGFp family)
inhibitor A-83-01 (Tocris Bioscience, Bristol, UK) (16);
Percoll solution (GE Healthcare UK, Amersham, UK).

Conditioned medium for in vitro expansion

To collect conditioned medium derived from mid-fetal
mouse livers, we cultured E14 fetal liver cells dissociated
using collagenase (17). Both parenchymal and non-
parenchymal cells from fetal livers were cultured on gel-
atin-coated dishes. After 1 day of culture, non-attached
hematopoietic cells were washed out with phosphate-
buffered saline (PBS). Attached cells were cultured in
DMEM supplemented with 10% FBS, 1x penicillin/
streptomycin/L-glutamine, 1Xx non-essential amino acid
solution, and 107" M dexamethasone. Conditioned
media (3-5 day culture; 5-7 day culture) were collected
and passed through 0.45 pm sterile filters.
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