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Abstract Small hepatocytes (SHs) are hepatic progenitor cells with hepatic characteristics. They can proliferate to
form colonies in culture and change their morphology from flat to rising/piled-up with bile canaliculi (BC), which results in
maturation. In this study, we examined whether SHs could express hepatic transporters with polarity, whether the
transporters could transport organic anion substrates into BC, and whether the secreted substances could be recovered
from BC. Immunocytochemistry and RT-PCR were carried out. [*H]-labeled estrogen derivatives were used to measure the
functions of the transporters in SHs isolated from normal and multidrug resistance-associated protein (Mrp) 2-deficient
rats. The results showed that organic anion-transporting proteins (Oatps) 1 and 2, Na*-dependent taurocholate co-
transporting polypeptide (Ntcp), Mrp2, and bile-salt export pump (Bsep) were well expressed in rising/piled-up cells
and that their expression was correlated to that of hepatocyte nuclear factor 4o.. Although small SHs expressed not Oatps
and Mrp2 but Mrp3, rising/piled-up SHs expressed Oatp1 and 2 and Mrp2 proteins in the sinusoidal and BC membranes,
respectively. Onthe other hand, breast cancer resistant protein (Bcrp) and Mrp3 expression decreased as SHs matured. The
substrate transported via Oatps and Mrp2 was secreted into BC and it accumulated in both BC and cyst-like structures.
The secreted substrate could be efficiently recovered from BC reconstructed by SHs derived from a normal rat, but not from
an Mrp2-deficient rat. In conclusion, SHs can reconstitute hepatic organoids expressing functional organic anion
transporters in culture. This culture system may be useful to analyze the metabolism and excretion mechanisms of drugs.
J. Cell. Biochem. 104: 68—81, 2008. © 2007 Wiley-Liss, Inc.
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The hepatocyte is a highly differentiated cell
that has functional transport polarity. Its
plasma membrane is divided into three func-
tionally and structurally distinct domains: the
sinusoidal domain, the lateral domain, and the

bile canalicular (apical) domain. The vectorial
transport of bile salts and organic anions from
serum to bile canaliculi (BC) is actively per-
formed in hepatocytes. In the normal rat liver,
the sinusoidal uptake of bile salts and organic
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anions is mediated by Na"-dependent taurocho-
late co-transporting polypeptide (Ntcp) and
Na'-independent organic anion-transporting
proteins (Oatps), respectively [Keppler and
Konig, 2000; Meier and Stieger, 2002]. Con-
jugated bile salts and organic anions are
actively secreted through bile-salt export pump
(Bsep) and multidrug resistance-associated
protein (Mrp) 2 expressed at the canalicular
membrane, respectively. Mrp3, which is a
member of the Mrps and ATP-binding cassette
family, localizes in the sinusoidal membrane
[Belinsky et al., 1998; Kool et al., 1999] and its
expression in normal rat hepatocytes is very
low. However, increased expression is observed
in the liver of cholestasis [Lee and Boyer, 2000],
of the naturally occurring Mrp2-deficient Eizai
hyperbilirubinemic rat (EHBR) [Buchler et al.,
1996; Hirohashi et al., 1998], and of Dubin—
Johnson patients [Konig et al., 1999; Ogawa
et al., 2000; Scheffer et al., 2002].

Primary hepatocytes isolated from rodent
and human livers have been used extensively
for investigating the uptake of bile acids, drugs,
and toxicants [Meijer, 1987]. However, primary
hepatocytes rapidly lose their differentiated
functions and, upon isolation by collagenase
digestion of the liver, both polarization and the
ability to excrete compounds across the cell in a
vectorial manner disappear [Maurice et al.,
1988]. In conventional culture of rat hepato-
cytes, expression of Ntcp mRNA decreases
within 72 h [Liang et al., 1993]. The rapid loss
is observed for both protein and mRNA expres-
sion of other transporters such as Oatp1, Oatp2,
Bsep, and Mrp2 [Rippin et al., 2001]. Although
the expression of excretion transporters is
preferentially maintained compared to that of
uptake transporters, they have not been main-
tained for more than a week in conventional
culture conditions. Primary rat hepatocytes
sandwiched between collagen gels were shown
to maintain hepatic differentiated functions for
about 10 days [Dunn et al., 1989; Musat et al.,
1993; LeCluyse et al., 1994; Berthiaume et al.,
1996]. Cells in the collagen-sandwich con-
figuration were shown to form functional BC
between the cells and excrete a variety of
endogenous and exogenous compounds into
the BC space [Liu et al., 1998, 1999a].

Small hepatocytes (SHs) have been identified
as proliferating cells with hepatic character-
istics [Mitaka et al., 1992]. A single SH can
proliferate to form a colony and cells in colonies

change in shape from flat and small to large, and
then to rising/piled-up cells with time in culture
[Mitaka et al., 1995, 1999]. The morphological
changes of SHs are correlated with their
maturation. The characteristics of rising/piled-
up cells are similar to those of mature hepato-
cytes (MH). In addition, rising/piled-up cells
form BC between the cells, and ectoATPase,
5-nucleotidase (5NT), and MRP2 are res-
trictedly expressed in the structure [Sudo
et al.,, 2004]. Furthermore, fluorescein and
bilirubin are secreted into the structure and
the secreted substances are tightly enclosed
within the BC space.

In the present experiment, we examined
whether SHs could express hepatic transport-
ers with polarity, whether the transporters
could transport organic anion substrates into
BC, and whether the secreted substances could
be recovered from BC. The results revealed that
the expression of Oatpl, Oatp2, Ntcp, Mrp2,
and Bsep increased with time in culture. In
rising/piled-up cells Oatpl, Oatp2, and Mrp2
localized in the sinusoidal and BC membranes,
respectively. On the other hand, breast cancer
resistant protein (Berp) and Mrp3 expression
decreased as SHs matured. The substrate
transported via Oatps and Mrp2 was secreted
into BC and it accumulated in both BC and cyst-
like structures. The secreted substrate could be
efficiently recovered from BC constructed by
SHs derived from the normal rat, but not from
the Mrp2-deficient rat.

MATERIALS AND METHODS
Isolation and Culture of Small Hepatocytes

Male Sprague-Dawley rats (SDR, Shizuoka
Laboratory Animal Center, Hamamatsu, Japan)
and EHBR (Sankyo Lab Service Co., Tokyo,
Japan), which are genetically Mrp2-deficient,
weighing 250-350 g, were used. All animals
received humane care and the experimental
protocol was approved by the Committee of
Laboratory Animals according to Sapporo Med-
ical University guidelines. Details of the isolation
and culture procedure of cells were previously
described [Mitaka et al., 1999]. Finally, 9 x
10° viable cells were seeded on a 100-mm dish
(Corning Glass Works, Corning, NY) and cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma Chemical Co., St. Louis, MO)
supplemented with 20 mmol/LL HEPES, 25 mmol/
L NaHCOs;, 30 mg/L v-proline, 10% fetal bovine
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serum (FBS, HyClone, Logan, UT), 10 mmol/L
nicotinamide (Katayama Chemical Co., Osaka,
Japan), 1 mmol/L ascorbic acid 2-phosphate
(Asc2P; Wako Pure Chem., Tokyo, Japan),
10 ng/mL epidermal growth factor (EGF; BD
Biosciences, Bedford, MA), 0.5 mg/L insulin,
1077 mol/L. dexamethasone, and antibiotics.
After 4 days of culture, 1% dimethyl sulfoxide
(DMSO; Aldrich Chem. Co., Milwaukee, WI)
was added to the medium.

Subculture of SH Colonies

To collect the colonies, they were detached
from dishes 12 days after plating. The method
used for the subculture of SH colonies was
previously reported [Sugimoto et al., 2002].
Colonies (2—4 x 10° colonies/35-mm dish) were
plated on dishes coated with rat tail collagen.
Four hours after replating, the medium was
replaced with serum-free DMEM supplemented
with 1% DMSO. The experimental schedule is
shown in Figure 1A.

Photographs of Cells

Morphological changes of SH colonies were
observed and recorded using a phase-contrast
microscope equipped with a CCD camera
(Olympus Optical Co., Tokyo, Japan).

RT-PCR

Total RNA was extracted from cultured cells
using TRIzol reagent (Invitrogen, Carlsbad,
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CA) as previously described [Sugimoto et al.,
2002]. RNA was resuspended in H;0O, incubated
for 5 min at 60°C and then stored at —80°C until
use. PCR reaction was performed using primers
for hepatic transporters and glycerol 3-phos-
phate dehydrogenase (G3PDH). The primers
are listed in Table I.

Immunocytochemistry of Cultured Cells

Cells were fixed with cold absolute ethanol or
4% paraformaldehyde/PBS. For fluorescent
immunostaining, we used rabbit anti-rat Oatp1l
(Alfa Diagnostic International, San Antonio,
TX), goat anti-mouse Oatp2 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA), mouse anti-
human MRP2 (Alexis Biochemicals, San Diego,
CA), and rabbit anti-human MRP3 antibo-
dies (Sigma Chem Co.) as primary antibo-
dies and rabbit anti-5NT (a gift from Dr. I.
Wada, Fukushima Medical University, Japan).
Alexa*®®-conjugated anti-goat, mouse and rab-
bit IgG antibodies, and Alexa®®*-conjugated
anti-mouse IgG (Molecular Probe, Eugene,
OR) were also used as secondary antibodies.
6-Diamino-2-phenylindole (DAPI; Sigma) was
used for the staining of nuclei. A confocal laser
microscope (Zeiss, Jena, Germany) was used for
observation.

Uptake Studies of Radiolabeled Substances

At 15, 18, 21, 24 days SH colonies were pre-
incubated with warmed transport buffer
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Fig. 1.

(A) llustration of experimental schedule. Phase-contrast micrographs of representative small

hepatocyte (SH) colonies. (B) A flat colony is composed of only small cells and its morphology shows a
monolayer at day 12. (C) A piled-up colony is composed of rising/piled-up cells. Translucent belts, which
construct bile canaliculi (BO)-like structures, are observed between piled-up cells (arrowheads) in the colony
at day 28. Typical cyst-like structures are indicated by arrows. (D) An enlargement of the cyst-like structure

shown in C (white square). Bars, 200 pm.
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TABLE I. Primer Sequences Used for RT-PCR Analysis
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Primer

name Sequence (5'-3') Annealing temp. (°C) Amplicon size (bp)

Oatpl Sense AAGCGAAGAAGCTGGAAACA 54 297
Antisense CACCACAGGTCTGTGCAGTT

Oatp2 Sense TGCACACTTAGCATTCTGGC 54 495
Antisense TGCATGTAACCCAACTCCAA

Oatp4 Sense GCCCAACCTTCACGATCAAA 56 604
Antisense GCCAAGGATTGGTCCAATCAT

Ntep Sense ATGCCCTTCTCTGGCTTTCT 56 499
Antisense GCTCCATGGTTCTGATGGTT

Mrpl Sense TTCTAGTGTTGGACGAGGCT 58 208
Antisense TGGCCATGCTATAGAAGACG

Mrp2 Sense ACCTTCCACGTAGTGATCCT 56 1085
Antisense GATTTCCCAGACCCTACAGT

Mrp3 Sense CAGCGACAACGGGTGAGTTT 58 382
Antisense TCGGTGTCTGTCAGGTCTGTGT

Mdrlb Sense GAAATAATGCTTATGAATCCCAAAG 54 302
Antisense GGTTTCATGGTCGTCGTCTCTTGA

Mdr2 Sense AAGAATTTGAAGTTGAGCTAAGTCA 54 1085
Antisense TGGTTTCCACATCCAGCCTAT

Berp Sense CAGGTAGGCAATTGTGAGGAAGA 56 270
Antisense AATCAGGGCATCGATCTGTCA

Bsep Sense GTTCAGTTCCTCCGTTCAAA 54 328
Antisense AAGCTGCACTGTCTTTTCAC

HNF1a Sense AGCTGCTCCTCCATCATCAGA 63 118
Antisense TGTTCCAAGCATTAAGTTTTCTATTCTAA

HNF3p Sense CCTACTCGTACATCTCGCTCATCA 58 43
Antisense CGCTCAGCGTCAGCATCTT

HNF4 Sense GTGAACTTCTTCTGGATGAG 57 572
Antisense TTGGCAACTATGACATTGGT

G3PDH Sense ACCACAGTCCATGCCATCAC 57 582
Antisense TCCACCACCCTGTTGCTGTA

(116 mmol/L NaCl, 5.3 mmol/L KCl, 1.1 mmol/L
KH2P04, 0.8 l’anl/L MgSO4, 1.8 l'an]./L CaClz,
11 mmol/L p-glucose and 20 mmol/L. HEPES,
adjusted to pH 7.4). Thereafter, they were
initiated by adding 3 mL of pre-warmed chol-
ine-containing transport buffer supplemented
with 1.5 pmol/L [*H]-estrone-3-sulfate (E,S, 250
Ci/mmol, Perkin Elmer Life & Analytical Sci-
ences, Wellesley, MA). One hour later, the
transport buffer was aspirated and the cells
were immediately rinsed four times with a
tracer-free ice-cold transport buffer [Boelsterli
et al.,, 1995]. This procedure could remove
more than 99% of the extracellular tracer.
One milliliter of 1% Triton X-100/transport
buffer was added to the culture plates and the
cells were solubilized for 10 min at RT. One
milliliter aliquots of the cell lysate were mixed
with 10 mL of liquid scintillation cocktail
(Aquazol-2, Perkin Elmer Life & Analytical
Sciences) and the cell-associated radioactivity
was determined using a liquid scintillation
counter (LS 6000 L, Beckman Instruments,
Inc., Fullerton, CA). Protein contents were
determined with a BCA Protein Kit (Pierce,
Rockford, IL). This experiment was performed
in triplicate using at least three independent
preparations.

Excretion Studies

Twenty-five milligrams of fluorescein diace-
tate (FD; Sigma) was dissolved in 1 mL of DMSO
and dissolved FD was added to the culture
medium (final FD concentration was 250 pg/ml).
The cells were incubated in a 5% C0O4/95% air-
incubator at 37°C for 10 min. Then the dish was
rinsed three times with pre-warmed Hanks
buffer solution. SH colonies were immediately
photographed using a phase-contrast micro-
scope equipped with a fluorescence device
(Olympus).

SH colonies were incubated in 1.5 mL of Hanks
buffer at 37°C for 10 min. The dish was incubated
with 1.5 mL of the buffer containing 150 pmol/L
[®Hl-estradiol-17p-p-glucuronide (E517pG, 50 Ci/
mmol, American Radiolabeled Chem Inc., St.
Louis, MO) at 37°C for 3 h. E;17BG is absorbed
mainly through Oatps and excreted through
Mrp2 [Trauner and Boyer, 2003]. The incubation
buffer was then removed and the dish was washed
four times with 2 mL of ice-cold standard buffer to
quench the transport activity and to remove the
extracellular radioactivity. Dishes were incu-
bated with 1 mL of the transport buffer or an
excretion buffer (0.025% trypsin and 0.05% EGTA
in Ca%"-free transport buffer) for 20 min. One
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Fig. 2. Expression of hepatictransporter mRNAs in cultured SH.

Cells were harvested at days 13, 16, 19, 22, 25, and 28. Each
column shows the relative ratio of the mMRNA expression in SHs to
that in MHs: uptake transporters expressed in the basolateral
domain, Oatp1 (A), Oatp2 (B), Oatp4 (C), and Ntcp (D); export
transporters expressed in the apical domain, Mrp2 (E), Bsep (F),
Mdr1b (G), Mdr2 (H), and Bcrp (1); export transporters expressed

in the basolateral domain, Mrp1 (J) and Mrp3 (K). Expression of
liver-enriched transcription factors HNF1a (L), HNF3B (M),
HNF4a: (N) is also shown. The value of mRNA expression of MH
is 1.0. (O) Representative data from RT-PCR. The values are the
averages of at least three independent experiments and bars show
SD. Statistical analysis shows the comparison to the value at day
13;*P<0.05.
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milliliter aliquot of cell lysates was mixed with
10 mL of liquid scintillation cocktail and the cell-
associated radioactivity was determined using a
liquid scintillation counter.

Statistical Analysis

Statistical analysis was performed using
Student’s ¢-test. A P-value of <0.05 was consid-
ered significant.

RESULTS
Morphology of SH Colonies

When many colonies grew to consist of 30—
50 cells (Fig. 1B), they were harvested and
2—4 x 102 colonies were replated on a new dish
[Sugimoto et al., 2002; Miyamoto et al., 2005].
The SH colonies attached to the dishes and most
attached cells could continue proliferating in a
monolayer (flat colony) and form large colonies.
About 7 days later, large and rising/piled-up
cells appeared in the colonies and their number
increased with time in culture. Between the
cells BC (Fig. 1C) were formed and cyst-like
structures (Fig. 1D, arrows) were sometimes
observed in the late culture.

Expression of Hepatic Transporters
in the SH Colony

The mRNA expression of hepatic organic
anion transporters was examined using RT-
PCR. The results are shown in Figure 2. At day
13 (1 day after replating) uptake transporters

MH 13 16 19 22 25 28

Mrp2
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Mdrlt
Mdr2
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MH 13 16 19 22 25 28

HNFlao
HNE3B

HNF4
G3PDH

(Continuted)

such as Oatpl (Fig. 2A), Oatp2 (Fig. 2B), Oatp4
(Fig. 2C), and Ntcp (Fig. 2D) showed low
expression but Oatpl, Oatp2, and Ntcp expres-
sion gradually increased with time in culture.
However, even at day 28, their expression was
lower than that of MH. Excretion transporters
such as Mrp2 (Fig. 2E) and Bsep (Fig. 2F)
located in the canalicular membrane were
expressed at day 13 and their expression
gradually increased. Although the expression
of Bsep was about 60% that of MHs and that of
Mrp2 was about 80% at day 28. On the other
hand, while the expression of Mdrlb was not
observed in MHs, SHs expressed it (Fig. 2G).
Conversely, Mdr2 expression in SHs was about
60% of that in MHs and no change was observed
during culture (Fig. 2H). Furthermore, Berp in
SHs was well expressed at day 13 and the
intensity gradually decreased nearly to that in
MHs at day 28 (Fig. 2I). Both Mrp1 (Fig. 2J) and
Mrp3 (Fig. 2K), which are scantly expressed in
MHs, were continuously expressed in SHs.
The expression of transporters can be regu-
lated by nuclear transcription factors [Trauner
and Boyer, 2003; Kullak-Ublick et al., 2004]. As
shown in Figures 2L—N, liver-enriched tran-
scription factors such as HNF1a and 3 were
constantly expressed in SHs just as in MHs and
HNF4oa expression increased with time in
culture. This result was consistent with that
of our previous report [Sugimoto et al.,
2002]. Nuclear hormone receptors such as
farnesoid X activated receptor (FXR), pregnane



74 Oshima et al.

X receptor (PXR), retinoic acid receptor (RAR),
and retinoid X receptor (RXR) were constantly
expressed during culture and the degree of their
expression in SHs was the same as that in MHs,
whereas the expression of constitutive andros-
tane receptor (CAR) in SHs was much less than

in MHs. However, expression of CAR gradually
increased with time in culture (data not shown).

We immunocytochemically investigated the
expression of the transporters. As shown in
Figure 3, in a flat colony, Oatpl, Oatp2, and
Mrp2 were not expressed on the cell membrane,

Fig. 3. Fluorescent immunocytochemistry for organic anion
transporters in cultured SHs. A colony consisting of small SHs,
which are actively proliferating, shows a flattened shape
(A,C,E,G). A colony consisting of large (B,D) and piled-up
cells (F,H). Oatp1 is not expressed in small cells (A), whereas
Oatp1 is well expressed in cell membranes of large (B, arrows)
and piled-up cells (data not shown). Oatp2 is not expressed in
small cells (C), whereas Oatp2 is well expressed in whole cell
membranes of large cells (D), which show a honeycomb

pattern. Mrp2 is not expressed in small cells (E), whereas Mrp2
is restrictedly expressed in the BC-like structures that are
formed between piled-up cells (F, arrows). Mrp3 is well
expressed in the cell membranes of small cells (G). Although
large cells in the colony strongly express Mrp3, the protein
disappears in piled-up cells (H, arrows). All photos are of
the same magnification. Hepatic transporters and nuclei
are shown in green (Alexa*®®) and blue (DAPI), respectively.
Bars, 200 um.
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whereas Mrp3 was clearly stained on the mem-
branes of cells in the colony. On the other hand, in
rising/piled-up cells Oatpl and Oatp2 appeared
on the membranes. When piled-up cells formed
BC between the cells, Mrp2 was restrictedly
expressed in the structure (Fig. 3F). The appea-
rance of those proteins was correlated to the
expression of their mRNAs. Different from Oatp1,
Oatp2, and Mrp2, Mrp3 expression was inversely
correlated to the morphology of the cells in a
colony (Fig. 3G,H). Figure 4 clearly shows the
alteration of Mrp3 expression. In small cells Mrp3
localized on the membrane, whereas in large cells
the expression was observed in both the cyto-
plasm and membrane. Furthermore, the expres-
sion disappeared in the cells forming BC, in which
Mrp2 was restrictedly expressed.

Uptake of Anion Transporter Substrate

Uptake of [*H]-E;S, which is passed through
Oatps and excreted through Berp (Suzuki et al.,
2003; Trauner and Boyer, 2003), was measured
in the SH culture. MHs cultured for 3 h were
used as a control. First, the time-dependent
uptake of the substrate was measured in
colonies possessing many rising/piled-up cells.
As shown in Figure 5A, the amount of E;S
uptake in MHs rapidly increased until 10 min

after the addition and then the uptake was
saturated. However, the uptake in SHs gradu-
ally increased until 60 min. Thereafter, it
reached a plateau (data not shown). The total
amount of E;S in SHs was about one-third of
that in MHs at 60 min. The amount of the
uptake in SHs increased with time in culture
and the uptake was near the maximum at day
21 (Fig. 5B). Thereafter, a significant increase
was not observed. The ability of E;S uptake in
SH colonies may be correlated to the number of
rising/piled-up cells.

Recovery From the Substances From BC

We examined whether a substance excreted
into BC could be recovered without impairment
of the cells. The duration of the treatment time
and the concentrations of chelating agents and/
or trypsin were examined (data not shown).
Finally, the combination of 0.025% trypsin and
0.05% EGTA in Ca®"-free transport buffer was
chosen as an excretion buffer. As shown in
Figure 6A,B, treatment with the excretion
buffer for 20 min resulted in the enlargement
of intercellular spaces (Fig. 6B), but the treat-
ment did not affect the cell viability as
evidenced by trypan blue exclusion (data not
shown). In fact, the cells could form BC after the

Fig. 4. Fluorescent immunocytochemistry for Mrp2 (red) and
Mrp3 (green) in SHs. Cells were fixed at day 24. (A) A phase-
contrast photograph of piled-up cells (white arrows) in a colony.
BC-like structures are observed between the cells. (B) Mrp2
localizes along the structure (yellow arrowhead) corresponding
to the red arrowhead in (A), whereas small cells do not express

Mrp2. White arrows show the piled-up cells corresponding to
black arrows in (A). (C) Mrp3 is expressed in small cells in a
colony (asterisk), whereas piled-up cells (white arrows) do not
show any positivity. (D) Double-fluorescent immunocytochem-
istry shows no co-expression of Mrp2 and Mrp3 in the colony. All
photos are of the same magnification. Bars, 100 um.
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[*H]-estron-3-sulfate by SH with time in culture. The details of the method are described in Materials and

Methods section. Statistical analysis: P< 0.01 versus d15,*'P< 0.05 versus d18*2.

experiment. To confirm the excretion from BC,
FD was added to the cells. It is known that FD is
metabolized in hepatocytes and that the fluo-
rescein is transported through Mrp2 into BC.
Fluorescein was restrictedly observed in the
BC/cyst-like structure (Fig. 6D, arrows) corre-
sponding to the translucent spaces between the
piled-up cells (Fig. 6C, arrows). Although the
treatment with the control buffer did not affect
the fluorescent image of the cells, 20 min after
the treatment, fluorescein observed in BC
completely disappeared (Fig. 6E, arrows).

Next, we examined whether E517BG excreted
into BC could be efficiently recovered. As shown
in Figure 6F, at day 21 the radioactivity of the
solution recovered from the cells treated with
the excretion buffer was significantly higher
than that from the cells treated with the control
one. At day 24 the difference was markedly
enlarged although the radioactivity of the
control increased. This result demonstrated
that, whenever SHs matured to form well-
developed BC, E;17BG excreted to BC/cyst-like
structures could be easily collected.

Expression of Organic Anion
Transporters in EHBR

To confirm whether E517BG could be trans-
ported into BC via Mrp2 and recovered from the
structure, SHs isolated from an EHBR (EHBR-
SH) were used to form BC. EHBR-SHs could
proliferate to form a colony similar to those
derived from SDR. As shown in Figure 7A,
neither MHs nor SHs derived from EHBR

expressed Mrp2. Although SDR-MHs did not
express Mrp3, EHBR-MHs clearly expressed it.
No difference was observed in the expression of
Oatpl, Oatp2, and Oatp4 between SDR and
EHBR. EHBR-SHs could form BC in the colony,
and 5NT (Fig. 7B-b) and ectoATPase (data not
shown) were immunocytochemically stained
along the structure as with SDR-SHs. Immu-
nostaining also showed that Mrp2 was not
expressed in the BC formed by the piled-up
cells from EHBR (Fig. 7B-a), but that it was
intensely stained in both the membrane and
cytoplasm (Fig. 7B-c). In contrast, Mrp3 expres-
sion disappeared in the piled-up cells from SDR
(Fig. 4).

E2178G was added to EHBR cells, which
developed BC well, and they were treated with
the excretion buffer for 20 min. The radio-
activity of E517pG in the collected solution was
not different between the excretion and control
buffers (Fig. 7C). This result showed that
E517BG might be not excreted into BC and that
alternative transporters might make no or only
a minor contribution to the excretion of Eo17pG
into BC in Mrp2-deficient hepatocytes.

DISCUSSION

In the present experiment we showed that,
although the expression levels were lower
than those of MHs, basolateral (Oatpl/2/4 and
Ntcp), and canalicular transporters (Mrp2/
Mdr2/Bsep) were expressed in SHs even after
about 1 month of culture. The expression
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Fig. 6. Effects of the exclusion buffer on the cells forming BC-
like structures of an SH colony. Phase-contrast photos show
the morphological changes of the cells before (A) and after
(B) treatment with exclusion buffer. (C) A phase-contrast photo-
graph of piled-up cells forming a BC-like structure in a colony
(arrows). (D,E) Fluorescent photographs of the piled-up cells in
the colony show the colony corresponding to that in (C). FD was
addedto the culture medium. (D) Fluorescein secreted into a BC-
like structure is observed in the piled-up lesion of the colony

patterns of individual transporters were differ-
ent. The expression of Oatpl, Oatp2, Ntcp, and
Bsep mRNAs was initially very low and gradu-
ally increased, correlated to the increase in the
number of mature SHs. It is well known that
expression of most hepatic transporters is
regulated by transcription factors [Trauner
and Boyer, 2003]. For example, HNF1lo is
related to the expression of Oatp1/2/4 and Ntcp,
HNF3ptothat of Ntecp/Mdr2, and HNF4a to that
of Oatp1/Ntcp/Bsep/Mdr2. On the other hand,
nuclear receptors such as RAR and FXR

(arrows). (E) Twenty minutes after the treatment with the
exclusion buffer, accumulated fluorescein is excluded from the
structures. All photos are of the same magnification. Bars,
200 pm. (F) Excretion of accumulated [*H]-estradiol-17p-p-
glucuronide from the BC-like structures formed in piled-up cells
in SH colonies. The details of the method are described in
Materials and Methods section. Statistical analysis: *P < 0.01
versus control buffer.

regulate the expression of Ntecp/Mrp2 and
Bsep/Mrp2, respectively. In addition, PXR and
CAR are involved in the regulation of Oatp2/
Mrp2 and Mrp2, respectively. In the present
experiment the expression of HNF4o and CAR
in SHs increased with time in culture although
the intensity of their expression was lower than
that of the expression in MHs. In contrast, the
expression of HNF1o, HNF3f, RAR, FXR, PXR,
and RXR was not changed for the whole culture
period and the intensity of the expression in SHs
was similar to that of the expression in MHs. In
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Fig. 7. Expression of hepatic transporters in Eisai hyperbilir-
ubinemic rat (EHBR) and Sprague-Dawley rats (SDR).
(A) Expression of organic anion transporter mRNAs in SH and
MH isolated from an EHBR and an SD rat. (B) Fluorescent
immunocytochemistry for Mrp2, Mrp3, and 5NT in SHs isolated
from an EHBR at day 28. BC-like structures formed in an EHBR-
derived SH colony are stained with an anti-5NT antibody (red, b),

this study, although the details of the regulation
ofthese transporters were not well investigated,
the upregulation of HNF4o and CAR with SH
maturation may play a crucial role in the
increased expression of Oatpl, Ntcp, and Mrp2.

Primary rat and human hepatocytes cultured
in the collagen-sandwich configuration have
been extensively characterized for use in esti-
mating the biliary clearance of drugs in vitro
[Liu et al., 1999a,b; Hoffmaster et al., 2004;
Lengyel et al., 2005; Turncliff et al., 2006].
However, short-term maintenance of some
hepatic transporters was reported in sand-
wich-cultured primary hepatocytes [Liu et al.,
1999b; Luttringer et al., 2002; Hoffmaster et al.,

whereas the corresponding structure is not stained with an anti-
Mrp2 antibody (green, a). Mrp3 is expressed in SHs isolated from
an EHBR rat (c). (C) Excretion of ['*H]-estradio|-17B-D-g|ucur-
onide from BC-like structures formed in an EHBR-derived SH
colony at day 28. No difference in the excretion of radioactive
substances is observed between the excretion and control buffer.
Bars, 100 pm.

2004]. In sandwiched hepatocytes Oatp2 exp-
ression decreased and that of Oatpl was main-
tained, whereas the expression of excretion
transporters such as Mdrs and Mrp2 increased
with time in culture [Hoffmaster et al., 2004].
Furthermore, the taurocholate uptake decrea-
sed with time in culture, which might be
correlated to lesser expression of Ntcp [Liu
et al., 1999a], and the uptake of opioid peptide,
which is a substrate for Oatps, decreased by half
at 5 days of culture [Hoffmaster et al., 2004]. In
contrast, the expression of Oatpl/2/4, Ntcp,
Mrp2, Mdr2, and Bsep in SHs could be ex-
pressed and maintained for more than 1 month.
During the culture, the distribution of Oatp2
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and Mrp2 proteins dramatically changed with-
out an apparent alteration of gene expressions;
Oatp2 appeared in the basolateral membranes
of both large and rising/piled-up cells and Mrp2
in the BC membranes of rising/piled-up cells.
Increased activity of the transporters was also
found in the experiments with [*H]-E;S and
[®H]-E517pG treatment; the amounts of E;S-
and E;17pG-uptake and of E;17BG excretion
into BC increased with the maturation of SHs.
Therefore, compared to the sandwiched cells,
mature SHs may maintain expression of most
hepatic transporters for a much longer period
and reflect the state of the uptake and excretion
of organic anions in in vivo hepatocytes more
exactly than collagen-sandwiched cells.

It is of interest that Mrp3 expression dis-
appeared from the basolateral domain in rising/
piled-up cells in this culture. Although Mrp3
expression is quite low in the normal rat liver, it
is dramatically upregulated in cholestasis
[Ogawa et al., 2000; Donner and Keppler,
2001]. Mrp3 expression increases after common
bile duct ligation in the rat and in hepatocytes in
patients with Dubin—Johnson syndrome and
the TR-/GY/EHBR rat in which canalicular
expression of Mrp2 is genetically absent [Hir-
ohashi et al., 1998; Konig et al., 1999; Donner
and Keppler, 2001]. In the present experiment,
Mrp3 was expressed in small and large cells in
colonies, whereas the protein dramatically
disappeared in piled-up cells. On the other
hand, Mrp3 was highly expressed in the
membranes of rising/piled-up cells from EHBR,
and collagen-sandwiched hepatocytes also
expressed it for the entire culture period [Tian
et al., 2004]. These phenomena may indicate
that, when excretion through Mrp2 is inhibit-
ed for some reason, accumulation of the sub-
strates for Mrp2 generates pressure to excrete
them from cells by inducing Mrp3. One explan-
ation for the disappearance of Mrp3 may be the
formation of BC/cyst-like structures in SH
colonies and the distribution of Mrp2 in BC
membranes creating a route for excretion and
releasing the pressure. Although the BC net-
work in the culture is a closed system and the
excreted substances accumulate within the
canal, cystic structures formed in a colony
gradually become large. Considering the fact
that the upregulation of Mrp3 is often observed
in cholestatic conditions, the cyst formation
may release the pressure of accumulating bilein
closed BC and create a flow directly to the cyst.

Pfandler et al. [2004] also demonstrated
that time-dependent expression of individual
transporters correlating with the maturation of
SHs in growing colonies had some striking
similarities with the ontogenesis of the hepato-
cellular bile-salt and organic-anion transport
polarity. We have demonstrated that the SHis a
committed hepatic progenitor cell that can
further differentiate into an MH [Mitaka
et al., 1999; Kon et al., 2006]. The degree of
‘differentiation of SHs’ may be more than for
hepatoblasts and less than for MHs [Mitaka
et al., 1999; Mitaka, 2001]. Under conditions in
which the proliferation of MHs is inhibited by
treatment with hepatotoxins, liver damage
results in the activation of hepatic progenitor
cells. Ros et al. [2003] reported that, compared
to MHs, hepatic progenitor cells (oval cells)
possessed high expression of ABC transporters
such as Mrpl and Mrp3 and low expression of
Mdr2, Bsep, and Mrp2. Furthermore, the
authors also observed high expression of Mdr1b,
Mrpl, and Mrp3 in a hepatic progenitor cell line
(RLF @13 cells). Recently, Berp expression has
been observed in hematopoietic stem cells [Zhou
et al., 2001; Bunting, 2002; Alison, 2003] and
stem cells (side population cells) from other
tissues such as skeletal muscle [Tamaki et al.,
2002], pancreas islets [Lechner et al., 2002], and
heart [Martin et al., 2004]. Although Shimano
et al. [2003] reported the expression of Berp in
oval cells, SHs had high expression of Mrpl and
Mrp3, not Berp. The high expression of those
transporters in SHs may be very similar to the
expression pattern seen in hepatic progenitor
cells reported by Ros et al. [2003]. In the hepatic
progenitor cells, instead of Brep, Mrpl, and
Mrp3 may have an important role in removing
both exogenous and endogenous toxic drugs/
metabolites from cells, which may enable them
to survive in conditions associated with exces-
sive metabolic stress and serve as a proliferative
reservoir.

In conclusion, the present study shows that
rat SHs mature and reconstruct a hepatic
organoid consisting of rising/pile-up cells, which
develops complicated BC-networks. Major hep-
atocellular bile salt and organic-anion transport
systems may be established in this hepatic
organoid and maintained for more than
1 month. The vectorial transport of substrates
from medium to BC is functionally active and
the excreted substrates can be efficiently recov-
ered from BC. This culture system may be
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useful for estimation of the biliary clearance of
substances. Further experiments and new
strategies may be necessary to produce suffi-
ciently large numbers of mature SHs in vitro. In
addition, the establishment of a method for the
isolation and culture of human SHs is urgently
needed for future use in artificial liver devices
and as a source for liver transplantation.

NOMENCLATURE AND GENE
SYMBOLS OF TRANSPORTERS

Oatpl Oatplal/Sicolal
Oatp2 Oatpla4/Sicola4
Oatp4 Oatplb2/Slcolb2

Ntep Slel10al
Bsep Abcb11
Mrpl Abccl

Mrp2 Abcc2
Mrp3 Abcc3
Mdrlb  Abcbl;

Mdr2 Abcb4
Berp Abcg2
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