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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) 3f 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 TGFB 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, 18, 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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glycogen synthase kinase (GSK) 3P and inhibition of
TGFp 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 Eagle’s medium (DMEM), DMEM/
Ham’s F12 half medium, penicillin/streptomycin/L-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 GSK3B
inhibitor 6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl-1H-
imidazol-2-yl)-2-pyrimidinyl]amino]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, 1x non-essential amino acid
solution, and 1077 M dexamethasone. Conditioned
media (35 day culture; 5-7 day culture) were collected
and passed through 0.45 pm sterile filters.
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Preparation and in vitro culture of mature hepatocytes
from mouse livers

Hepatocytes and non-parenchymal cells were isolated
from 6- to 8-weeks mouse livers following a 2-step. col-
lagenase digestion (18). Perfused liver tissues were dis-
sociated with incubation in 0.05% collagenase solution
for 10 min at 37°C. Mature hepatocytes were separated
from non-parenchymal cells by several episodes of low-
speed centrifugation (50x g, 1 min). Dead-cell debris
was removed by centrifugation in 50% Percoll solution.
Purified hepatocytes were counted using a hemocytom-
eter. Cells were inoculated at a low density (3000 cells
per one well in12-well culture plates) into dishes coated
with type I collagen. For expansion assays with feeder
cells, mitomycin-C treated-MEF were plated onto 0.1%
gelatin-coated 12-well plates (2 x 10° cells per one
well). After 24 h of culture, mature hepatocytes were
inoculated onto feeder cells at a low density (3000 cells
per one well in 12-well culture plates).

Our standard culture medium was a 1:1 mixture of
H-CFU-C medium (DMEM/Ham’s F12 half medium
with 10% FBS, 1x insulin-transferrin-selenium X,
10 mM nicotinamide, 1077 M dexamethasone, 2.5 mM
HEPES, 1x penicillin/streptomycin/r-glutamine and 1x
non-essential amino acid solution) and conditioned
medium derived from E14 fetal liver cells (19, 20). For
negative control without fetal liver-conditioned med-
ium, we used a 1:1 mixture of H-CFU-C medium and
non-conditioned medium. Cells were cultured for 6 day
in standard culture medium in the presence of 40 ng/ml
HGF and 20 ng/ml EGF.

Cell count analyses, adult hepatocytes cultured in vitro

Adult hepatocytes from GFP-transgenic mice were cul-
tured on collagen-coated dishes or co-cultured with
MEEF. After 6 days of culture, cells were dissociated with
0.05% trypsin/EDTA for 5 min at 37°C. GFP-positive
cells were counted using hemocytometer and fluores-
cence microscopy.

In several experiments, after 1 day or 6 days of cul-
ture, cells were fixed with 4% paraformaldehyde and
nuclei were stained with 2 pg/ml 4',6-diamidino-2-
phenylindole (DAPI)/PBS. Nuclei in GFP-expressing
cells were automatically counted using an ArrayScan
VTI HCS Reader (Thermo Scientific, Waltham, MA,
USA). Growth ratios were calculated (number of nuclei,
6 day culture/1 day culture).

Spheroid formation by expanded hepatocytes

After expansion of mature hepatocytes (co-cultured
with MEF in the presence or absence of GSK3B and
TGFP inhibitors), cells were trypsinized. Dissociated
cells were washed in DMEM with 10% FBS and
counted. We placed 40-pul drops of hepatocyte culture
medium (DMEM with 10% FBS, 1x non-essential amino-
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acid solution, 1x penicillin/streptomycin/L-glutamine,
and 1077 M dexamethasone) containing 1x 10* hepato-
cytes on the inner aspects of the lids of 100 mm dishes
containing PBS (to avoid desiccation) and cultured the
cells in these hanging drops. In several experiments,
1 uM PDO0325901 was added to the drop-culture
medium. After 3 days of culture, spheroids of culture
cells were collected and analysed.

mRNA detection by reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted from hepatocytes using TRI-
zol. First-strand cDNA synthesized using a High Capac-
ity cDNA Reverse Transcription Kit (Life Technologies,
Carlsbad, CA, USA) was used as a template for PCR
amplification. For semi-quantitative RT-PCR, cDNA
samples were normalized by number of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) copies, using the
TagMan probe (Life Technologies). Universal Library
(Roche Diagnosis, Basel, Switzerland) was used for
quantitative RT-PCR assays of CYP3All, CYP3Als,
tyrosine aminotransferase (TAT), carbamoyl phosphate
synthetase (CPS) and hypoxanthine phosphoribosyl-
transferase (HPRT) transcripts. Intron-spanning primer
sequences and probe number for each gene are shown
in Table 1.

Immunocytochemistry and immunohistochemistry

For immunohistological analyses, adult hepatocellular
spheroids were fixed with 4% paraformaldehyde in PBS
for 12 h. Fixed spheroids snap-frozen in Optimal-Cut-
ting-Temperature compound (Sakura Finetechnical,
Tokyo, Japan) were sectioned at 6 pm onto glass slides.
For immunocytochemical analyses, cultured hepatocytes
were fixed with 4% paraformaldehyde in PBS for
15 min. Thawed sections or fixed cells were washed
three times with PBS, and were permeabilized using
0.5% Triton X-100/PBS. After blocking with 5% donkey
serum/PBS, samples were incubated overnight at 4°C
with diluted primary antibodies [rabbit anti-mouse
cytokeratin (CK) 19 antibody] (Prof. A. Miyajima, Uni-
versity of Tokyo, Tokyo, Japan); goat anti-mouse albu-
min antibody (Bethyl, Montgomery, TX, USA). The
sections or cells next were washed three times with PBS
and then were incubated for 1 h at room temperature
with an Alexa488-conjugated donkey anti-rabbit IgG
antibody (Invitrogen) and an Alexa546-conjugated don-
key anti-goat IgG antibody (Invitrogen). Addition of
appropriate IgG antibodies provided a negative control.

Analyses of CYP3A activity

CYP3A activity of hepatocytes was analysed using a
P450-Glo™-CYP3A [luciferin-6' pentafluorobenzyl-ether
(PFBE) and luciferin-IPA] assay (Promega, Madison,
WI, USA) according to the manufacturer’s protocol.
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Table 1. Primer list

HPRT Fw TCCTCCTCAGACCGCTTTT
Rv CCTGGTTCATCATCGCTAATC
Probe number 95

CYP3AT1 Fw GGGACTCGTAAACATGAACTTTTT
Rv CCATGTCGAATTTCCATAAACC
Probe number 53

CYP3A16  Fw CTTCACAAACCGGCAGGA
Rv TCTCTTCCATTCCTCATCTTTAGC
Probe number (Only semi-quantitative RT-PCR)

TAT Fw GGAGGAGGTCGCTTCCTATT
Rv GCCACTCGTCAGAATGACATC
Probe number 82

CPS Fw GACACCACTGCCCGAGAC
Rv CAGCAGACCTGCCACCTT
Probe number 95

CK19 Fw TGACCTGGAGATGCAGATTG
Rv CCTCAGGGCAGTAATTTCCTC
Probe number 17

TGFB1 Fw AGCTCCACAGAGAAGAACTG
Rv ACCCACGTAGTAGACGATG
Probe number  (Only semi-quantitative RT-PCR)

TGFB2 Fw CTCGAGGCGAGATTTGCAG
Rv TGTACCCTTTGGGTTCATGG
Probe number  (Only semi-quantitative RT-PCR)

TGFB3 Fw CAACCCACACCTGATCCTC

Rv
Probe number

CAGAAGTTGGCATAGTAACCCTT
(Only semi-quantitative RT-PCR)

CK19, Cytokeratin 19; CPS, Carbamoyl-phosphate synthetase; CYP,
Cytochrome P450; HPRT: Hypoxanthine phosphoribosyltransferase;
TAT, Tyrosine aminotransferase.

Cells were cultured in 12-well-plates (monolayer cul-
ture) or 96-well-plates (spheroid culture). After 24 h
exposure to 2 x 10~* M dexamethasone, an inducer of
CYP3A, cells were washed with PBS and cultured for
4 h in hepatocyte culture media containing luciferin-
PEBE or for 1 h in hepatocyte culture media containing
luciferin-IPA. Culture medium was transferred from
each well to new tubes and an equal volume of detection
reagent was added. After 20 min of incubation, CYP3A
activity was detected using a luminometer.

Analyses of urea synthesis

Urea synthesis was analysed using a Urea Nitrogen
Direct Kit (Stanbio Laboratory, Boerne, TX, USA)
according to the manufacturer’s protocol. Cells were
cultured in 96-well-plates (spheroid culture). After 2
days incubation, medium was transferred from each well
to new tubes, then BUN colour and acid reagents in this
kit were added. After incubation, a red-purple chromo-
gen was measured spectrophotometrically at 520 nm.

Statistics

We used Microsoft Excel 2007 software to calculate SD
and statistically significant differences between samples
using Student’s 2-tailed ¢ test.
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Results

Co-culture with MEF and a combination of cell signal
inhibitors induced efficient expansion of mature
hepatocytes from adult mouse livers

We have recently found that co-culture with MEF sig-
nificantly induces proliferation of fetal hepatocytes from
early- to mid-fetal livers (Okada et al., in press). The
interaction between hepatocytes and MEF was impor-
tant for effective expansion of fetal hepatocytes. We
therefore addressed whether co-culture with MEF can
induce proliferation of mature hepatocytes in vitro.
Hepatocytes from GFP-transgenic mice were purified
using low-speed centrifugation and inoculated onto col-
lagen-coated dishes or MEF at a low density (3000 cells
per one well, 12-well-dishes) and hepatocytes were
counted. After 6 days, only culture with MEF yielded
good numbers of large colonies (Fig. 1A). Co-culture
with MEF significantly induced proliferation of adult
hepatocytes (Fig. 1A, right panel). Interestingly, most of
the colonies derived from mature hepatocytes contained
both albumin-positive and CK19-positive cells, suggest-
ing that part of cultured hepatocytes transdifferentiated
into CK19-positive cholangiocytes in vitro (21).

Proliferation of hepatocytes was regulated by several
soluble factors (HGF, EGF, and other cytokines) (6). In
addition, TGFP and Wnt are important for regulation
of hepatocellular proliferation during in vivo liver regen-
eration (22-24). We therefore used specific inhibitors,
to analyse these signal pathways activated by soluble fac-
tors. Inhibitors in the following factor/inhibitor pairs
(MEK/PD0325901; TGFB/A-83-01; GSK3[/CHIR99021;
PI3K/LY294002, and Rock/Y-27632) were added into
adult hepatocyte culture and hepatocytes were counted
after 6 days of culture. The combination of GSK3pB
inhibitor and TGFp inhibitor significantly induced pro-
liferation of albumin-positive hepatocytes in vitro
(Fig. 1B). We next compared the proliferative activity
induced by MEF co-culture with that induced by the
addition of inhibitors (Fig. 2). More cells were present
in culture after supplementation with inhibitors than
that after co-culture with MEF. In addition, proliferative
activity of hepatocytes induced by the addition of signal
inhibitors was not changed, regardless of the presence of
feeder cells. These results suggest that inhibition of
TGFp signalling and activation of B-catenin signalling
are important for effective expansion of mature hepato-
cytes in vitro.

Fetal liver-derived factors regulate proliferation of adult
hepatocytes in vitro

Our conventional colony-expanding system for fetal he-
patoblasts requires conditioned medium derived from
mid-fetal liver cells (20, 25). We analysed the effect of
fetal-liver conditioned medium on mature hepatocytes
(Fig. 3A). When hepatocytes were cultured without
conditioned medium, expansion of hepatocytes was
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Fig. 1. Induction of proliferative activity in mature hepatocytes

in vitro. (A) Hepatocytes from mouse adult livers were cultured on
collagen-coated dishes (Col-l) or co-cultured with MEF (MEF) for

6 days. (left panel) Representative view of expanded hepatocytes
co-cultured with MEF. (right panel) Relative proliferative activity of
hepatocytes. The cell number after culture on collagen-coated
dishes was defined as one. (B) Hepatocytes from mouse adult livers
were cultured on collagen-coated dishes in the presence (CHIR+A-
83-01) or absence (DMSO) of inhibitors for 6 days. (left panel) Rep-
resentative view of expanded hepatocytes cultured with GSK3p
and TGFB inhibitors. (right panel) Relative proliferative activity of
hepatocytes. The cell number after culture on collagen-coated
dishes in the absence of inhibitors was defined as one. (A and B)
Cells were stained with anti-albumin antibody (red) and anti-CK19
antibody (green). Results are represented as mean relative cell
count =+ SD (triplicate samples). *P < 0.05, **P < 0.01.

barely detected, suggesting that soluble factors derived
from mid-fetal liver cells are important for proliferation
of adult hepatocytes.

Fetal liver cells also expressed TGFB1, TGFB2 and
TGFP3 (Fig. 3B). TGFP reportedly suppresses hepato-
cellular proliferation (26, 27). Fetal liver cells thus
express both factors that induce and factors that inhibit
proliferation of adult hepatocytes.

Expanded hepatocytes can re-express mature
hepatocellular genes after spheroid formation

Mature hepatocytes have many metabolic functions
and express enzymes subserving functions such as
amino-acid synthesis and drug metabolism. TAT is
important for amino-acid synthesis. CPS is a urea
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Fig. 2. Growth inductions in mature hepatocytes by co-culture
with MEF and addition of GSK3p and TGFp inhibitors. Hepatocytes
from mouse GFP-transgenic mouse livers were cultured on colla-
gen-coated dishes (Col-l) or co-cultured with MEF (MEF). GSK3p
and TGFp inhibitors were added into culture media (CHIR+A-83-01).
DMSO: 0. 1% DMSO added (control for CHIR99021 and A-83-01).
After 1 day and 6 days of culture, numbers of nuclei stained by
DAPI in GFP-positive cells were counted automatically using
ArrayScan. Growth ratio (number of nuclei, 6d:1d) on collagen-
coated dishes in the absence of inhibitors was defined as one.
Results are represented as mean growth ratio + SD (duplicate
samples).

(A) ~ CHIR+A-83-01

~-Conditioned
medium

+Conditioned
medium

-
& Fetal liver ,,ﬁio

_cells V&

Fig. 3. Requirement of fetal liver-derived conditioned medium for
expansion of mature hepatocytes in vitro. (A) Hepatocytes from
adult livers were cultured with E14 fetal liver-derived conditioned
medium (+Conditioned medium) or with non-conditioned medium
(~Conditioned medium). Cells were cultured on collagen-coated
dishes in the presence or absence of GSK38 and TGF inhibitors
(CHIR+A-83-01) for 6 days. Under both conditions the addition of
conditioned medium was strictly required for expansion of hepato-
cytes. DMSO: 0.1% DMSO added (control for CHIR99021 and
A-83-01). (B) E14 fetal liver cells were cultured for 4 days and total
RNA was purified. Expression of TGFB family genes was detected
using RT-PCR. E13WE, cDNA derived from E13 whole embryos.
NTC, negative control without cDNA samples.
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cycle enzyme. CYP3AI11 is the main enzyme for exog-
enous drug metabolism. Expression of these enzymes
was significantly decreased after several days of 2D
monolayer culture. As shown above, our culture sys-
tem can induce proliferation of monolayer hepato-
cytes by co-culture with MEF or upon the addition
of signalling inhibitors. After hepatocyte expansion,
expression of mature hepatocellular genes (TAT, CPS
and CYP3A11l) also diminished in our culture system.
To maintain functions of mature hepatocytes during
long-term culture, three-dimensional (3D) biological
structures are known to be important (12-14). Fresh
suspended hepatocytes can self-assemble into 3D-
compacted  aggregates  (‘spheroids’).  Hepatocytic
spheroids exhibit mature liver functions; they also live
longer than do cell maintained in monolayer culture.
Therefore, we analysed whether expanded, de-differen-
tiated hepatocytes can re-express particular functional
enzymes after spheroid formation. Hepatocytes were
cultured on collagen-coated dishes or on MEF in the
presence or absence of GSK3P and TGFp inhibitors.
After 6 days of culture, these cells were dissociated
and spheroid formation was induced using hanging-
drop culture for 3 days (Fig. 4A). After 6 days of 2D-
culture, expression of TAT, CPS and CYP3All was
barely detected (Fig. 4B, 2D culture). For expansion
of mature hepatocytes, we used three culture condi-
tions (condition 1, addition of GSK3f and TGEFB
inhibitors on collagen-coated dishes; 2, co-culture
with MEF; 3, addition of GSK3p and TGFp inhibitors
and co-culture with MEF). Under all conditions,
expanded hepatocytes re-expressed these enzymes after
3 days of spheroid formation culture (Fig. 4B, Spher-
oid). These results indicated that hepatocytes can
recover their mature functions upon formation of
3D-structures after in vitro expansion and de-differen-
tiation.

To improve culture condition for re-expression of
mature hepatocellular genes, we analysed the effects of
several inhibitors on the recovery step (spheroid forma-
tion culture) of hepatocellular function. The addition of
the MEK inhibitor PD0325901 during spheroid forma-
tion significantly induced expression of CYP3All
(Fig. 4B). Interestingly, the inducible effect of
PD0325901 was detected only under culture with MEF
(conditions 2 and 3), suggesting that interaction with
MEF during monolayer culture is important for induc-
tion of CYP3All synthesis. Spheroids formed by
expanded hepatocytes contained both albumin-positive
hepatocytic cells and CK19-positive cholangiocytic cells
(Fig. 5A). The addition of PD0325901 increased num-
bers of albumin-positive hepatocytic cells during spher-
oid formation. In contrast, expression of CK19 in
spheroids was down-regulated by the addition of
PD0325901 (Fig. 5B). Mature hepatocytes can trans-
differentiate into CK19-positive cholangiocytic cells
in vitro (21, 28). In our culture system, some expanded
hepatocytes could differentiate into CK19-positive cells
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Fig. 4. Expression of hepatocellular functional genes was
re-induced by the formation of spheroids. (A) Schema representing
experimental method. Hepatocytes from adult mouse livers were
cultured on collagen-coated dishes or co-cultured with MEF. In this
expansion step (6 days of culture), GSK3B and TGFp inhibitors were
added in some experiments. After expansion, total RNA was puri-
fied from monolayer culture (2D culture samples). Expanded cells
were trypsinized and spheroids were formed by hanging-drop cul-
ture. During this step, MEK inhibitor was added in some experi-
ments. After 3 days of culture, total RNA was purified for RT-PCR
analyses (Spheroid samples). (B) Expression of hepatocellular func-
tional genes in 2D monolayer and 3D spheroid cultures of hepato-
cytes. Expansion of mature hepatocytes was induced by three
conditions (condition 1, addition of GSK3B and TGFB inhibitors on
collagen-coated dishes, 2, co-culture with MEF, 3, addition of
GSK3B and TGFp inhibitors and co-culture with MEF). In several
experiments, MEK inhibitor PD0325901 was added during spheroid
formation. Expression of CYP3A11, CPS, and TAT was detected by
quantitative RT-PCR. Expression of genes in hepatocytes freshly
purified from adult mouse livers was set to 1.0. Results are
represented as mean relative expression of genes + SD (triplicate
samples). #*P < 0.05.

during monolayer culture (Fig. 1). The addition of
PD0325901 thus may be capable of inducing re-differ-
entiation of CKI19-positive cells into functional
hepatocytic cells during spheroid formation and may
up-regulate expression of CYP3A11.

CYP3A activity is up-regulated by chemical inducers in re-
differentiated hepatocytes

As shown above, in vitro expanded hepatocytes can
re-differentiate and recover expression of the drug-
metabolic enzyme, CYP3All during 3D culture. We
analysed the activity of CYP3A in hepatocytic spher-
oids using luciferin-conjugated substrates (luciferin-PFBE).
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Fig. 5. MEK inhibitor induces hepatocytic differentiation of
expanded hepatocytes during spheroid formation. Mature hepato-
cytes were co-cultured with MEF. GSK3p and TGF inhibitors or
control DMSO was added. After 6 days of culture, cells were disso-
ciated and spheroids were formed in the presence (+PD) or absence
(—PD) of PD0325901 for 3 days. (A) Representative view of spher-
oid formed by expanded hepatocytes. Sections of spheroids were
made and stained with anti-albumin (red) and anti-CK19 (green)
antibodies. (B) Expression of CK19 in expanded hepatocyte-derived
spheroids was analysed by quantitative RT-PCR. Results are
represented as mean relative expression of CK19 + SD (triplicate
samples).

Mature hepatocytes were expanded under MEF co-
culture for 6 days and hepatocellular enzymes were
re-induced by spheroid formation. When freshly iso-
lated hepatocytes were stimulated by high doses of
dexamethasone, CYP3A activity was up-regulated.
Similarly, spheroids formed from expanded hepato-
cytes responded to dexamethasone; the addition of
dexamethasone induced CYP3A activity in spheroid
culture (Fig. 6A). It has been reported that hepato-
cytes from neonatal and adult mice mainly express
CYP3A16 and CYP3All respectively (29). We there-
fore analysed expression of both CYP3A family genes
in our culture system and revealed that expanded he-
patocytes in the spheroid culture mainly express
CYP3A11 (Fig. 6B). In contrast, expression of
CYP3A16 was only marginaly detected. Similar results
were also obtained using more specific substrate for
CYP3A, luciferin-IPA (Fig. 6C). These results clearly
indicate that, under 3D culture conditions, expanded
hepatocytes can recover not only expression of
enzymes but also drug response activity.
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Urea synthesis is partially induced in re-differentiated
hepatocytes

In addition to the drug-metabolic enzyme, in vitro
expanded hepatocytes could recover expression of the
urea cycle enzyme, CPS, during 3D culture. To further
determine the activity of urea synthesis in our culture
system, mature hepatocytes were expanded and hepatic
differentiation was re-induced by spheroid formation.
The results indicate that freshly isolated hepatocytes
could produce huge amount of urea nitrogen in culture
media after 2 days of culture. In comparison with fresh
adult hepatocytes, however, production of urea in the
spheroids from expanded hepatocytes was around 5%
(Fig. 6D). Taken together, these results suggest that
spheroid formation can partially re-induce the ability of
urea synthesis in in vitro expanded hepatocytes.

Discussion

In this study, we found that both co-culture with MEF
and the addition of inhibitors of GSK3B and TGFf
induced proliferation of adult hepatocytes in vitro.
Although mature hepatocellular functions were
decreased in these expanded hepatocytes, 3D spheroid
formation in the presence of MEK inhibitors could re-
induce expression of several mature hepatocellular genes
and activation of CYP3All. Interestingly, co-culture
with MEF in expanding culture is required for induction
of CYP3A11 synthesis by PD0325901 in our culture sys-
tem (Fig. 4). The interaction between parenchymal cells
and non-parenchymal cells is important for high-level
functions of mature hepatocytes (30). It is possible that
the interaction between expanded hepatocytes and MEF
in spheroids induced the recovery of hepatocellular
functions. During spheroid formation, cell-cell interac-
tion between hepatocytes is mainly regulated by E-cadh-
erin. In contrast, the molecular mechanism regulating
the interactions between parenchymal hepatocytes and
MEF remains unknown. In addition, to identify the
mechanism by which inhibition of MEK leads to recov-
ery of hepatocellular functions is an important issue.
We found that the addition of MEK inhibitors
decreased expression of CK19 in spheroids (Fig. 5). The
effect MEK inhibitors on both expanded hepatocytes
and MEF might regulate transdifferentiation of hepato-
cytes in vitro. Also possible is that MEK inhibitors
directly induce expression of several hepatocellular
genes, because expression of CYP2B in primary hepato-
cytes is induced by MEK inhibitors via the induction of
nuclear translocation of constitutively active receptor
(31). We speculate that several molecules downstream
from MEK-MAPK in the MEK signalling pathway are
involved in regulation of hepatocellular functions.

In other somatic tissues, stem and progenitor cells
rather than terminally differentiated cells are the reser-
voir of proliferative activity and contribute to tissue
regeneration. In contrast, progenitor-like proliferative
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Fig. 6. Activity of CYP3A and urea synthesis of hepatocytes cultured in vitro. Mature hepatocytes were co-cultured with MEF in the pres-
ence or absence of GSK3p and TGFf inhibitors. After 6 days of expansion, cells were dissociated and spheroids were allowed to form in the
3 day hanging-drop culture. (A) CYP3A activities in expanded hepatocytes were detected using luciferin-PFBE. After hanging-drop culture in
the presence of MEK inhibitor, spheroids were stimulated by the CYP3A inducer high-dose dexamethasone. Results are represented as mean
CYP3A activity + SD (n = 4). Results of two experiments are shown. (B) Expression of CYP3A11 and CYP3A16 in the spheroid culture
derived from expanded hepatocytes. After hanging-drop culture in the presence (+PD/Spheroid) or absence (—PD/Spheroid) of MEK inhibi-
tor, MRNA was purified and used for RT-PCR analyses. Fresh, freshly isolated hepatocytes; NTC, negative control without cDNA samples.

(C) CYP3A activities in expanded hepatocytes were detected using luciferin-IPA. After hanging-drop culture in the presence of MEK inhibitor,
spheroids were stimulated by the CYP3A inducer high-dose dexamethasone. Results are represented as mean CYP3A activity + SD (n = 3).
(D) Urea synthesis in the spheroid culture. After hanging-drop culture in the presence (+PD) or absence (—PD), spheroids were cultured in
DMEM supplemented with 10% FBS, 1x penicillin/streptomycin/i-glutamine, 1x non-essential amino acid solution, and 10~7 M dexameth-
asone. After 2 days of culture, culture medium was analysed. Results are represented as mean urea nitrogen + SD (n = 6).

activity is an important characteristic of adult hepato-  eration. However, several types of liver progenitor-like
cytes, as shown in vivo (3). Proliferation of mature  cells contribute to regeneration in severe liver injury.
hepatocytes is mainly found during normal liver regen-  Adult livers contains two-types of liver progenitor-like
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cells; CD133", Ep-CAM" hepatic progenitor cells and
CD44" small hepatocytes (25, 32, 33). To exclude the
possibility that these progenitors, as contaminants, pro-
liferated in our culture studies, CD133" cells and CD44"
cells were eliminated using magnetic beads. Most cells
in the CD133™ or CD44™ fractions (the non-progenitor
cells) could also proliferate in culture media with
GSK3B and TGFp inhibitors (data not shown). These
results indicated that the proliferative activity of termi-
nally differentiated hepatocytes was induced via the
GSK3p/B-catenin and TGFp signal pathways. Activation
of B-catenin is important for the progression of liver
regeneration (24). The analysis of molecular mechanism
to induce hepatocellular proliferation by the signal path-
ways is important for establishment of systems effective
in expanding adult hepatocytes in vitro.

We have shown that conditioned medium derived
from E14 fetal liver cells is significantly effective for
expansion of mature hepatocytes, indicating that some
growth factors or cytokines other than HGF and EGF
may be important for hepatocytic proliferation. Fetal
livers contain both parenchymal hepatoblasts and sev-
eral types of non-panrenchymal cells (viz., mesothelial
cells, fibroblasts and endothelial cells). Mesothelial cells
and fibroblasts in fetal livers expressed midkine and
pleiotrophin, which induce proliferation of fetal hepato-
cytes (34, 35). Using microarray expression analyses, we
detected that DIk*CDI133% fetal hepatoblasts also
express several growth factors and cytokines inducing
hepatocytic proliferation (A. Kamiya and H. Nakauchi,
unpublished data). These results suggest that both
parenchymal and non-parenchymal cells in fetal livers
express soluble factors that are important for growth of
hepatocytes. Identification of these soluble factors regu-
lating hepatocellular proliferation and functionality will
certainly facilitate induction of mature hepatocytes
derived from pluripotent stem cells.
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Progenitor Cells in Early Mouse Liver Development
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Outgrowth of the foregut endoderm to form the liver bud is considered the initial event of liver development.
Hepatic stem/progenitor cells (HSPCs) in the liver bud are postulated to migrate into septum transversum
mesenchyme at around embryonic day (E) 9 in mice. The studies of liver development focused on the mid-fetal
stage (E11.5-14.5) have identified HSPCs at this stage. However, the in vitro characteristics of HSPCs before
E11.5 have not been elucidated. This is probably partly because purification and characterization of HSPCs in
early fetal livers have not been fully established. To permit detailed phenotypic analyses of early fetal HSPC
candidates, we developed a new coculture system, using mouse embryonic fibroblast cells. In this coculture
system, CD13" DIk ™ cells purified from mouse early fetal livers (E9.5 and E10.5) formed colonies composed of
both albumin-positive hepatocytic cells and cytokeratin (CK) 19-positive cholangiocytic cells, indicating that
early fetal CD13"DIk™ cells have properties of bipotent progenitor cells. Inhibition of signaling by Rho-
associated coiled-coil containing protein kinase (Rock) or by nonmuscle myosin II (downstream from Rock) was
necessary for effective expansion of early fetal CD13* DIk * cells in vitro. In sorted CD13*DIk* cells, expression
of the hepatocyte marker genes albumin and a-fetoprotein increased with fetal liver age, whereas expression of
CK19 and Sox17, endodermal progenitor cell markers, was highest at E9.5 but decreased dramatically thereafter.
These first prospective studies of early fetal HSPC candidates demonstrate that bipotent stem/progenitor cells
exist before E11.5 and implicate Rock-myosin II signaling in their development.

Introduction

LIVER DEVELOPMENT IS REGULATED by hormonal factors as
well as by cell-cell interaction. In the beginning of liver
development, around embryonic day (E) 9 in mice, hepatic
stem/progenitor cells (HSPCs) are believed to differentiate
from foregut endoderm and to expand in the early fetal liver
bud. Fibroblast growth factor derived from the cardiac me-
soderm and bone-morphogenetic proteins from septum
transversum mesenchyme are important for differentiation of
foregut endodermal cells into hepatic-lineage cells [1,2]. During
mid- to late-fetal development (around E11.5 to E16.5),
hematopoietic stem cells originating from the aorta-gonad-
mesonephros region migrate into the fetal liver. This implies
significant change in the microenvironment of the liver from
early- to late-fetal liver development. Oncostatin M secreted
from hematopoietic cells induces hepatoblasts, hepatic pro-

genitor cells in mid-fetal livers, to differentiate into mature
hepatocytes [3,4]. Hepatoblasts can proliferate at high rate and
possess bipotency, the ability to differentiate into both hepa-
tocytes (hepatic parenchymal cells) and cholangiocytes [5].
Several groups have purified hepatoblasts derived from E11.5
to E14.5 livers. We have shown that a sorted individual cell
derived from mid-fetal liver gives rise to a relatively large
colony after 5 days of culture on extracellular matrix-coated
dishes [6]. A member of this class of cells is designated as a
“hepatic colony-forming unit in culture (H-CFU-C).” Utilizing
H-CFU-C culture, delta-like 1 homolog (Dlk), Liv2, CD13, and
CD133 were identified as cell surface markers for hepatoblasts
[7-9]. H-CFU-C culture and reclone sorting have demonstrated
that hepatoblasts in mid-fetal livers have self-renewal capacity
and bipotency [10]. Several transcription factors, such as Prox1,
Tbx3, and Sall4, regulate proliferation and differentiation of
hepatoblasts in liver development [11-13].
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CHARACTERIZATION OF EARLY HEPATIC PROGENITOR CELLS

In contrast to hepatoblasts in mid-fetal livers, few studies
have been done with early fetal HSPCs in E9.5 and 10.5 liver
buds (Fig. 1A), because no suitable culture system for these
cells has been established. HSPCs in early fetal livers thus
remain largely uncharacterized. Explant culture systems
have been used to study early fetal liver cells, and the effects
of fibroblast growth factor secreted from cardiac mesoderm
on early fetal livers were found using explanted-liver organ
culture [1,2]. However, as explanted early fetal livers do not
consist solely of HSPCs, to establish a culture system for
purified progenitor cells in such livers is crucial for analyses
of the initial steps of liver development. In this study, we
found that cells expressing CD13, DIk, and Liv2 exist during
early- to mid-fetal liver development. We established a new
culture system for in vitro expansion of these cells, candidate
HSPCs, at the single-cell level using mouse embryonic fi-
broblasts (MEFs) as feeder cells. CD13"DIk* cells derived
from early fetal liver showed bipotency and could proliferate
to form large colonies in this culture system. Inhibition of
Rho-associated coiled-coil-containing protein kinase (Rock)
or myosin II activity using, respectively, Y-27632 or bleb-
bistatin significantly enhanced colony-forming activities of
early fetal CD13*DIk™ cells. This study, the first investiga-
tion of purified HSPCs derived from early fetal livers,
demonstrates that these progenitor cells in early fetal livers
have properties distinct from those in mid-fetal livers.
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Materials and Methods
Materials

C57BL/6NCrSlc, C3H, and green fluorescent protein
(GFP)-transgenic mice (Nihon SLC, Shizuoka, Japan) were
used in this study. All animals were treated under guide-
lines of the Institute of Medical Science, The University of
Tokyo. Reagents and commercial suppliers were Dulbecco’s
modified Eagle’s medium (DMEM), DMEM/Ham’s F12
half medium, penicillin/streptomycin/L-glutamine (100x),
dexamethasone, dimethyl sulfoxide, nicotinamide, and gel-
atin from porcine skin (Sigma, St. Louis, MO); insulin-
transferrin—selenium X, nonessential amino acid solution,
KnockOut Serum Replacement (KSR), and HEPES buffer
solution (Invitrogen, Carlsbad, CA); fetal bovine serum (FBS;
Nichirei Biosciences, Tokyo, Japan); hepatocyte growth fac-
tor and epidermal growth factor (PeproTech, Rocky Hill, NJ);
collagen type I (Nitta Gelatin, Osaka, Japan); PD0325901 and
CHIR99021 (Axon Biochemicals, Groningen, The Nether-
lands); Y-27632 (Wako Pure Chemical Industries, Osaka,
Japan); A-83-01 (Tocris Bioscience, Bristol, United Kingdom);
and (S)-(—)-blebbistatin (Toronto Research Chemicals, Inc.,
Toronto, ON). Phycoerythrin (PE)-conjugated anti-CD13
(Pharmingen, San Jose, CA), fluorescein isothiocyanate
(FITC)-conjugated anti-Dlk (Medical and Biological Labora-
tories, Nagoya, Japan), allophycocyanin (APC)-conjugated

FIG. 1. Expression of cell
surface markers in early- to
mid-fetal liver cells. (A) Studies
of hepatic stem/progenitor
cells (HSPCs) during embry-
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onic development. Bipotent
progenitor cells in E11-14 mid-

fetal livers (hepatoblasts) have
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+ been well characterized using
H-CFU-C assays. In contrast,

Not +

3
Dik*cells | 4otormined

progenitor cells in early fetal
3 livers (E9-10) have not been
previously purified. (B) Cells

B CD45"Ter119" cells
DIk E8.5

Sample

from E9.5, E10.5, E11.5, and
E13.5 fetal livers were stained
with antibodies to various
markers against mid-fetal he-
patoblasts (CD13 and Dlk)
and hematopoietic cells (CD45
and Terll9). Some popula-
tions of CD45 Terl19™ non-
hematopoietic cells in early- and
mid-fetal livers expressed both

E13.8

Non-stained
sample

Isotype
control

]

CD13 and DIlk. Nonstained
cells (Nonstained sample),
cells stained with isotype anti-
bodies (Isotype control), or
cells stained with anti-mouse
CD13 and Dlk antibodies
(Sample) were analyzed using
flow cytometer. Ratios of CD13-
single positive, Dlk-single posi-
tive, and CD13*DIk* cells in
the CD45  Ter119™ fraction are
shown. Numbers of CD13™"

DIk* cells in each of the CD45 ™ Ter119~ fractions are as follows: 652 in 36,796 (E9.5), 1,630 in 25,481 (E10.5), 2,764 in 17,429
(E11.5), and 526 in 6,587 (E13.5). H-CFU-C, hepatic colony-forming unit in culture.
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anti-Terl19, and APC-conjugated anti-CD45.2 (eBioscience,
San Diego, CA) antibodies were used for cell staining.

Flow cytometric analysis

Minced liver tissues from E9.5 through E13.5 mice were
dissociated with 0.05% collagenase solution. Dissociated cells
were washed with phosphate-buffered saline (PBS) supple-
mented with 3% FBS and incubated with antibodies against
cell surface markers for 60 min at 4°C. After washing with
PBS supplemented with 3% FBS and staining of dead cells
with propidium iodide, the cells were analyzed and sorted
using a MoFlo™ fluorescence-activated cell sorter (DAKO,
Glostrup, Denmark). Results with isotype control antibodies
were shown as negative control.

Analysis of Liv2 expression using
a fluorescence-activated flow cytometer

Dissociated cells were incubated with rat anti-Liv2 anti-
body [8] for 30 min on ice. After washing with PBS supple-
mented with 3% FBS, cells were stained with anti-rat
immunoglobulin G (IgG)-Alexa647 (Invitrogen) for 30min
on ice and were washed with PBS supplemented with 3%
FBS. Cells were further stained with FITC-conjugated anti-
DIk, PE-conjugated anti-CD13, PE-Cy7-conjugated anti-
CD45, and PE-Cy7-conjugated anti-Ter119 (eBioscience)
antibodies for 30 min on ice. After washing with PBS sup-
plemented with 3% FBS and staining of dead cells with
propidium iodide, the cells were analyzed and sorted using a
MokFlo fluorescence-activated cell sorter.

Preparation of MEF

E13.5 ICR mouse embryos (Nihon SLC) were dissected
and the head and internal organs were completely removed.
The torso was minced and dissociated in 0.05% trypsin-
EDTA (Sigma) for 30 min. After washing with PBS, cells were
expanded in DMEM with 10% FBS. To halt cell proliferation,
these MEFs were treated with mitomycin C (Wako Pure
Chemical Industries) at 37°C for 2h and used as feeder cells.

Colony formation assay

CD13*DIk™* and other types of cells in the nonhematopoietic
cell fraction were plated onto type I collagen or gelatin-coated
35-mum tissue culture dishes at a low density (25 cells/cm?) or
into type I collagen-coated 96-well plates at one cell per well. For
colony formation assay with feeder cells, mitomycin C-treated
feeder cells (MEF or other cell lines) were plated onto 0.1%
gelatin-coated 12-well plates (2x 10° cells per well). After 24 h of
culture, cells in the nonhematopoietic cell fraction were sorted
onto feeder cells at a low density (25 cells/cm?).

Our standard culture medium is a 1:1 mixture of H-CFU-C
medium (DMEM/Ham’s F12 half medium with 10% FBS or
10% KSR, 1xInsulin-Transferrin-Selenium X, 10mM nico-
tinamide, 107 M dexamethasone, 2.5mM HEPES, 1x peni-
cillin/streptomycin/r-glutamine, and 1 x nonessential amino
acid solution) and conditioned medium derived from E14.5
hepatic cells [13]. In several experiments, we used a 1:1
mixture of H-CFU-C medium and fresh DMEM with 10%
KSR as a culture medium for coculture colony assays. Cells
were cultured for 6 days, in the presence of 40ng/mL he-
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patocyte growth factor and 20ng/mL epidermal growth
factor, in either standard culture medium or 1:1 mixture of
H-CFU-C medium and fresh DMEM with 10% KSR. To
count colonies derived from individual single cells, we used
an ArrayScan VTI HCS Reader (Thermo Scientific, Waltham,
MA) following immunostaining. Albumin-positive colonies
were counted.

To analyze the effects of Rock-myosin II pathway using
inhibitors, CD45 Ter119™Dlk* cells derived from GFP
transgenic mouse embryos were cocultured with MEF in the
presence of either Y-27632 or blebbistatin. GFP-positive col-
onies were counted. To analyze the effects of soluble factors
derived from MEF, MEF-conditioned medium was harvested
from 2-day confluent cultures of MEF cultured in a 1:1
mixture of H-CFU-C medium and fresh DMEM with 10%
KSR. We cultured early fetal cells on collagen-coated dishes
or on MEF feeder cells in MEF-conditioned medium.

Messenger RNA detection by reverse
transcription—polymerase chain reaction

Total RNA was extracted from CD13*DIk™* cells in the
nonhematopoietic cell fraction using the RNeasy Micro Kit
(Qiagen, Venlo, The Netherlands). First-strand ¢cDNA syn-
thesized using the Primescript first strand ¢cDNA synthesis
kit (Takara, Otsu, Japan) was used as a template for quan-
titative reverse transcription—polymerase chain reaction (RT-
PCR) amplification. The cDNA samples were normalized by
number of glyceraldehyde 3-phosphate dehydrogenase
copies using quantitative RT-PCR with the TagMan probe
(Applied Biosystems, Foster City, CA). Universal Library
(Roche Diagnosis, Basel, Switzerland) was used to quantify
the copy numbers of albumin, a-fetoprotein (AFP), cytoker-
atin (CK) 19, c-Met, E-cadherin, and Sox17 transcripts. In-
tron-spanning primer sequences and probe number for each
gene are shown in Supplementary Table S1 (Supplementary
Data are available online at www.liebertonline.com/scd).

For hepatic gene expression analyses in HSPC colonies,
E105 and E135 CD13"DIk™ cells derived from GFP-
transgenic mice were cultured with MEF for 3 days. Colonies
were dissociated in 0.05% trypsin-EDTA and GFP* cells
were purified using a MoFlo fluorescence-activated cell sor-
ter. Total RNA was extracted and first-strand cDNA was
synthesized using High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Expression of hepatic genes
was detected using quantitative RT-PCR with the TagMan
probe: CyplAl, Mm00487218_m1; CyplA2, Mm00487224_ml;
Cyp3Al11, Mm00731567_m1; Cyp3Al13, MmO00484110_m]1;
Cyp7al, Mm00484152_m1; glucose-6-phosphatase, Mm00839363_
ml; tyrosine aminotransferase, Mm01244282_m1; albumin,
MmO00802090_m1; CK19, Mm00492980_m1.

Immunostaining

Cultured cells were washed with PBS and were fixed with
4% paraformaldehyde/PBS. After washing 3 times with PBS,
cells were permeabilized with 0.5% Triton/PBS for 10 min,
washed with PBS, and incubated with 5% donkey serum/
PBS for 1h at room temperature. They were incubated with
diluted primary antibodies overnight at 4°C. Goat anti-
albumin antibody (Bethyl, Montgomery, TX) and rabbit anti-
CK19 antibody (A gift from Prof. A. Miyajima, University of
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Tokyo, Tokyo, Japan) were used as primary antibodies [7].
The cells next were washed with PBS and were incubated for
1h at room temperature with anti-rabbit IgG-Alexa488 and
anti-goat IgG-Alexa546 antibodies (Invitrogen). The cells
were washed with PBS and their nuclei were stained with
40,6-diamidine-20-phenylindole dihydrochloride (Sigma).

For the analyses of proliferation, colonies were stained
with goat anti-albumin antibody and rabbit anti-Ki67 anti-
body (Abcam, Cambridge, United Kingdom). After washing
with PBS, cells were stained with anti-rabbit IgG-Alexa555
and anti-goat IgG-Alexa488 antibodies (Invitrogen). In-
tensities of Ki67 in individual albumin-positive colonies were
analyzed with an ArrayScan VII HCS Reader.

In-droplet cell-staining methods

To quantify albumin and CK19 expression in individual
cells, in-droplet staining methods were used [14]. CD13*
DIk™ cells derived from fetal livers were sorted onto slide
glasses. After fixation with 2% paraformaldehyde/PBS and
permeabilization with 0.5% Triton/PBS, cells were incubated
in 5% donkey serum/PBS for 30 min at room temperature.
They then were incubated with goat anti-albumin and rabbit
anti-CK19 antibodies overnight at 4°C, washed with PBS,
and incubated with secondary antibodies (anti-rabbit IgG-
Alexa488 and anti-goat IgG-Alexa546 antibodies) for 40 min
at room temperature. The cells were washed with PBS and
their nuclei were stained with 40,6-diamidine-20-pheny-
lindole dihydrochloride. For each analysis, addition of an
appropriate immune serum provided a negative control.
Antibody fluorescence intensity was measured using the
ArrayScan Reader.

Statistics

We used Microsoft Excel 2004 for Mac, Version 11.6.2
(Microsoft, Redmond, WA) to calculate standard deviations
(SDs) and statistically significant differences between sam-
ples using Student’s 2-tailed t-test.

Results

Early fetal liver contains cells expressing mid-fetal
hepatoblast cell-surface markers

Several studies show that CD13 and DIk are cell surface
markers of hepatoblasts in mid-fetal livers (E11.5 to E14.5)
and hepatoblasts exist in the CD13"DIk™ fraction [7,15]. We
assessed whether early fetal livers (E9.5 and E10.5) contain
cells expressing these cell-surface markers (Fig. 1B). Livers
derived from E9.5 to E13.5 mouse embryos were dissected
and dissociated using collagenase. Cells were stained with
antibodies against hematopoietic cell surface markers
(CD45 and Ter119) as well as CD13 and Dik. CD13*Dilk*
double-positive cells were found in the CD45 Terl19~
nonhematopoietic cell fraction derived from both early- and
mid-fetal livers, although the expression level of CD13 and
DIk was low at E9.5 and increased during liver development.
Liv2 is another cell surface molecule expressed on hepatic
progenitor cells; numbers of Liv2-positive cells increase
during E9.5 to E12.5 [8]. We found that CD13*DIk™ cells in
E9.5 fetal liver also expressed Liv2, indicating that cells ex-
pressing several hepatoblast cell-surface markers existed
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during early- to mid-fetal liver development (Supplementary
Fig. S1). These results suggested that cell surface markers of
hepatoblasts are commonly encountered during fetal liver
development.

Phenotypic differences between early-
and mid-fetal CD13* DIk* cells

To further characterize CD13*DIk™ cells from each stage,
expression of endodermal, hepatocyte, and cholangiocyte
marker genes was analyzed using real-time RT-PCR. Strong
expression of albumin and AFP was detected in CD13*DIk™*
cells derived from E13.5 mid-fetal liver (Fig. 2A). In contrast,
these hepatocyte marker genes were detected at low levels in
CD13"DIk™ cells derived from E9.5 early fetal liver. Inter-
estingly, E9.5 CD13*DIk™ cells expressed CK19 and the
early endodermal cell marker Sox17 at high levels (Fig. 2B).
Although CK19 is known as a marker for cholangiocytes, it is
also expressed in primitive gut endoderm at an earlier stage,
including E9.0 [16]. Synthesis of albumin and CK19 was also
analyzed using an in-droplet staining method (Fig. 2C). Al-
though albumin levels were barely detectable in E9.5
CD13*DIk™ cells, but they were accumulated during liver
development. In contrast, CK19 expression levels in CD13™"
DIk™ cells derived from E9.5 and E10.5 livers were higher
than those in CD13" DIk ™ cells derived from E11.5 and E13.5
livers. These results indicate that gene expression patterns in
early fetal CD13*DIk™ cells are distinct from those in mid-
fetal CD13*DIk™ cells.

Proliferative capacity of CD13" DIk* cells derived
from early- and mid-fetal livers

To analyze whether early fetal CD13"DIk™ cells contain
phenotypes of hepatic progenitor cells (exhibiting high pro-
liferative potential and bipotency), we analyzed these cells
using single-cell colony assays. Sorted single cells were in-
oculated into individual wells of 96-well collagen type
I-coated culture plates. Cells derived from mid-fetal livers
(E11.5 and E13.5) formed several small colonies (50-100 cells)
and large colonies (over 100 cells) after 6 days of culture [13].
In contrast, cultures derived from E9.5 and E10.5 livers
yielded few colonies or none (Supplementary Fig. S2). The
nonhematopoietic cell fraction of E9.5 fetal livers comprises
almost 1% CD13*DIk* cells and 99% CD13~ or DIk~ cells
(Supplementary Fig. S3A). To exclude the possibility that
early fetal progenitor cells are in the Dlk™ or CD13~ fraction,
we sorted 10,000 E9.5 fetal liver cells (100 CD13*Dlk* cells
and 9,900 CD13~ or DIk~ cells). Cells from neither fraction
could form colonies in H-CFU-C culture medium on colla-
gen-coated dishes. In addition, no colonies were detected in
cultures derived from 10,000 nonsorted E9.5 liver cells, in-
dicating that low colony-forming activities of E9.5-derived
cells were not due to damage sustained during flow cy-
tometry (Supplementary Fig. 3B). Nonsorted cells derived
from E10.5 livers could form only a few small colonies but
not large colonies (Supplementary Fig. 3C). Few colony for-
mation of early fetal livers was also detected on gelatin-
coated dishes (data not shown). These results suggested that
conventional H-CFU-C culture on collagen- and gelatin-
coated dishes is not suitable for early fetal (E9.5-10.5)
HSPCs.
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FIG. 2. Gene expression profiles of
CD45 Ter119CD13*DIk* cells during
fetal liver development. (A, B) Expression
of several hepatocyte (Met, albumin,
AFP, and E-cadherin), primitive gut en-
doderm and cholangiocyte (CK19), and
endodermal progenitor (Sox17) markers
was analyzed using quantitative reverse
transcription—polymerase chain reaction.
CD45 Ter119 CD13*DIk™ cells derived
from E9.5, E10.5, E11.5, and E13.5 fetal
livers were purified using flow cytome-
try. Expression level of marker genes in
E9.5 cells was set to 1.0. Results are re-
presented as relative expression+SD
(triplicate samples). (C) Protein expres-
sion (albumin and CK19) in CD45~
Ter1197CD13*DIk™ celis derived from
E9.5, 10.5, 11.5, and E13.5 fetal livers.
CD457 Ter119"CD13*DIk*™ cells were
directly sorted onto slide glasses and
were stained with primary antibodies
(goat anti-albumin and rabbit anti-CK19
antibodies) and secondary antibodies
(anti-rabbit IgG-Alexa488 and anti-goat
IgG-Alexa546 antibodies). Results are re-
presented as intensities of fluorescence of
randomly  picked-up «cells (n=50,
**P<0.01). CK, cytokeratin; IgG, immu-
noglobulin G; AFP, a-fetoprotein.
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Early fetal liver CD13* DIk* cells require both
feeder cell interaction and the addition of ROCK
inhibitor for their optimal expansion

Several studies have suggested that cell-cell interactions
are important for proliferation and differentiation of somatic
stem cells and progenitor cells. In early fetal liver develop-
ment, the interaction between endodermal and mesenchymal
populations is important for proper liver bud growth. Tran-
scription factor Hlx, expressed in the septum transversum
mesenchyme, is essential for proliferation of early fetal hepatic
cells [17]. Therefore, we inferred that E9.5 CD13*DIk™ cells
need to interact with other cell populations to propagate both
in vivo and in vitro. To mimic the interaction of hepatic and
mesenchymal cells, CD13"DIk™ cells were cocultured with
MEF as mesenchymal feeder cells. We sorted either CD13*
DIk™ cells or other cells (Dlk~ or CD13™~ cells) in the non-
hematopoietic cell fraction of E9.5 and E13.5 fetal livers. After

6 days of coculture with MEF, a few large colonies (containing
both albumin® hepatocytic cells and CK19* cholangiocytic
cells) were detected in culture of E9.5 CD13"DIk™ cells (Fig.
3A). Some early fetal CD13"DIk* cells possess phenotypes of
hepatic progenitor cells, viz., high proliferative activity and
bipotency. In contrast to mid-fetal hepatoblasts, early fetal
HSPCs required interaction with mesenchymal fibroblasts for
in vitro expansion. After 3 days of colony formation culture,
early fetal CD13*DIk" cells expressed several hepatic genes
and their expression levels were lower than those in mid-fetal
CD13"DIk™ cells, suggesting that early fetal cells are more
immature types of progenitors (Supplementary Table 52). KSR
is routinely employed in serum-free embryonic stem-cell cul-
ture protocols. We found that numbers of large and small
colonies derived from E9.5 CD13*DIk™ cells detected in KSR
supplemented culture increased compared with those de-
tected in FBS-supplemented culture (Fig. 3B). To explore sig-
naling pathways regulating proliferation of early fetal liver
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