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Abstract

Human hepatoma cell lines are useful for evaluation of drug-induced hepatotoxicity, hepatic
drug disposition, and drug-drug interactions. However, their applicability is compromised by
aberrant expression of hepatobiliary transporters. This study was designed to evaluate
whether extracellular matrix (Matrigel) overlay and dexamethasone (DEX) treatment would
support cellular maturation of long-term HuH-7 hepatoma cell cultures and improve the
expression, localization and activity of canalicular ATP-binding cassette (ABC) transporters,
multidrug resistance protein 1 (MDR1/P-glycoprotein/ABCB1), multidrug resistance-
associated protein 2 (MRP2/ABCC2), and bile salt export pump (BSEP/ABCB11). Matrigel
overlay promoted the maturation of HuH-7 cells towards cuboidal, hepatocyte-like cells
displaying bile canaliculi-like structures visualized by staining for filamentous actin (F-actin),
co-localization of MRP2 with F-actin, and by accumulation of the MRP2 substrate 5(6)-
carboxy-2',7'-dichlorofluorescein (CDF) within the tubular canaliculi. The cellular phenotype
was rather homogenous in the Matrigel-overlaid cultures whereas the standard HuH-7
cultures contained both hepatocyte-like cells and flat epithelium-like cells. Only Matrigel-
overlaid HuH-7 cells expressed MDRL1 at the canaliculi and excreted the MDR1 probe
substrate digoxin into biliary compartments. DEX treatment resulted in more elongated and
branched canaliculi and restored canalicular expression and function of BSEP. These findings
suggest that hepatocyte polarity, elongated canalicular structures, and proper localization and
function of canalicular ABC transporters can be recovered, at least in part, in human

hepatoma HuH-7 cells by applying the modified culture conditions.

Keywords: ATP-Binding Cassette Transporters, Bile Canaliculi, Cell Line, Dexamethasone,

Extracellular Matrix, HuH-7 Cells, Biliary Excretion

¥202 ‘0z 11dy uo sfeulnor 134SY e B1o's jeuuno fiadse pwip wo.y papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 1, 2019 as DOI: 10.1124/dmd.119.087676
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 87676

Significance Statement

This is the first report demonstrating that proper localization and function of canalicular ABC
transporters can be recovered in human hepatoma HuH-7 cells by modification of cell culture
conditions. Matrigel overlay and dexamethasone supplementation increased the proportion of
hepatocyte-like cells, strongly augmented the canalicular structures between the cells, and
restored the localization and function of key canalicular ABC transporters. These results will
facilitate the development of reproducible, economical and easily achievable liver cell models

for drug development.
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Introduction

In vitro human hepatic cell line models are widely used for evaluating e.g. hepatic drug
disposition, drug-drug interactions and drug-induced hepatotoxicity in drug development.
Characteristics, applications and limitations of human hepatoma cell lines commonly used in
drug metabolism and hepatotoxicity studies have been reviewed (Donato et al., 2013). For
example, the human hepatocellular carcinoma cell line HepG2 displays many differentiated
hepatic functions and abundant phase Il enzymes, but has poor expression of cytochrome
P450s (CYPs) and limited responsiveness to CYP inducers. HepaRG cells are more suitable
for drug metabolism and CYP induction studies, and they express several functional drug
metabolizing enzymes (DMEs) and transporters (Le Vee et al., 2013). However, HepaRG
cells are a mixed population of hepatocyte-like and cholangiocyte-like cells, and do not differ
from HepG2 cells in their sensitivity to detect hepatotoxic drugs (Gripon et al., 2002; Gerets
et al., 2012). Although these cell lines are economical, reproducible, and easy to maintain as
compared to primary human hepatocytes, several key hepatocyte functions are compromised

(Olsavsky et al., 2007; Guo et al., 2011; Sison-Young et al., 2015).

The HuH-7 hepatoma cell line (Nakabayashi et al., 1982) displays expression patterns of
DME and transporter mRNASs that are more similar to primary human hepatocytes than those
of widely used HepG2 cells (Guo et al., 2011). Moreover, recent studies on transporter
protein expression revealed that hepatobiliary transporters such as multidrug resistance
protein 1 (MDR1/P-glycoprotein/ABCB1), multidrug resistance-associated protein 2
(MRP2/ABCC2), organic anion transporting polypeptide (OATP) 1B1 (SLCO1B1) and
OATP2B1 (SLCO2BL1) are present in HuH-7 cultures, albeit at lower levels of expression and

function than in primary human hepatocytes (Jouan et al., 2017; Shi et al., 2018; Malinen et

¥202 ‘0z 11dy uo sfeulnor 134SY e B1o's jeuuno fiadse pwip wo.y papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 1, 2019 as DOI: 10.1124/dmd.119.087676
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 87676
al., 2019). The expression of major bile acid transporters, sodium taurocholate co-
transporting polypeptide (NTCP/SLC10A1) and bile salt export pump (BSEP/ABCB11), was
at low or negligible levels in standard HuH-7 cultures, whereas the alternative bile acid
transporters, organic solute transporter o/p (OSTa/B/SLC51A/B) and MRP4, were expressed
at higher levels in HuH-7 cells than in human hepatocytes (Malinen et al., 2019). Importantly,
molecular mechanisms for transcriptional regulation such as farnesoid X receptor (FXR)-
mediated BSEP induction and nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated
induction of MRP2 and breast cancer resistance protein (BCRP/ABCG2) are retained in HuUH-

7 cells (Jouan et al., 2017).

Interestingly, maintaining confluent HuH-7 cultures for several weeks induced the
MRNA expression of multiple DMEs and transporters, including CYP3A4, BSEP, MDR1
and OATP1B1, and their regulators such as constitutive androstane receptor (CAR), pregnane
X receptor (PXR), retinoid X receptor (RXR) and hepatocyte nuclear factor-4a (HNF4a)
(Sivertsson et al., 2010). Recently, our group demonstrated that the extended culture time
induced the protein expression of solute carrier (SLC) transporters OSTao/ and OATP1B3
(Malinen et al., 2019). Some HuH-7 cells in our long-term cultures displayed a cuboidal,
hepatocyte-like morphology with bile canaliculi-like structures. This phenotype resembled
that of differentiated HepaRG (Gripon et al., 2002; Hoekstra et al., 2011) and primary human

hepatocyte cultures (Hoffmaster et al., 2004).

Because extension of the culture time alone did not restore expression of all key bile acid
transporters in HuH-7 cells (Sivertsson et al., 2010; Malinen et al., 2019), supplementation of

these cultures with known inducers of hepatic differentiation and the use of extracellular
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matrices might be beneficial. Primary human hepatocyte or HepaRG cultures are usually
supplemented with insulin and glucocorticoids such as dexamethasone (DEX). Insulin
improves survival and attachment of hepatocytes, and enhances amino acid transport, protein
synthesis, glycogenesis, and lipogenesis (Tanaka et al., 1978; Varandani et al., 1982). DEX
promotes arrangement of the cellular cytoskeleton, gap junctions, formation of bile
canaliculi-like networks, as well as CYP activities in sandwich-cultured hepatocytes (Swift et
al., 2010). The full differentiation of HepaRG cell cultures also requires dimethyl sulfoxide
(DMSO) (Gripon et al., 2002). However, DMSO is not necessary for maturation of HuH-7
cells, because long-term cultures with and without DMSO showed comparable DME gene
expression profiles (Sivertsson et al., 2010). Incorporation of extracellular matrices such as
Matrigel, which is a laminin- and collagen-rich basement membrane matrix, in primary
hepatocyte and HepaRG cultures has further improved the maintenance of liver-specific
functions and cell polarity (LeCluyse et al., 1994; Swift et al., 2010; Jackson et al., 2016).
Matrigel overlay restored hepatocyte-like morphology, elevated metabolic competence,
improved responsiveness to DME inducers, and increased function of hepatic uptake

transporters.

To the best of our knowledge, there are no reports on the effect of extracellular matrix or
supplements other than DMSO on drug and bile acid transporters in HuH-7 cells. Therefore,
the aim of the present study was to evaluate whether the addition of an extracellular matrix
overlay and/or DEX supplementation, together with the extended culture time, could improve
the expression, localization, and activity of the canalicular ABC transporters in HuH-7 cells.
To this end, we performed immunocytochemical staining and immunoblotting of MDR1,

MRP2 and BSEP transporters. In addition, transport studies were performed with the probe
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substrates 5(6)-carboxy-2',7'-dichlorofluorescein (CDF), digoxin, pravastatin and [*H]-

taurocholate (TCA).

Materials and Methods

Cell culture. The human hepatoma HuH-7 cell line (JCRB0403) was obtained from Sekisui
Xenotech (Kansas City, KS). The cells were cultured in T75 flasks with a tissue culture-
treated surface (83.3911.002, Sarstedt, Newton, NC) at 37°C in a 5% CO, atmosphere in
maintenance medium [high glucose Dulbecco’s modified Eagle’s medium (Gibco™ 11995-
065, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum
(FBS), 100 IU/ml penicillin, and 100 pg/ml streptomycin]. The identity of the HuH-7 cell
line was verified by amplification of 17 short tandem repeats by the Cell Line Authentication
Service of the American Type Culture Collection (ATCC, Manassas, VA). For long-term
confluent culture, the cells were seeded on 24-well plates with a tissue culture-treated surface
(353226, Thermo Fisher Scientific) (9x10* cells/well) and the cultures reached confluence
within a few days. The cultures were maintained for four weeks, and the medium was
renewed every 2 to 3 days. One week after plating the cells, the maintenance medium was
supplemented with 0, 0.1, or 1 uM DEX. These concentrations were selected based on
reported DEX concentrations that maintain the expression of BSEP (Warskulat et al., 1999)
and MRP2 (Kubitz et al., 1999) in primary rat hepatocyte cultures. Similar concentrations are
also widely used for primary human hepatocyte cultures. Three weeks after seeding, the
cultures were further supplemented with Matrigel overlay (Matrigel™, 354234 [Lot 6291006
and Lot 7016291], Corning, Bedford, MA) at a concentration of 0.25 mg/ml in ice-cold
maintenance medium supplemented with 0, 0.1, or 1 uM DEX. The expression and function

of transporters were assessed after four weeks of culture (4-week confluent cells).

¥202 ‘0z 11dy uo sfeulnor 134SY e B1o's jeuuno fiadse pwip wo.y papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 1, 2019 as DOI: 10.1124/dmd.119.087676
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 87676

Immunofluorescence Microscopy. Four-week confluent HuH-7 cells, cultured on glass
bottom 24-well plates (MatTek Corporation, Ashland, MA), were fixed in 4%
paraformaldehyde for 15 min at room temperature. After permeabilization with 0.1% Triton
X-100 in PBS for 15 min, the samples were blocked with 10% FBS, 0.2% bovine serum
albumin (BSA) and 0.1% Triton X-100 in PBS for one hour. Next, the cells were incubated
with primary antibodies [anti-MDR1 (1:50 dilution; Santa Cruz Biotechnology, Dallas, TX),
anti-MRP2 (1:20 dilution; Kamiya Biochemical Company, Seattle, WA), or anti-BSEP
(1:100 dilution; Abcam, Cambridge, MA)] in 5% FBS and 0.2% BSA in PBS overnight at
4°C. This was followed by incubation with Alexa Fluor 488°-labelled goat anti-mouse or
goat anti-rabbit secondary antibody (Thermo Fisher Scientific) for one hour at room
temperature. Nuclei and filamentous actin (F-actin) were visualized by 4,6-diamidino-2-
phenylindole (DAPI) and Alexa Fluor 594°-labelled phalloidin (Thermo Fisher Scientific).
The samples were mounted with ProLong Gold antifade reagent, and the expression and
localization of each transporter was examined using a LSM 710 confocal microscope (Zeiss,
Oberkochen, Germany). Image files were processed with ImageJ. The length of phalloidin-
stained F-actin-rich tubules (i.e., bile canaliculi) was measured in the representative field

view images from three different wells for each condition.

Western Blot Analysis. Membrane proteins of HuH-7 cells and cryopreserved human
hepatocytes (Lot HUP1001 [10-donor pool]; Lonza BioResearch, Durham, NC) were
extracted using ProteoExtract™ Native Membrane Protein Extraction kit (Calbiochem®,
EMD Biosciences, Inc. Darmstadt, Germany) according to the manufacturer’s instructions.

Protein concentration was determined using Pierce™ BCA protein assay kit (Thermo Fisher

10
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Scientific). Fifteen micrograms of membrane proteins were mixed with NUPAGE® LDS
sample buffer (Thermo Fisher Scientific) and subjected to SDS polyacrylamide gel
electrophoresis using NUPAGE® 7% Tris-Acetate or 4-12% Bis-Tris gels. The proteins were
then transferred to a polyvinylidene difluoride membrane (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). After blocking in Tris-buffered saline (250 mM Tris-HCI, pH 7.4,
200 mM NaCl) containing 0.1% (v/v) Tween 20 and 5% (w/v) fat-free milk powder, the
membranes were incubated with each primary antibody [mouse anti-MDR1 (1:250 dilution;
Covance Research, Princeton, NJ), mouse anti-MRP2 (1:100 dilution; Kamiya Biochemical
Company), rabbit anti-BSEP antibody (1:500 dilution; Abcam), or rabbit anti-Na’/K* ATPase
(1:200 dilution; Santa Cruz Biotechnology)] followed by incubation with anti-mouse
(1:10,000 dilution) or anti-rabbit (1:5,000 dilution) horseradish peroxidase (HRP)-conjugated
secondary antibodies (Santa Cruz Biotechnology). Signals were detected using ECL Select
Western Blotting Detection Reagent (GE Healthcare) and Molecular Imager VersaDoc
imaging system (Bio-Rad, Hercules, CA). Signal intensities of the transporters were

normalized to the corresponding Na*/K* ATPase signals.

Analysis of Functional Polarity. Formation of functional bile canaliculi in HuH-7 cells was
characterized using 5(6)-carboxy-2',7'-dichlorofluorescein (CDF) diacetate (CDFDA), which
is hydrolyzed by intracellular esterases to CDF. CDF is transported into the bile canaliculi by
MRP2 (Zamek-Gliszczynski et al., 2003). The protocol was adapted from B-CLEAR®
(BiolVT, Durham, NC) technology (Liu et al., 1999; Swift et al., 2010). Briefly, the cells
were pre-incubated in either standard or Ca®*-free (Ca?*/Mg?*-free buffer containing 1 mM
EGTA) Hanks' balanced salt solution (HBSS) for 25 min prior to incubation with 2 uM

CDFDA in standard HBSS for 20 min at 37°C. Before imaging, the cells were washed with

11
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standard HBSS. The fluorescence of CDF was observed by using LSM 710 confocal laser
scanning microscopy with an excitation wavelength of 488 nm, or a Cytation 3 Cell imaging
multi-mode reader with excitation and emission wavelengths of 469 and 525 nm, respectively

(Biotek, Winooski, VT). Image files were processed with ImageJ.

Quantitation of Biliary Excretion by Canalicular ABC Transporters. To evaluate
functional activity of the canalicular ABC transporters in HuH-7 cells, accumulation of probe
substrates (digoxin for MDRL1 [Bi et al., 2006], pravastatin for MRP2 [Matsushima et al.,
2005] and [*H]-taurocholate [TCA; PerkinElmer Inc., Boston, MA] for BSEP [Bi et al., 2006;
Yang et al., 2015]) was investigated by applying B-CLEAR® technology (BiolVT). First, the
cells were pre-incubated for 25 min (digoxin-pravastatin assay) or 10 min ([*H]-TCA assay)
in standard or Ca®*-free HBSS (Swift et al., 2010). Then, the cells were treated with a
combination of 2 uM digoxin and 2 uM pravastatin in standard HBSS for 15 min, or with 2
uM [®H]-TCA (200 nCi/ml) in standard HBSS for 10 min. At the end of incubation, the cells
were washed three times with ice-cold standard HBSS followed by cell lysis. For the digoxin-
pravastatin assay, the cells were lysed with 0.2 ml of internal standard solution containing
250 ng/ml digoxin-d3 and 100 ng/ml pravastatin-d3 in methanol and 0.1 ml of distilled water.
For the [°H]-TCA assay, the cells were solubilized in 0.4 ml of 0.5% Triton X-100 and
0.005% Antifoam-A in PBS, and radioactivity of the cell lysates was quantified using Bio-
safe Il counting cocktail (Research Products International Corp., Mt Prospect, IL) and a Tri-

carb 3100TR liquid scintillation analyzer (PerkinElmer Inc.).

Accumulation of substrate(s) in cells and bile canaliculi-like structures (i.e., ‘Cells+Bile’,

pre-incubation with standard HBSS) or only in the cells (i.e., ‘Cells’, pre-incubation with

12
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Ca®*-free HBSS) was determined in triplicate in two or three independent studies. The biliary
excretion index (BEI), which represents the fraction of the accumulated substrate that resides
in the bile canaliculi, apparent in vitro uptake clearance (CLyptake,app) @nd biliary clearance
(CLuiliary,app) Values were calculated using the following equations (Liu et al., 1999; Bi et al.,

2006; Swift et al., 2010):

BEI (%) = [(Accumulationceys + gile — Accumulationceys)/ Accumulationceyss + sile] X 100 1)

CLuptake.app = (Accumulationceyss + site)/(INcubation Time x Concentrationmegia) 2

CLubitiary,app = (Accumulationceps + gile — Accumulationceys)/(Incubation Time x Concentrationmegia) — (3)

LC-MS/MS Analysis of Digoxin and Pravastatin. Concentrations of digoxin and
pravastatin in the cell lysates were analyzed by LC-MS/MS analysis using a Thermo
Finnigan TSQ Quantum Ultra tandem mass spectrometer equipped with a heated electrospray
ionization source (San Jose, CA) and Accela LC system (Thermo Fisher Scientific).
Instrument control, data acquisition and processing were performed using Xcalibur software
(Thermo Fisher Scientific). After centrifugation at 12,000 g for 5 min, cell lysate samples (10
ul of supernatant) were injected directly onto a reverse-phase HPLC column (Aquasil™ Cig;
2.1 mm i.d. x 50 mm |.; particle size, 3 um; Thermo Fisher Scientific). The gradient elution
of the mobile phase consisted of buffers A (10 mM ammonium formate in water) and B (10
mM ammonium formate in methanol) run at a constant flow rate of 0.3 ml/min: 0-1.5 min, 5
to 80% B; 1.5-3.5 min, 80% B; 3.5-3.6 min, 80 to 5% B; 3.6—7 min, 5% B (v/v). The column

temperature was maintained at 25°C and that of the autosampler at 15°C. Analysis of digoxin

13
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and pravastatin were carried out in negative ion mode with the spray voltage set at 3 kV. Both
heated vapor and capillary temperatures were set at 350°C. Nitrogen sheath and auxiliary
gases were set at 30 and 5 psi, respectively. The selected collision energy and precursor

(IM—H]) to product ion transitions were as follow: digoxin (35 eV, m/z 779.3—649.3);

digoxin-d3 (34 eV, m/z 782.3—652.3); pravastatin (16 eV, m/z 423.2—321.2); and
pravastatin-d3 (18 eV, m/z 426.2—321.2). The retention times of digoxin (and digoxin-d3)
and pravastatin (and pravastatin-d3) were approximately 3.3 and 3.0 min, respectively. The
total run time for an LC—-MS/MS analysis was 7 min. Six-point calibration curves for digoxin
and pravastatin in cell lysate samples (0.3-60 pmol/well [1-200 nM]) were constructed based
on the peak area ratios of analytes to the respective internal standard. Four-point quality
control samples (0.3, 1, 7.5, and 50 pmol/well) were used for method validation. The mean
intra- and inter-day coefficients of variation were below 14.2% for digoxin and 13.7% for
pravastatin, and the assay accuracy ranged from 85.9-106% for digoxin and 98.7-114% for

pravastatin.

Data Analysis. Data were analyzed by one-way analysis of variance (ANOVA) with Tukey's
or Games-Howell multiple comparisons test or by non-parametric Kruskal-Wallis test using
Statistical Package for Social Sciences (IBM SPSS 25). A p value < 0.05 was considered to

indicate statistical significance. Data are presented as mean and standard deviation (SD).

Results

Effects of Matrigel Overlay and DEX on Cell Morphology and Bile Canaliculi

Formation. Matrigel overlay of confluent HuH-7 cultures (Fig. 1A) resulted in a more

14
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homogenous cell population compared to standard cultures that exhibited two distinct cell
morphologies with high multilayered cell clusters (Fig. 1A, Area 2; ~25% of the culture area)
surrounded by flattened cells (Fig. 1A, Area 1; ~75% of the culture area). The CDF assay
confirmed the morphological difference between the standard and Matrigel-overlaid HuH-7
cultures (Fig. 1B). The clusters with cuboidal, hepatocyte-like morphology in the standard
cultures displayed multiple bile canaliculi-like structures visualized by CDF accumulation
(Area 2; ~35% of observed area) while the flat epithelium-like cells in Area 1 (~65% of
observed area) did not show any CDF accumulation. In contrast, Matrigel-overlaid cultures
exhibited CDF accumulation in bile canaliculi-like structures that were rather homogenously
distributed (Fig. 1B). Moreover, the Matrigel-overlaid cultures had branched, tubular
canaliculi that were shared by multiple cells (Supplemental Fig. 1). The canaliculi-like
tubules were significantly longer (Fig. 2A) and the mean number per cell tended to increase
compared to those in Area 2 of standard cultures (Fig. 2B). Treatment with DEX increased

the number and progressively elongated the F-actin-containing canalicular structures (Fig. 2).

Cellular Expression and Localization of Canalicular ABC Transporters. The effects of
Matrigel overlay and DEX on expression of canalicular efflux transporters, MDR1, MRP2
and BSEP, were evaluated by immunostaining and immunoblotting (Figs. 3-5). In the
standard culture, the surrounding flat cells (Area 1) did not express F-actin-containing
canalicular structures or membrane-bound canalicular ABC transporters (Fig. 3A). Likewise,
MDR1 and BSEP were not expressed in the F-actin-containing cell membrane of the
hepatocyte-like cells in the standard culture (Area 2), whereas MRP2 was co-localized with
F-actin containing canalicular structure (Fig. 3B). These images served as respective negative

controls confirming that the co-localization of MDR1, MRP2, and BSEP with F-actin in Fig.
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4 is not a false signal. Matrigel overlay clearly increased expression of MDR1 on the
canalicular membranes (Fig. 4A). MRP2 was expressed at the canalicular membranes of all
4-week confluent HuH-7 cultures, regardless of Matrigel or DEX addition (Fig. 3 and 4B).
Interestingly, DEX supplementation induced the expression of BSEP both in Matrigel-
overlaid (Figs. 4C and 5) and standard cultures (Supplemental Fig. 2). BSEP co-localized
with F-actin, particularly in the cultures supplemented with DEX (Fig. 4C). However, DEX

supplementation had minimal effects on the expression levels of MDR1 and MRP2 (Fig. 5).

Biliary Excretion by Canalicular ABC Transporters. To evaluate the functionality of the
canalicular ABC transporters, we first explored the applicability of B-CLEAR® technology to
HuH-7 cultures using CDF as a canalicular marker and MRP2 substrate. When the cells were
exposed to Ca?*-containing standard HBSS, CDF remained within canalicular structures
while CDF accumulation was clearly lower after exposure of cells to Ca?*-free HBSS (Fig. 6)

in both Matrigel-overlaid and standard cultures.

Somewhat surprisingly, standard HuH-7 cultures did not show a measurable BEI for any
of the tested substrates (Figs. 7 and 8). The accumulation of digoxin, pravastatin and TCA
was similar or even higher in Ca®*-free HBSS than in Ca”**-containing HBSS in standard
cultures. Biliary excretion of the MDR1 substrate, digoxin, was detected in Matrigel-overlaid
cultures regardless of DEX supplementation (Fig. 7A). Matrigel-overlaid cultures
supplemented with DEX exhibited measurable BEI for all three probe substrates. Biliary
excretion of pravastatin and TCA was detected only when DEX was added to the

maintenance medium (Figs. 7B and 8).
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As a preliminary study, the optimal timing of the Matrigel overlay (1st week, 2nd week,
and 3rd week after seeding HuH-7 cells) was evaluated based on the BEI of TCA that was
excreted by BSEP into canaliculi. The maximal BEI was obtained when the cultures were
overlaid with Matrigel at the 3rd week after plating (i.e., 1 week before the B-CLEAR®
study) and supplemented with DEX (0.1 or 1 uM; data not shown). Matrigel-overlaid cultures
also were compared to sandwich-cultured HuH-7 cells (collagen type I-coated surface with a
Matrigel overlay); the BEI of TCA was not measurable in any sandwich-cultured HuH-7 cells
with or without DEX supplementation (data not shown). The optimal pre-incubation time for
each substrate in the B-CLEAR® assay also was evaluated. A longer pre-incubation time (25
min) resulted in a higher and reproducible BEI for pravastatin and digoxin, whereas shorter
(10 min) and longer (25 min) pre-incubation times resulted in comparable BEI values for
TCA (data not shown). Two additional lots of Matrigel and the effects of phenol red in the
maintenance medium were examined; the biliary excretion of TCA was consistently observed

(BEI of 40-50%) in the modified culture conditions (Supplemental Fig. 3).

Discussion

In vitro models to predict hepatic drug disposition need to express sufficient levels of
transporters that are correctly localized and functional. Although hepatic cell lines are more
reproducible and cost-efficient to use than primary human hepatocytes, existing models do
not completely replicate transporter expression and/or function in human hepatocytes
(Olsavsky et al., 2007; Guo et al., 2011; Jouan et al., 2017). However, reports indicate that
culturing HuH-7 cells over several weeks at confluency gradually induces the protein and/or
MRNA expression of multiple transporters (Sivertsson et al., 2010; Malinen et al., 2019).

However, the expression of the major canalicular bile acid transporter BSEP was still very
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low after four weeks of culture, and MRP2 remained at a constant but lower level than in
human hepatocytes (Malinen et al., 2019). The protein expression and function of MDR1 has
not been evaluated at all in long-term HuH-7 cultures (Sivertsson et al., 2010; Malinen et al.,
2019). The present study investigated whether extracellular matrix overlay (Matrigel) and
glucocorticoid treatment (DEX), two frequent components of primary human hepatocyte
cultures, could enhance the expression and function of the major canalicular ABC
transporters MDR1, MRP2 and BSEP in confluent HuH-7 cultures. Overall, Matrigel overlay
and DEX treatment restored the localization and function of MDR1 and BSEP, suggesting a

robust maturation towards a hepatic phenotype.

Standard HuH-7 cultures appeared to differentiate into two distinct cell phenotypes, one
with flat epithelium-like cells without canalicular structures and another with cuboidal
hepatocyte-like cells with tubular canaliculi-like structures, as previously reported (Malinen
et al., 2019). The appearance of two cell morphologies resembles the differentiation of the
HepaRG cell line (Gripon et al., 2002; Hoekstra et al., 2011). The identity of bile canaliculi
within the hepatocyte-like cell population was confirmed by distribution of F-actin, co-
localization of MRP2 with F-actin, and by accumulation of CDF, a fluorescent MRP2
substrate, within the canaliculi. Interestingly, Matrigel overlay resulted in a much higher
proportion of hepatocyte-like cells (~90% of the culture area) and a notable increase in the
homogeneity of the cell population as compared to standard HuH-7 culture conditions where
~25-35% of the culture area represented hepatocyte-like cells. HuH-7 cell spheroids
embedded in a three-dimensional extracellular matrix using Matrigel also adopt a polarized
phenotype (Molina-Jimenez et al., 2012). Similarly, HepaRG cells present a more

hepatocyte-like phenotype when the cultures are overlaid with Matrigel or when the cells are
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cultured within a three-dimensional extracellular matrix (Malinen et al., 2014; Jackson et al.,

2016).

Another advantage of the Matrigel overlay was that, based on the CDF accumulation and
F-actin staining, the canalicular structures appeared more extended than in the standard HuH-
7 cell cultures. Spherical structures, shared by a few adjacent cells, were dominant in the
standard cultures, while branched and tubular canaliculi connecting several cells were more
abundant with the Matrigel overlay cultures. In addition, the proper canalicular expression,

localization and function of MDR1 were restored only in Matrigel-overlaid cultures.

DEX treatment seemed to extend the canalicular structures further, as shown by F-actin
staining. Importantly, DEX induced the expression of BSEP protein in both standard and
Matrigel-overlaid HuH-7 cultures. This is a remarkable finding, because hepatoma cell lines,
unlike primary human hepatocytes, usually express BSEP at very low or unmeasurable levels
(Guo et al., 2011; Mork et al., 2012; Sison-Young et al., 2015; Wisniewski et al., 2016). DEX
increased expression of BSEP mRNA in HepG2 cells (Rosales et al., 2013), but there is no

information on the protein level or functionality of BSEP in these cells.

It should be recognized that DEX is commonly used as a hormonal supplement in primary
hepatocyte cultures at nanomolar concentrations (25—-100 nM) to maintain many hepatocyte-
specific functions (Fraczek et al., 2013). In the present study, we applied the same (0.1 uM)
and 10-fold higher concentrations (1 pM) of DEX. Both concentrations promoted the
formation of bile canaliculi and increased expression and function of BSEP. The molecular

mechanism(s) by which DEX modulates the expression of BSEP in HuH-7 cells remains to
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be determined, however, glucocorticoid receptor-mediated regulation of BSEP has been
suggested in rat hepatocytes (Fardel et al., 2001). DEX treatment (0.1 orl uM) appeared to
have minimal effects on the protein expression of MDR1 and MRP2, in agreement with a
previous study performed in primary human hepatocytes with 2-50 uM DEX (Nishimura et
al., 2006). Interestingly, 0.1 uM DEX treatment has been shown to activate a glucocorticoid-

responsive element within the human MRP2 promoter (Qadri et al., 2009).

The suitability of B-CLEAR® technology to quantify the BEI in the HuH-7 cultures was
evaluated here for the first time. The decreased amount of CDF retained within canaliculi-like
structures in cultures treated with Ca®*-free buffer compared to cultures treated with standard
(Ca®*-containing) buffer resembled the findings in primary hepatocytes (Liu et al., 1999;
Pfeifer et al., 2013) and suggested that the BEI may be estimated in HuH-7 cultures using B-
CLEAR®. Although accumulation of the MRP2 substrate, CDF, was detected in both
standard and overlaid HuH-7 cultures, BEI values were below the detection limit in the
standard cultures for all substrates tested (digoxin, pravastatin and TCA). This can be
explained by the presence of two distinct cell populations in the standard cultures, of which
the abundant epithelial-like flat cells are lacking canalicular structures and the proper
expression and localization of MDR1, MRP2 and BSEP. Due to their large surface area but
minimal canaliculi, the epithelial-like cells would be able to take up the probe substrates
(Malinen et al., 2019) but unable to excrete them efficiently, resulting in negligible BEI

values.

In standard culture conditions without Matrigel overlay, pre-incubation with Ca®*-free

HBSS resulted in higher accumulation of digoxin compared to standard HBSS. A similar
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trend also was observed with TCA. The flat epithelium-like cells in the standard culture
expressed basolateral SLC-family transporters, and cellular uptake of TCA was increased in
the low sodium buffer (Malinen et al., 2019). Ca?*-free conditions may alter the function of
these basolateral transporters through the disturbance of cellular sodium ion homeostasis

(Bouscarel et al., 1996; Carini et al., 1997).

The Matrigel-overlaid HuH-7 cultures correctly localized MDRL1 to the canalicular domain
and excretion of the MDR1 substrate, digoxin, into the canalicular compartment was
measurable (BEI ~29%). The canalicular excretion of pravastatin (BEI ~22%) could be
measured only in Matrigel-overlaid and DEX-supplemented cultures even though MRP2 was
colocalized with F-actin-rich bile canaliculi in all HuH-7 cultures. Additional DEX
supplementation may have enabled a detectable BEI of pravastatin in Matrigel-overlaid HuH-
7 cultures due to the favorable effects of DEX on bile canaliculi formation, but not due to
induction of MRP2 expression by DEX, as mentioned above. The canalicular excretion of
TCA (BEI of 26-50%) could be measured only when the Matrigel-overlaid cultures were
supplemented with DEX, which is consistent with DEX induction of BSEP expression and
proper BSEP localization by the Matrigel overlay. Overall, the observed BEI values for
digoxin and pravastatin in modified HuH-7 cultures were slightly lower than those published
for human hepatocytes (Table 1). The observed BEI values for TCA were comparable to that
in differentiated HepaRG cells but slightly lower than the reported values for human
hepatocytes (Table 1). The apparent in vitro uptake clearance (CLyptakeapp) and biliary
clearance (CLuiliary,app) Values of digoxin, pravastatin, and TCA in the HuH-7 cultures were
lower than those in human hepatocytes (Table 1). This may be caused by slower net uptake of

substrates, because Huh7 cells exhibit lower expression of basolateral OATPs and higher
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expression of basolateral MRP4 and OSTo/p as compared to human hepatocytes (Malinen et

al., 2019).

In conclusion, these results illustrate that Matrigel overlay and DEX treatment enhanced
the hepatic maturation of confluent 4-week HuH-7 cultures. The modified conditions
increased the proportion of hepatocyte-like cells, strongly augmented the canalicular
structures between the cells, and restored the localization and function of key canalicular
ABC transporters. Our findings suggest that the modified HuH-7 cultures have the potential
to function as a surrogate for primary human hepatocytes in MDR1-, MRP2- and BSEP-
mediated biliary excretion studies. However, the effect of Matrigel overlay and DEX
supplementation on the expression and function of basolateral transporters and DMEs

remains to be investigated.
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Table 1. Summary of biliary excretion index (BEI), apparent in vitro uptake clearance

(CLuptake,app) and biliary clearance (CLuyiiiary,app) Values of digoxin, pravastatin, and TCA in

various hepatic cell models.

In vitro hepatic models

Substrates/Parameters HuH-7 Sandwich-cultured HepaRG?
human hepatocytes®
Digoxin
BEI (%) 27-29 7-631
CLuyptake.app (I/Min/mg protein)  1.0-1.3 0.69-2.8%3
CLpiliary,app (1/min/mg protein)  0.3-0.36 0.18-2.411
Pravastatin
BEI (%) 22 18371241
CLuptake.app (uI/min/mg protein) 0.4 114
CLubiliary,app (ul/min/mg protein) 0.086 0.25-0.5524
TCA
BEI (%) 26-50 30_75135] »7_39/5%]
CLuptake,2pp (Wl/min/mg protein)  1.2-2.1 2.7-201+3] 27138167
CLbpiliary,app (uI/min/mg protein)  0.5-0.7 0.8-251432 1_4167]

*The values were adopted or calculated from the following references:

Bi et al., 2006
Kimoto et al., 2017
Swift et al., 2009
Abe et al., 2009

Ni et al., 2016

Le Veeetal., 2013
Susukida et al., 2016

NN E

Bachour-El Azzi et al., 2015
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Figure legends

FIG. 1. Representative cellular morphology and bile canaliculi-like structures in 4-week
HuH-7 cultures. (A) Phase contrast microscopy image of 4-week confluent HuH-7 cells
cultured without (standard) and with Matrigel overlay. (B) Localization of the fluorescent
canalicular marker 5(6)-carboxy-2',7'-dichlorofluorescein (CDF), the metabolite of CDF

diacetate (CDFDA), in 4-week standard and Matrigel-overlaid HuH-7 cultures.

FIG. 2. Effect of Matrigel overlay and dexamethasone (DEX) on the length and number of
bile canaliculi-like structures in confluent 4-week HuH-7 cultures. The (A) length (mean
SD) and (B) number (mean £ SD) of phalloidin-stained F-actin-rich tubules (i.e., bile
canaliculi) normalized by cell count based on DAPI-labeled nuclei are shown. Each
representative field view (212.55 pm x 212.55 um) from three different wells per each
condition was used for the measurement. ~, p<0.05; ~, p < 0.001 (one-way ANOVA with

Games-Howell test).

FIG. 3. Expression and distribution of canalicular transporters MDR1, MRP2 and BSEP
(green) in 4-week HuH-7 cultures without Matrigel overlay [standard culture Area 1 (A) and
Area 2 (B)]. Nuclei (blue) and F-actin (red) were labeled with DAPI and phalloidin,

respectively.

FIG. 4. Expression and distribution of canalicular transporters (A) MDR1, (B) MRP2 and (C)
BSEP (green) in 4-week HuH-7 cultures with Matrigel overlay. HuH-7 cells were overlaid

with Matrigel on culture day 22 and supplemented with 0, 0.1 and 1 puM dexamethasone
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(DEX) from culture day 8 to 28. Nuclei (blue) and F-actin (red) were labeled with DAPI and

phalloidin, respectively.

FIG. 5. Effect of dexamethasone (DEX) on the expression of MDR1, MRP2 and BSEP in 4-
week HuH-7 cultures overlaid with Matrigel on culture day 22. (A) Representative
immunoblots of MDR1, MRP2 and BSEP in 4-week Matrigel-overlaid HuH-7 cultures and
cryopreserved human hepatocytes (positive control). (B) Relative expression levels (mean =
SD) of MDR1, MRP2 and BSEP in 4-week Matrigel-overlaid HuH-7 cultures supplemented
with 0, 0.1 and 1 uM DEX from culture day 8 to 28 (n = 24 each). ~, p < 0.001 (one-way

ANOVA with Tukey’s test).

FIG. 6. Accumulation of 5(6)-carboxy-2',7'-dichlorofluorescein (CDF) in 4-week HuH-7
cultures. HuH-7 cells cultured with or without Matrigel overlay were preincubated with
standard or Ca®*-free HBSS for 25 min followed by incubation for 20 min with CDF
diacetate (CDFDA). Accumulation of CDF, the fluorescent metabolite of CDFDA, within

canaliculi-like structures was indicated by arrows.

FIG. 7. Effect of Matrigel overlay and dexamethasone (DEX) on digoxin and pravastatin
accumulation and canalicular excretion in 4-week HuH-7 cultures. Accumulation of digoxin
and pravastatin was measured in cells+bile (pre-incubation with standard HBSS) and in cells
(pre-incubation with Ca?*-free HBSS). Results represent mean + SD of two independent
studies performed in triplicate. BEI (mean, %) was calculated as described in ‘Materials and

methods’ section.
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FIG. 8. Effect of Matrigel overlay and dexamethasone (DEX) on TCA accumulation and
canalicular excretion in 4-week HuH-7 cultures. Accumulation of [*H]-TCA in the cells+bile
(pre-incubation with standard HBSS) and in cells (pre-incubation with Ca®*-free HBSS).
Results represent mean = SD of three independent studies performed in triplicate. BEI (mean

+ SD, %) was calculated as described in ‘Materials and methods’ section.
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Fig. 5.
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