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ABSTRACT

Deficient functional expression of drug transporters incapacitates
most hepatic cell lines as a reliable tool for evaluating transporter-
mediated drug-drug interactions. Recently, genetically modified cells
(referred to as upcyte hepatocytes) have emerged as an expandable,
noncancerous source of human hepatic cells. Herein, we quantified
mRNA and protein levels of key hepatobiliary transporters and we
assessed associated uptake activity in short- and long-term cultures
of upcyte human hepatocytes (UHH) in comparison to cryopreserved
primary human hepatocytes (cPHH). Expression of canalicular
efflux pumps, such as MRD1/ABCB1, MATE1/SLC47A1, and
MRP2/ABCC2, was relatively well preserved in UHH. By contrast,
long-term cultivation of UHH in a two-dimensional sandwich config-
uration [sandwich-cultured upcyte human hepatocytes (SCUHH)]
was required to upregulate organic anion-transporting polypep-
tide OATP1B1/SLCO1B1, OATP2B1/SLCO2B1, NTCP/SLC10A1, and
OCT1/SLC22A1 mRNA expression, which correlated well with

respective protein abundances. However, mRNA and protein levels
of sinusoidal solute carrier transporters, except for NTCP and
OATP2B1, remained low in SCUHH compared to sandwich-cultured
cPHH.OCT1-andNTCP-mediateduptakeofN-methyl-4-phenylpyridinium
acetate and taurocholatewas demonstrated in both hepaticmodels,
whereas active uptake of OATP1B1/1B3-selective marker sub-
strates, paralleled by markedly reduced SLCO1B1/1B3 expression,
were not detectable in SCUHH. Uptake studies under Na+-depletion
and excess of taurocholate confirmed the presence of functional
NTCP protein and indicated that NTCP, apart from OATP2B1,
contributed substantially to the overall hepatic uptake of rosuvas-
tatin in SCUHH. In conclusion, our data suggest that SCUHH, despite
their limitation for evaluating OATP1B1/1B3-mediated transport
processes, retain NTCP, OATP2B1, and OCT1 transport activities
and thus may be considered as a tool for elucidating compensatory
uptake pathways for OATP1B1/1B3 substrates.

Introduction

Pharmacokinetics and target tissue exposure of xenobiotics are
determined actively by basolateral uptake and efflux processes,

metabolism, and biliary and renal excretion. Major involvement of
hepatic transporters in the net hepatic clearance (CL) of a drug also
implies susceptibility for drug-drug interactions (DDIs) and the risk for
undesired side effects (Liu and Sahi, 2016). Thus, regulatory agencies
advise to critically evaluate the likelihood of an interaction between
investigational newmolecular entities and drug transporters during early
drug development (Patel et al., 2016).
The use of fresh or cryopreserved primary human hepatocytes (cPHH)

as a holistic preclinical model is clearly the most appropriate choice for
studying hepatobiliary clearance of new molecular entities (Ménochet
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MRM, multiple reaction monitoring; MRP, multidrug resistance–associated protein; NTCP, Na+-taurocholate cotransporting polypeptide; OATP,
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et al., 2012; Yoshida et al., 2013). Despite being commercially available,
the broad phenotypic variability in cytochrome P450 (P450)/UDP-
glucuronosyltransferase and/or drug transporter expression and activity
often requires a costly and time-consuming precharacterization of different
hepatocyte batches. Ultimately, the ones identified as appropriate will be
limited in the number of cells available. Against this backdrop, in vitro
models building on proliferating hepatic cells of human cancerous or
noncancerous origin, provided that hepatic physiology is well reflected,
would certainly be of interest for drug metabolism and pharmacokinetics
screening cascades. In this respect, differentiated HepaRG cells have been
proposed as a surrogate for cPHH. In contrast with other hepatoma cell
lines such as HepG2 or Huh-7 (Le Vee et al., 2006; Guo et al., 2011; Jouan
et al., 2016), mRNA and protein expression of important transporters of the
solute carrier (SLC) and ATP binding cassette (ABC) family, as well as
associated uptake of typical marker substrates, has been demonstrated for
the HepaRG cell line (Kotani et al., 2012; Le Vee et al., 2013). Certainly,
particular consideration must be given to the fact that HepaRG cells, as a
mixed population of hepatocyte-like and biliary epithelial-like cells (Aninat
et al., 2006), only represent the phenotype of one single donor.
A method including transduction of lentiviral constructs carrying

human papilloma virus oncogenes was described recently (Levy et al.,
2015), by which the proliferative capability of primary human hepato-
cytes (PHH) can be transiently induced via oncostatin M (OSM). This
novel upcyte technique, theoretically applicable to any desired hepato-
cyte donor, led to the introduction of second-generation cryopreserved
upcyte human hepatocytes (UHH), available at a virtually unlimited
quantity per donor. Unlike HepG2, differentiated UHH exhibit key
attributes of mature hepatic cells [including functional aryl hydrocarbon
receptor–, constitutive androstane receptor–, and pregnane X receptor–
mediated P450 regulation (Ramachandran et al., 2015); functional
epithelial polarization and bile flow (Levy et al., 2015); and ureogenesis
and albumin synthesis (Tolosa et al., 2016)], supporting their usefulness
as a screening in vitro tool for DDIs and hepatotoxicity assessment
(Ramachandran et al., 2015; Tolosa et al., 2016). In addition, we
reported recently on the P450–, uridine 59-diphospho-glucuronosyl-
transferase–, and sulfotransferase–mediated metabolic capability of
cultured UHH and demonstrated their utility as a hepatic model for
intrinsic clearance determinations of slowly metabolized drugs
(Schaefer et al., 2016). Despite this broad characterization of UHH,
only limited data on the expression of drug transporters, in particular for
clinically relevant hepatic transporters including organic anion-
transporting polypeptide OATP1B1/1B3 (encoded by SLCO1B1/1B3),
are currently available. Compared with HepG2 cells, considerably
higher mRNA expression of Na+-taurocholate cotransporting poly-
peptide (NTCP/SLC10A1) was observed in differentiated UHH (Tolosa
et al., 2016), coinciding with the report by Levy et al. (2015) for NTCP,
organic cation transporter 1 (OCT1/SLC22A1), multidrug resistance
protein 1 (MDR1/ABCB1), and the bile salt export pump (BSEP/
ABCB11). Although these results indicate the preservation of selected
uptake and efflux transporters in UHH, data on functional activity have
not yet been reported.
This study was designed to address questions regarding the applicability

of UHH for xenobiotic-transport studies and their potential use for
evaluating synergistic intrinsic CL processes. To this end, we analyzed
the expression of pharmacokinetic- and DDI-relevant sinusoidal uptake
and canalicular efflux transporters using plated UHH derived from three
different donors in conjunction with cultivation-duration; finally, we
assessed the associated uptake activity of OATPs, NTCP, and OCT1.
cPHH from three donors served as reference. To our knowledge, this is the
first comprehensive report describing the abundance of drug transporters in
long-term sandwich cultures of UHH at the gene, protein, and functional
levels, compared with sandwich-cultured human hepatocytes (SCHH).

Materials and Methods

Chemicals and Reagents. Calcium chloride, choline chloride, D-glucose
solution (10%), dexamethasone, dimethylsulfoxide, estradiol-17b-glucuronide
(E217bG), HEPES solution, hydrochloric acid solution (1 N, cell culture tested),
magnesium sulfate, N-methyl-4-phenylpyridinium acetate (MPP+), penicillin-
streptomycin (100�), potassium bicarbonate, potassium chloride solution
(75 mM), potassium phosphate monobasic, pravastatin, rifamycin SV (RIF SV)
sodium salt, sodium chloride, sodium bicarbonate solution (7.5%), sodium
hydroxide solution (NaOH, 1 N, cell culture tested), sodium phosphate dibasic,
sodium phosphate monobasic, sodium taurocholate, trypan blue solution, and
Williams’ E medium (WME) were purchased from Sigma-Aldrich (St. Louis,
MO). Cholecystokinin-8 (CCK-8) was obtained from Bachem (Bubendorf,
Switzerland), and rosuvastatin was obtained from American Radiolabeled
Chemicals (St. Louis, MO). Cryopreserved hepatocyte recovery medium, HEPES
buffer (1 M, pH 7.4), fetal bovine serum, Dulbecco’s phosphate-buffered saline
with and without calcium or magnesium, and stabilized L-glutamine (Glutamax,
100�) were from Life Technologies (Darmstadt, Germany). High-viability
cryohepatocyte recovery medium, insulin–transferrin–selenous acid and bovine
serum albumin premix (ITS+, 100�), and Matrigel phenol red-free were from
Corning/BD Biosciences (Bedford, MA). Trypsin/ETDA (0.5/0.2%) was from
PAN Biotech (Aidenbach, Germany). Hepatocyte Thawing Medium, Hepatocyte
Culture Medium, Hepatocyte High-Performance Medium, and supplemental
reagents B and C were purchased from Upcyte Technologies GmbH (Hamburg,
Germany). [3H]taurocholic acid (9.7 Ci/mmol) and [3H]MPP+ (80 Ci/mmol) were
purchased from PerkinElmer (Boston, MA). [3H]rosuvastatin (10 or 20 Ci/mmol),
[3H]pravastatin (5 Ci/mmol), [3H]E217bG (50 Ci/mmol), and [3H]CCK-8 (98.7
Ci/mmol) were obtained from American Radiolabeled Chemicals. All peptides
and stable isotope–labeled (SIL) peptides were purchased from Proteomedix
Frontiers Inc. (Sendai, Japan).

Short-Term and Two-Dimensional Sandwich Culture of Upcyte Hepa-
tocytes. UHH from female Caucasian donors (151-03, 653-03, 10-03) were
purchased from Upcyte Technologies GmbH at a population doubling range of
25–30. Thawing and culturing of cryopreservedUHHwas performed as described
previously (Schaefer et al., 2016). Briefly, after rapid thawing at 37�C, cells were
suspended in 50 ml Hepatocyte Thawing Medium and sedimented at 90g for
5minutes at room temperature. Viability and cell number, as determined by trypan
blue exclusion, were highly consistent among donor batches. Seeding onto
collagen I–coated T-150 flasks (Corning/BD Biosciences) was performed at 5–
6 � 103 cells/cm2 in Hepatocyte Culture Medium supplemented with 100 U/ml
penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, dimethylsulfoxide
(0.5%), and reagents B and C as part of the vendor’s proprietary culture media
kit. UHH cultures were passaged after 5 days of culture at 95% humidity, 37�C,
and 5% CO2 with fresh medium supplied every 48 hours and were further
expanded for 2 additional days in collagen I–coated T-150 flasks at 5–6 � 103

cells/cm2. Final plating after expansion was done onto collagen I–coated 24-well
plates (Corning/BD Biosciences) at a density of 1.5 � 105 cells/cm2. Short-term
cultures were assessed 4–6 hours after seeding, whereas Matrigel overlay at
0.125 mg/well in Hepatocyte High-Performance Medium [supplemented with
100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, dimethylsulf-
oxide (0.1%), and reagent A] was applied 4–6 hours after seeding for long-term
sandwich cultures [sandwich-cultured upcyte human hepatocytes (SCUHH)].
SCUHHwere maintained for up to 14 days with daily media change; morphology
and confluence was confirmed by light microscopy (Eclipse TS100; Nikon
GmbH, Düsseldorf, Germany) prior to experiments.

PHH Cultures. cPHH from one male (Hu1601) and three female (371, HC3-
31, HC3-26) Caucasian donors (Supplemental Table 1) were purchased from Life
Technologies GmbH, Corning/BD Gentest, and TebuBio GmbH (Offenbach,
Germany), respectively. Cells were thawed using the vendor’s recovery medium
(cryopreserved hepatocyte recovery medium from Life Technologies GmbH; or
high-viability cryohepatocyte medium from Corning/BD Gentest), sedimented
for 10 minutes at 100g at room temperature and finally plated onto collagen I–
coated 24-well plates (APSciences Inc., Columbia, MD) at cell densities of
375,000 or 400,000 viable cells per well in WME supplemented with 5%
fetal bovine serum, 15 mMHEPES (pH 7.4), 6.25 mg/ml insulin, 6.25 mg/ml
transferrin, 6.25 ng/ml selenous acid, 5.35mg/ml linoleic acid, 1.25mg/ml bovine
serum albumin, 1 mM dexamethasone, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 2 mM L-glutamine (WME complete with 1 mM
dexamethasone). Attached cPHH were overlaid 4–6 hours after plating
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with 0.125 mgMatrigel per well in WME complete plus 0.1 mM dexamethasone
and maintained for up to 7 days at 95% humidity, 37�C, and 5% CO2 with daily
medium changes. Uptake assays with probe substrates, as well as isolation of
total RNA and plasma membrane protein, were conducted at day 0 (4–6 hours
after plating; herein referred to as short-term culture) or at day 7 (long-term
sandwich culture; SCHH). Cultures were examined by light microscopy for
intact morphology and confluence prior to experiments.

Quantitative Reverse Transcription Polymerase Chain Reaction Gene
Expression Analysis. Total RNA was isolated as described previously (Schaefer
et al., 2016) in parallel to uptake experiments. In brief, three to four wells of
cultured cells were pooled for each assay time point. The RNeasy Mini Kit
protocol (Qiagen, Hilden, Germany), together with Qiagen QIAshredder
homogenization and on-column DNA digestion (RNase-free DNase set; Qiagen),
was used for RNA isolation. Purified RNAwas quantified spectrophotometrically
(NanoDrop 1000 spectrophotometer; Thermo Fisher Scientific, Schwerte,
Germany). Total RNA (400 ng/sample) was reverse-transcribed for first-strand
cDNA synthesis following the protocol for the High-Capacity cDNA RT Kit
(Applied Biosystems, Foster City, CA). Relative mRNA expression of selected
hepatic uptake (SCLO1B1, SLCO1B3, SLCO2B1, SLCO10A1, and SLC22A1) and
canalicular expressed transporters (ABCB1, ABCC2, ABCG2, ABCB11, and
SLC47A1) was analyzed by quantitative real-time polymerase chain reaction
(qRT-PCR) using inventoried TaqMan gene expression assays (Life Technolo-
gies/AB; Supplemental Table 2). Threshold cycle values were determined using
7500 Fast software (version 2.06; Applied Biosystems, Darmstadt, Germany).
The gene b-actin served as the endogenous control for normalization of gene
expression data and was quantified separately on each assay plate. Threshold
cycle values$36 were defined as below the limit of quantification (LOQ) and set
to zero for subsequent calculations.

PlasmaMembrane Protein Extraction and Enzymatic Digestion. Cultured
cells (7.2–9.6� 106 cells per sample) were harvested from 24-well culture plates
using a miniature cell scraper (Biotium Inc., Fremont, CA) and ice-cold
phosphate-buffered saline as described previously (Schaefer et al., 2012). Cell
collection and centrifugation steps were conducted in LoBind centrifugation tubes
(Eppendorf, Hamburg, Germany) and cell pellets were immediately stored
at280�C after snap-freezing in liquid nitrogen. The proteomic method applied
in this study was adapted on the basis of techniques developed at Tohoku
University (Sendai, Japan). Cell fractionation and separation of the plasma
membrane fraction were conducted by differential centrifugation as reported by
Sakamoto et al. (2011), Ohtsuki et al. (2012), and Schaefer et al. (2012) with
minor modifications. In brief, the combined cell pellet was lysed by sonification
for 1.5 minutes at 0�C in buffer A (0.15 M KCl, 0.1 M phosphate buffer, pH 7.4,
and 0.5 mM protease inhibitor phenylmethylsulfonylfluoride) using a Bioruptor
(Cosmo Bio, Tokyo, Japan). Homogenates were centrifuged at 10,700g for
20 minutes at 4�C, and postnuclear supernatants were collected and sedimented
twice at 100,000g for 60 minutes at 4�C. The resulting microsomal pellet was
suspended in buffer B (0.25 M sucrose and 20 mM Tris-HCl, pH 7.4), layered on
top of a 38% (w/v) sucrose solution, and ultracentrifuged at 100,000g for
40 minutes at 4�C. The turbid interface fraction was recovered, suspended in
buffer B, and sedimented at 100,000g for 60 minutes at 4�C. Subsequent steps
have been modified from the previously published method (Schaefer et al., 2012).
Membrane protein solubilization was performed using the Membrane Protein
Extraction phase-transfer surfactant (MPEX-PTS) reagent kit (GL Science,
Tokyo, Japan) following the assay kit protocol provided withminormodifications
(Masuda et al., 2008, 2009). Total protein content of enriched plasma
membrane proteins was determined using a 3-(4-carboxybenzoyl)-
quinolone-2-carboxaldehyde protein quantitation kit (Thermo Fisher, Wal-
tham, MA). MPEX-PTS reagents (containing sodium desoxycholate) were added
to 5mg plasmamembrane to a final volume of 89ml, incubated/denatured at 95�C
for 5 minutes, and solubilized by subsequent sonication for 10 minutes. Samples
were reduced in the presence of 1.3 mM dithiothreitol for 30 minutes at room
temperature and alkylated with 2.9 mM iodoacetamide for 30 minutes at room
temperature protected from light. After addition of 0.05% (w/v) of the trypsin
enhancer ProteaseMax (Promega, Madison, WI), sequential proteolytic digestion
was performed with lysyl endopeptidase (Wako, Osaka, Japan) for 3 hours at
room temperature at an enzyme/protein ratio of 1:100, followed by in-solution
digestion with sequencing grade, L-(tosylamido-2-phenyl)ethylchloromethyl
ketone–treated trypsin (Promega) for 16 hours at 37�C (ratio 1:100) in a final
volume of 100 ml. Digested samples were spiked with SIL peptides (Proteomedix

Frontiers Inc.) as internal standards (ISs) prior to liquid-liquid extraction. An equal
volume of ethyl acetate was added, and samples were acidified with 1%
trifluoroacetic acid followed by vortexing and centrifugation. The peptide-
containing aqueous phase was recovered and was desalted using GL-Tips GC
(GL Sciences), and the dried residue was dissolved in 0.1% formic acid.

Surrogate Peptide Selection. Proteotypic signature peptides for quantifica-
tion of target proteins were designed and chemically synthesized based on an
established in silico method and reported selection criteria (Tohoku University
algorithm; Kamiie et al., 2008; Uchida et al., 2013). Target peptides selected
herein have been used previously by our laboratory or by others (Supplemental
Table 3; Sakamoto et al., 2011; Uchida et al., 2011; Ohtsuki et al., 2012; Schaefer
et al., 2012; Kunze et al., 2014), respectively, with the exception of peptide probes
for OATP1B1 and OATP2B1 (Table 1). Although they were originally designed
in avoidance of transmembrane regions, it has become apparent that previous
peptides (OATP1B1_peptide A, OATP2B1_peptide A) contain or overlap with
transmembrane topological domains of target proteins, respectively, according to
updated information and recent protein database searches (Supplemental Fig. 1).
Thus, previous peptides no longer comply with our initially specified selection
criteria. Alternative proteotypic peptide probes for OATP1B1 and OATP2B1
(OATP1B1_peptide B and OATP2B1_peptide B; Table 1) have been designed,
synthesized, and analyzed by Proteomedix Frontiers Inc. to meet the reported
criteria (Kamiie et al., 2008; Uchida et al., 2013; Supplemental Fig. 1). Selected
ions and multiple reaction monitoring (MRM) transitions for the quantification of
transporter peptides have been reported previously (Sakamoto et al., 2011; Uchida
et al., 2011; Supplemental Table 3); SRM/MRM conditions for OATP1B1 and
OATP2B1 peptides were optimized and defined as described by Sakamoto et al.
(2011).

Multiplexed MRM Analysis Using Liquid Chromatography Coupled to
Tandem Mass Spectrometry. Surrogate peptides released by tryptic digestion
from 10 selected target drug transporters, Na+/K+-ATPase, and g-glutamyl
transpeptidase (g-GTP) were simultaneously detected by multiplexed selected
reaction monitoring (SRM)/MRM analysis using corresponding SIL peptides as
ISs for target peak recognition and normalization as described previously
(Sakamoto et al., 2011). In brief, a 5500 QTRAP (AB Sciex, Foster City, CA)
electrospray ionization mass spectrometer coupled to an Ultimate 3000 (Dyonex,
Amsterdam, The Netherlands) nano-liquid chromatography (LC) system consist-
ing of a loading column [L-Column2 ODS (5 mm particle size, 300 mm inner
diameter, 5 mm length; CERI, Tokyo, Japan) or an ACQUITY UPLC M-Class
HSS T3 (5 mm particle size, 300 mm inner diameter, 50 mm length; Waters,
Milford, MA] and an analytical C18 nano-LC column [L-Column2 ODS, 3 mm
particle size, 100 mm inner diameter, 150 mm length; CERI] was used for sample
analysis. Mobile phases consisted of aqueous formic acid (0.1%; A) and aqueous
acetonitrile (95% with 0.1% formic acid; B). Purified samples (30ml/sample; i.e.,
0.75 mg protein/sample) were separated and eluted from the analytical column at
room temperature, applying a linear gradient from 0% to 50%of eluent B at a flow
rate on 200 nl/min with a run time of 60 minutes. The gradient was further
increased to 80% B in 10 minutes, then decreased to the initial gradient of 0% B
with 0.1 minutes and held at 0% B for 20 minutes. For data acquisition (0–
70minutes), the mass analyzer was operated in positive ionizationmode and set to
MRM with four precursor/product ion transitions (Q1/Q3-1, Q1/Q3-2, Q1/Q3-3,
Q1/Q3-4) monitored per target peptide and SIL IS (10-millisecond dwell time per
channel), respectively. Optimized parameters for SRM/MRManalysis (four tuned
transitions, declustering potential, and collision energy) of target peptides were
applied as published previously (Sakamoto et al., 2011; Uchida et al., 2011;
Supplemental Table 3). In the case of OATP1B1 and OATP2B1, corresponding
parameters are depicted in Table 1. The spray voltage was set to 2.6 kV, and the
entrance potential and the collision exit potential were set to 10 V for all
conditions. Na+/K+-ATPase and g-GTP were used as plasma membrane marker
proteins to assess the preparation quality of plasma membrane fractions between
different samples of SCUHH and SCHH, respectively (Ohtsuki et al., 2012).

Calibration standards and quality control (QC) samples of mixed unlabeled
peptides were prepared separately in aqueous formic acid (0.1%) by serial dilution
of a stock solution (10 fmol/ml) as described (Sakamoto et al., 2011) for accurate
bioanalytical quantification. Each calibration curve contained a zero sample and
seven nonzero samples ranging from 1 to 100 fmol, spiked with a mixture of
corresponding IS (20 fmol/IS); the lowest standard was run in duplicate. QC
samples were prepared in triplicates for each concentration at 2.5, 15, and 60 fmol.
Ion count chromatograms were processed using Analyst MultiQuant software

168 Schaefer et al.

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.078238/-/DC1
http://dmd.aspetjournals.org/


(version 3.0; AB Sciex). Each target peptide level was quantified based on sample
peaks identified at the same retention time as the corresponding SIL peptides, and
calibration curves were generated for every transition. Concentrations were
calculated as the mean of quantitative values derived from three or four out of four
MRM transitions. In cases in which fewer than three signal peaks were detectable,
the mean concentration was not calculated and the abundance of peptide defined
as not quantifiable, according to the methods applied in this study. In case
concentrations were found below 1 fmol/mg protein and the corresponding peak
area of detected signals of at least two MRM transitions were below 5000 counts,
the LOQ was defined as described by Uchida et al. (2011). In brief, the protein
level of a signature peptide equivalent to a peak area of 5000 counts was
calculated based on the linear regression equations obtained from calibrations
curves (determination coefficient r2 . 0.99; Supplemental Table 3). Intra-assay
precision and accuracy of quantification were evaluated based on the low-,
middle-, and high-amount QC samples, as described previously (Sakamoto et al.,
2011).

Determination of Sinusoidal Uptake Activities in Plated PHH and UHH.
Cellular accumulation of reference compounds [3H]rosuvastatin (1 mM, 0.5
mCi/ml), [3H]pravastatin (1 mM, 0.5 mCi/ml), [3H]MPP+ (5 mM, 0.5 mCi/ml),
[3H]taurocholate (5mM, 0.5 mCi/ml), [3H]E217bG (1 mM, 0.5mCi/ml), and [3H]
CCK-8 (1 mM, 0.5 mCi/ml) was determined using either conventional monolayer
short-term cultures (4–6 hours after plating at high cell density) or long-term
cultures in a two-dimensional (2D) sandwich configuration. At designated culture
time points, cell layers were rinsed twice and then preincubated with freshly
prepared transport buffer solution I (1.8mMCaCl2, 1 mMMgSO4, 5.36mMKCl,
0.41 mM NaH2PO4, 1.19 mM Na2HPO4, 4.17 mM NaHCO3, 128 mM NaCl,
20 mM D-glucose, and 15 mM HEPES, adjusted to pH 7.2 with 1 N NaOH
solution) in the presence or absence of RIF SV (100 mM) for 15 minutes at 37�C.
Parallel incubations at 4�C without inhibitor were conducted to assess passive
diffusion. To start the uptake experiment, 250 ml/well prewarmed buffer solution
containing amixture of radiolabeled and unlabeled compound at the defined assay
concentration and radioactivity was added onto a preconditioned 24-well plate.
An aliquot of 20 ml was drawn immediately afterward and analyzed for the actual
initial free substrate concentration. Incubations were terminated at different time
points by quickly aspirating the substrate solution and washing the cells three
times with 500 ml/well ice-cold transport buffer. After the plates were dried for
20–30 minutes at 40�C, cells were lysed with 250 ml/well 1 N NaOH for at least
20 minutes before adding an equivalent volume of 1 N HCl. A volume of
400 ml/sample was transferred into a scintillation vial (Pico Prias; PerkinElmer),
5 ml liquid scintillation fluid cocktail (Ultima Gold; PerkinElmer) was added, and
radioactivity associated with the cell lysates was measured on a Tri-Carb 2900TR

(PerkinElmer Life and Analytical Sciences, Waltham, MA). Total protein content
of the lysate was determined using 20 ml/sample following the manufacturer’s
protocol for the Pierce BCA protein assay kit (Pierce Biotechnology, Rockford,
IL). Activity of NTCP and its contribution to the uptake of rosuvastatin was
determined using transport buffer II solution (1.2 mM CaCl2, 1.25 mM MgSO4,
4.7 mM KCl, 1.2 mM KH2PO4, 25 mM NaHCO3, 110 mM NaCl, 15 mM D-
glucose, and 20 mM HEPES, adjusted to pH 7.2 with 1 N NaOH solution),
sodium (Na+)-free transport buffer II (choline chloride and KHCO3 replacing
NaCl and NaHCO3; 1 N KOH solution used for pH adjustment), or transport
buffer I containing an excess concentration of taurocholate.

Data Analysis of Uptake Studies. Within one experiment, all incubations
were performed in triplicate (n = 3) using confluent cultures of cPHH and UHH
from the same seeding, respectively. Data are expressed as means6 S.D., unless
indicated otherwise. Intrinsic sinusoidal uptake activity was expressed either as
the uptake rate (Vapp; in picomoles per minute per milligram), defined as the
measured radioactivity associated with the cells (in disintegrations per minute per
well) normalized to incubation time and protein amount (in milligrams protein
per well), or as the apparent uptake clearance (CLapp; in microliters per minute per
milligram), which was calculated from the measured radioactivity normalized to
the incubation time and protein amount divided by the applied substrate
concentration in the incubation buffer (in disintegrations per minute per
microliter). The apparent passive diffusion (CLpassive) was derived from uptake
experiments conducted at 4�C, as described above, and subtracted from total
hepatic uptake (CLuptake) to determine transporter-mediated permeation processes
(CLactive). Radioactivity data were corrected for background radioactivity
attributed to nonspecific binding of substrate to culture plate surface and/or
Matrigel overlay. Background radioactivity was determined by control incuba-
tions at 37�C or 4�C simultaneously in hepatocyte-free Matrigel-containing wells.
Inhibition of carrier-mediated uptake was expressed as the percentage of control
incubations without inhibitor.

Concentration dependence of uptake processes was analyzed from experiments
conducted with eight concentrations by estimating kinetic parameters from the
Michaelis–Menten equation (eq. 1) using GraphPad Prism software (version 7.0;
GraphPad Software Inc., San Diego, CA):

v ¼ Vmax � S

Km þ S
ð1Þ

where v, S, Km and Vmax represent the maximum uptake rate of the substrate (in
picomoles per minute per milligram protein), the substrate concentration in the
buffer solution (in micromoles), the Michaelis constant (in micromoles) and the

TABLE 1

SRM/MRM Transitions of Peptides Probes for human OATP1B1 and OATP2B1

Protein Target Peptide Peptide Sequencea MW Residue Positionb Transmembrane Regionb
Peptide

References

Da
OATP1B1 OATP1B1_pep A LNTVGIAK / LNTVGI*AK 814.6 402-409 402-425 Sakamoto et al., 2011;

821.6 Uchida et al., 2011;
Schaefer et al., 2012;
Wegler et al., 2017

OATP1B1_pep B DQTANLTNQGK / DQTANLTNQGK* 1188.6 306-316 – This study
1196.6

OATP2B1 OATP2B1_pep A VLLQTLR/ VLLQTL*R 841.6 363-369 367-388 Sakamoto et al., 2011;
848.6 Uchida et al., 2011;

Schaefer et al., 2012;
Kunze et al., 2014

OATP2B1_pep B YYNNDLLR / YYNNDLLR* 1069.5 641-648 – Ji et al., 2012;
Peng et al., 2015; This study

1079.5

MW, molecular weight.
aLetters with an asterisk indicate SIL amino acid residues (13C and 15N).
bPosition (start-end amino acid) of selected peptide within the targeted protein according to the Uniprot database; www.uniprot.org/uniprot/Q9Y6l6 and www.uniprot.org/uniprot/Q94956
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maximum uptake rate (in picomoles per minute per milligram protein),
respectively.

Statistical Analysis. Comparison of uptake rates from incubations performed
under different conditions (e.g., in the presence or absence of an inhibitor), using
the same hepatic in vitro system, was analyzed using one-way analysis of variance
followed by Tukey’s multiple-comparisons test. A significant difference was
considered at P values , 0.05. To assess the correlation between quantified
protein amounts and hepatic uptake rates, a Pearson’s correlation test was
conducted. All statistical analyses and graphing were performed using GraphPad
Prism software (version 7.0).

Results

Culture Time-Dependent Expression and Activity of Hepatic
Drug Transporters. In terms of selecting appropriate conditions and
preculture times for subsequent comparative studies between UHH and
cPHH, we assessed the impact of culture duration on the expression of
sinusoidal transporters essentially by measuring functional uptake
activity. Cellular accumulation of rosuvastatin as an initial functional
marker of OATP1B1/1B3 and NTCP activity (Fig. 1A) was determined
at different times between day 0 (i.e., 4–6 hours after seeding the cells at
confluence in monolayer culture) and day 14 (long-term 2D sandwich
culture) and was supported by mRNA expression levels, concomitantly
monitored via qRT-PCR in UHH cultures (donor 151-03) from the same
seeding. The mRNA expression profiles of each transporter increased
after seeding and reached maximum levels between days 5 and 7.
Expression of each transporter decreased thereafter (an example of this is
shown for SLCO1B1; Fig. 1A). The bell-shaped expression profile of
SLCO1B1 correlated with the cultivation time-dependent uptake profile
of rosuvastatin (Fig. 1, A and B).

The linear uptake phase for all ensuing accumulation experiments was
assessed in uptake experiments conducted for 0.5, 1, 2, 5, 10, and/or
20 minutes. For rosuvastatin, a considerable active uptake component
into SCUHH was evident by comparing uptake rates from experiments
conducted at a low temperature (4�C, passive diffusion) and 37�C,
particularly at days 5, 7, and 10 (Fig. 1B). The carrier-mediated uptake
was linear up to 5 minutes, considering the uptake profiles of days 5 and
7 displaying maximum accumulation and the highest expression levels
(Fig. 1A; Table 2). Consequently, incubation times of 5 minutes were
used for all subsequent uptake experiments in SCUHH, centering the
evaluations on day 7 or 14 in the case of UHH from donor 653-03. Cells
from this particular donor required a longer cultivation period in
confluent sandwich culture for maximal uptake of rosuvastatin (data
not shown). For taurocholate andMPP+, a linear interval of active uptake
was determined up to 5 minutes (MPP+) and 10 minutes (taurocholate),
respectively. For the latter substrates, a more pronounced difference
between the active and passive component of overall transport was
observed, facilitating short incubation times of 1 minute (Supplemental
Fig. 3). Active uptake kinetics of rosuvastatin (Km and Vmax) was then
estimated applying the defined time of incubation to concentration-
dependent uptake experiments at 37�C and 4�C after 7 days in sandwich
culture (Fig. 1C). The Km value obtained from cultured UHH (6.10 6
1.49 mM) and the respective maximum initial uptake rate (27.0 6
2.70 pmol/min per milligram protein), were found within the range
reported by others for rosuvastatin, determined in hepatocytes and
transfected cell lines (Nezasa et al., 2003; Ho et al., 2006; Ménochet
et al., 2012), thereby supporting further investigation of this hepatic
cell model for transporter function under the predetermined assay
conditions.

Fig. 1. Culture time-dependent expression and functional uptake of rosuvastatin in plated UHH. (A) Total hepatic uptake CL of [3H] rosuvastatin (1 mM) was determined
in cultured UHH (donor 151-03) at different time points (4–6 hours; i.e., day 0 up to day 14). Each bar represents the mean 6 S.D. of three to six separate measurements
(n = 3–6) from one to two independent experiments. Expression of OATP1B1/SLCO1B1 was monitored by qRT-PCR using the same batches of cells. Levels of mRNA are
depicted relative to endogenous control b-actin as the mean6 S.D. (n = 6) of two individual experiments. Each sample for mRNA expression analysis represents a pool of at
least three wells per time point (n $ 3). Amplifications were performed in triplicate for each sample (n = 3). (B) Time profiles of [3H]rosuvastatin (1 mM) observed in
SCUHH at days 3, 5, 7, and 10. Filled and open circles represent intracellular accumulation determined at 37�C and 4�C, respectively, for 1, 2, 5, and 10 minutes. Each data
point is expressed as the mean 6 S.D. of three separate measurements from one batch of UHH (error bars are occasionally covered by the symbol). (C) Representative
Michaelis-Menten plot of [3H]rosuvastatin uptake at day 7 in SCUHH (donor 151-03). Uptake of [3H]rosuvastatin was measured at concentrations from 0.05 to 25 mM at 4�C
(dashed line; filled circles) and 37�C (solid line, filled circles), respectively; open circles represent carrier-mediated uptake. Uptake experiments were conducted for 5 minutes
with the solid line representing the fitted curve. Each point is expressed as the mean 6 S.D. of three separate determinations (n = 3). RSV, rosuvastatin.
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Findings from initial time-course experiments, conducted in two
separate UHH cultures from donor 151-03 (Fig. 1A), were confirmed by
subsequent studies focusing on day 0 and days 7 or 14, respectively. In
separate short-term monolayer cultures of three different UHH donors
[i.e., 4–6 hours after seeding the cells at confluence (day 0)], mRNA
expression levels as well as quantified peptides levels of transporter
proteins OATP1B1, OATP1B3, OATP2B1, NTCP, and OCT1 encoded
by SLCO1B1, SLCO1B3, SLCO2B1, SLC10A1, and SLC22A1, re-
spectively, were below the LOQboth at themRNA (Table 2) and protein
levels (Supplemental Table 5). Exceptions to this were OATP2B1 and
OCT1, which were partially detectable in short-term cultures of UHH
from two donors, albeit at very low levels. However, gene transcripts of
sinusoidal transporters could be determined in long-term 2D sandwich
cultures (Table 2), suggesting a postculture upregulation of genes
encoding for OATP, NTCP, and OCT. Although basal OATP1B1/
SLCO1B1 expression was measureable, yet at quantitatively different
levels comparing different batches from donor 151-03 (Fig. 1A;
Table 2), expression levels of OATP1B3/SLCO1B3 remained below
the LOQ for all long-term sandwich cultures evaluated, independent
from the batch or donor of UHH evaluated (Table 2). By contrast,
expression levels of canalicular efflux transporters were not substantially
different between short-term monolayer and long-term sandwich
cultures, at least in cells from two of the three donors evaluated. As
summarized in Table 2, expression of MDR1/ABCB1, MRP2/ABCC2,
breast cancer resistance protein (BCRP)/ABCG2, BSEP/ABCB11, and
SLC transportermultidrug and toxic extrusion 1 (MATE1)/SLC47A1 could
be readily quantified at the gene level for all UHH donors evaluated.
Comparison between Transporter mRNA and Protein Abun-

dance in 2D Sandwich Cultures of UHH and cPHH. Expression
levels determined in SCUHH were compared with those in cPHH from
different donors (Supplemental Table 1), which were cultured in the
samemanner and analyzed in parallel. RelativemRNA expression levels
for all sinusoidal SLC transporters were found to be lower in SCUHH
compared with those in SCHH (Fig. 2A), with a particularly marked
difference observed for SLCO1B3/OATP1B3 (levels below LOQ).
However, considerable basal mRNA expression was detected for
SLCO2B1/OATP2B1 and SLC10A1/NTCP, with interindividual levels
of 4.7%–24% and 1.6%–10% of those in SCHH, respectively (Fig. 2A).
Among the canalicular localized drug transporters of the ABC trans-
porter family, noticeably high expression was observed for ABCB1/
MDR1, exhibiting comparable levels of those found in the primary
hepatic model (Fig. 2B). Relative expression levels of all other efflux

transporters were lower to different extents in sandwich cultures of
different UHH donors compared with SCHH. Nevertheless, ABCC2/
MRP2 and SLC47A1/MATE1 mRNA transcripts were readily detected
and were present at levels to approximately one-third of that in SCHH.
Protein abundance of hepatic transporters was analyzed based on a

bottom-up quantitative targeted absolute proteomics approach from
digested plasma membrane fractions prepared from cultured cells from
the same donor and seeding as used for mRNA expression analysis. The
sample preparation method described herein was modified based on
optimized conditions reported previously (Masuda et al., 2008, 2009;
Uchida et al., 2013). MPEX-PTS reagents combined with ProteaseMax
and a tandem-combinatorial lysyl endopeptidase/trypsin digestion in-
creased tandem mass spectrometry signals and quantification values of
probe peptides, most likely due to enhanced membrane protein
solubilization, digestion efficiency, and peptide recovery. Intra-assay
variability and validity of the bioanalytical quantification method was
investigated in terms of linearity of calibration curves, precision, and
accuracy. For all target peptides analyzed, the correlation coefficients
(r2) were greater than 0.992 (Supplemental Table 4A). Inaccuracy was
found below 20% and imprecision values were not greater than 15.4%
based on the mean values of QC samples, derived from three to four
transitions (Supplemental Table 4, B and C), except for NTCP (inaccuracy
of 20.4% in the middle-amount QC sample). Representative SRM/MRM
chromatograms for standard and QC samples as well as for samples
derived from hepatic cell culture are provided in Supplemental Fig. 2. The
same proteomic methodology was applied to all samples derived from
independent cultures of three different UHH and cPHH donors, re-
spectively. Assuming that membrane purification, protein solubilization,
and digestion efficiency were similar for primary and geneticallymodified
upcyte hepatocyte samples, we compared quantified peptide levels as a
surrogate for the abundance of 10 drug transporters and two membrane
markers between the two hepatic in vitro systems evaluated.
In agreement with the mRNA expression data (Table 2), considerable

abundance of sinusoidal transporter proteins OATP2B1, OCT1, and
NTCP could be demonstrated in samples derived from sandwich
cultures (Table 3), whereas quantified levels of OATP1B1 and
OATP1B3 were found below the LOQ or were not detected, re-
spectively, in any of the UHH donors evaluated, applying the conditions
described herein. In contrast, OATP1B1 and OATP1B3 protein was
quantifiable in SCHH from three donors, with a mean of 11.0 6 7.6
fmol/mg membrane protein and 2.016 0.12 fmol/mg membrane protein
(Supplemental Table 6), respectively, based on the selected peptides

TABLE 2

Comparison of drug transporter mRNA expression between short-term cultures and 2D sandwich cultures of UHH

Data are expressed as mean 6 S.E.M. of three separate determinations (n = 3) in a single experiment. The average represents the mean 6 S.D. of the different donors (n = 3).

Protein

Donor 151-03 Donor 653-03 Donor 10-03 Average

Short-Term Culture SCUHH Short-Term Culture SCUHH Short-Term Culture SCUHH Short-Term Culture SCUHH

103-Fold b-actin
OATP1B1 ,LOQ 1.69 6 0.27 ,LOQ 1.11 6 0.10 ,LOQ 0.079 6 0.002 0.00 6 0.00 0.960 6 0.816
OATP1B3 ,LOQ ,LOQ ,LOQ ,LOQ ,LOQ ,LOQ 0.00 6 0.00 0.00 6 0.00
OATP2B1 ,LOQ 10.8 6 0.3 ,LOQ 4.60 6 0.51 0.723 6 0.026 3.31 6 0.31 0.241 6 0.417 6.24 6 4.00
OCT1 0.078 6 0.002 9.83 6 0.66 0.054 6 0.003 2.78 6 0.16 ,LOQ 1.57 6 0.14 0.044 6 0.040 4.73 6 4.46
NTCP ,LOQ 8.21 6 0.18 ,LOQ 3.76 6 0.12 ,LOQ 1.65 6 0.06 0.00 6 0.00 4.54 6 3.35
MDR1 43.4 6 2.2 52.0 6 0.4 1.17 6 0.08 24.5 6 2.7 40.8 6 2.9 43.2 6 1.2 28.5 6 23.7 39.9 6 14.0
MRP2 37.5 6 3.8 36.2 6 1.4 2.72 6 0.20 18.4 6 1.6 55.8 6 3.0 19.5 6 0.6 32.0 6 27.0 24.7 6 10.0
BCRP 0.594 6 0.078 0.273 6 0.033 0.855 6 0.052 0.704 6 0.075 0.255 6 0.029 0.104 6 0.002 0.568 6 0.301 0.360 6 0.309
BSEP 35.2 6 0.4 8.93 6 0.09 1.94 6 0.20 8.77 6 0.40 8.05 6 0.50 0.218 6 0.034 15.1 6 17.7 5.97 6 4.98
MATE1 3.76 6 0.63 6.90 6 0.45 0.161 6 0.017 5.65 6 0.13 5.93 6 0.30 4.19 6 0.68 3.28 6 2.91 5.58 6 1.36

Transcript levels of hepatic transporters were determined by qRT-PCR of total RNA preparations derived from plated cells, harvested 4–6 h after plating (short-term culture) or after sandwich
culture (SCUHH). Expression levels of mRNA are depicted relative to endogenous control b-actin with each sample representing a pool of three to four wells of cultured cells. Cycle-threshold
values $36 or undetermined template amplifications were defined as below the LOQ and set to zero for calculation of the average.
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(Table 1; Supplemental Table 3) and the chosen sample preparation
method. As depicted in Fig. 2C, representing the average of quantifi-
cation values derived from individual donors (Table 3), abundances of
uptake transporter proteins and the commonly used basolateral mem-
brane marker Na+/K+-ATPase were lower in SCUHH compared with
levels of SCHH. OATP1B1 levels were considerably reduced in
SCUHH and, unlike for SCHH (with levels ranging from 4.81 to 19.4
fmol/mg plasma membrane protein), no donor-related difference in
protein abundance was observed. Average quantification levels of
OATP2B1 and NTCP in SCUHH based on selected signature peptides
(0.98 and 1.64 fmol/mg plasma membrane protein, respectively) were
approximately one-fifth and one-third of the average amount quantified
in SCHH, respectively (Supplemental Table 6). Abundance of OCT1
protein was determined based on the surrogate peptide LSPSFADLFR,
in line with previous reports (Supplemental Table 3). Levels in SCUHH
were 32-fold lower compared with quantified values in SCHH (Fig. 2C;
.76.4 6 26.6 fmol/mg plasma membrane protein), reflecting well the
substantial difference observed at the gene level (Fig. 2A).
All five hepatocanalicularly expressed transporter proteins and the

canalicular marker enzyme g-GTPwere detectable in samples from both
hepatic systems. Quantified values for MDR1 derived from SCUHH
(10.36 5.6 fmol/mg plasma membrane protein) were in the same range
as levels from SCHH (8.286 2.97 fmol/mg plasma membrane protein).
Furthermore, this finding is consistent with gene expression data (Fig.
2B). As shown in Fig. 2D, average protein levels ofMPR2, breast cancer
resistance protein, BSEP, and MATE1 based on selected signature

peptides (Supplemental Table 3) were quantitatively lower but were
within 10-fold of the amounts measured in SCHH. Interindividual
protein levels of both hepatic models are summarized in Table 3.
Sinusoidal Drug Transporter Activities in Differentiated Cul-

tures of UHH. Carrier-mediated uptake activities of UHH from the
same three donors (151-03, 653-03, and 10-03) were assessed by
determining accumulation at 37�C (total uptake) and 4�C (passive
diffusion) of rosuvastatin, taurocholate, and MMP+ as typical substrates
for OATP1B1/1B3/2B1 (Ho et al., 2006; Kitamura et al., 2008), NTCP
(Trauner and Boyer, 2003), and OCT1 (Umehara et al., 2007),
respectively. Uptake of radiolabeled substrates was reproducibly
demonstrated in long-term sandwich cultures of UHH (Table 4). The
highest total uptake clearance (CLuptake) in SCUHH was measured
for MPP+, whereas a considerably low CLuptake was observed for
rosuvastatin. Furthermore, uptake rates were significantly higher at 37�C
than at 4�C (except for rosuvastatin in cells from donor 653-03),
indicating a substantial contribution of carrier-mediated transport to
overall uptake of reference drugs evaluated (Supplemental Fig. 4).
CLuptake of rosuvastatin, taurocholate, and MPP+ was lower in all
SCUHH compared with that in SCHH, the extent of which was donor
dependent (2.7- to 4.6-fold, 2.0- to 3.5-fold, and 1.2- to 2.7-fold,
respectively; Table 3). Nevertheless, percentages of transporter-
mediated uptake (CLactive) for each substrate were generally in line with
the extent of active contributions observed in SCHH. For rosuvastatin
and taurocholate, interindividual variation in CLuptake was similar
between both hepatic models, with a coefficient of variance (CV)

Fig. 2. Abundance of hepatic drug transporters in
long-term sandwich cultures of UHH and PHH.
(A–D) Transcript levels and abundance of sinusoi-
dal (A and C) and canalicular (B and D) hepatic
transporters were determined in SCUHH and
primary hepatocytes (SCHH), respectively, at day
7 or 14, representing culture days of maximum
transport activity determined in SCUHH by uptake
experiments with [3H]rosuvastatin at different
culture time points. Protein abundances (in femto-
moles per microgram plasma membrane protein),
based on selected probe peptides, were quantified
from digested plasma membrane extractions repre-
senting the mean 6 S.D. of individual levels
derived from three different cultures/donors of
SCUHH (n = 3) or SCHH (n = 3), respectively.
Average mRNA levels for each hepatic cell model
are expressed relative to endogenous control
b-actin as the mean 6 S.D. of four to nine (n =
4–9) independent studies. The LOQ (as described
in Materials and Methods) and upper limit of
quantification were used for calculation of the
average protein levels. In cases in which signature
peptides were not quantifiable by the quantitative
targeted absolute proteomics method described
herein, quantification values were set to zero
for calculations of the average; consequently,
OATP1B3 levels are not depicted in the logarith-
mic scaling of the graph. Accordingly, cycle-
threshold values $36 or undetermined template
amplifications were defined as below the LOQ and
set to zero for calculation of the average mRNA
expression levels. The solid lines represent confor-
mity and dashed lines are the 10-fold error range.
Values in brackets express percentages of mRNA
or protein amounts relative to those in SCHH,
respectively.
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between 28% and 34%; however, the variation for MPP+ was higher in
SCUHH (37% CV) than in SCHH (5.5% CV).
To differentiate further between Na+-dependent and OATP-mediated

uptake activity in SCUHH, uptake rates of CCK-8 and pravastatin (as

well as E217bG; data not shown) were determined in SCUHH (donor
151-03) and SCHH at day 7. Uptake rates of CCK-8 and pravastatin
were substantially lower in SCUHH comparedwith those in SCHH (Fig.
3). There was no statistical difference between incubations at 37�C and

TABLE 4

Comparison of Hepatic Uptake Activities between Long-term cultured UHH and PHH

PHH/UHH Lot CLuptake CLpassive
Transporter-

Mediated Uptake
CLuptake CLpassive

μml/min/mg protein % Average

Rosuvastatin Hu1601 11.1 ± 0.6 1.48 ± 0.41 87
371 19.2 ± 1.4 2.10 ± 0.54 89

HC3-31 20.1 ± 1.1 4.16 ± 0.46 79
16.8 ± 5.0 2.58 ± 1.4

151-03 6.26 ± 1.40a 0.868 ± 0.320a 86
653-03 3.65 ± 0.25b 1.82 ± 0.24b 50
10-03 4.37 ± 0.60 0.933 ± 0.130 79

4.76 ± 1.35 1.21 ± 0.53
Taurocholate Hu1601 34.0 ± 4.7 0.442 ± 0.133 99

371 49.2 ± 5.2 2.29 ± 1.34 95
HC3-31 24.9 ± 0.9 2.30 ± 0.35 91

36.0 ± 12.3 1.68 ± 1.07
151-03 11.7 ± 2.9a 1.02 ± 0.92a 94
653-03 10.3 ± 2.1b 2.95 ± 1.40b 71
10-03 18.1 ± 1.9 2.86 ± 0.51 84

13.4 ± 4.2 2.28 ± 1.09
MPP+ Hu1601 32.9 ± 1.4 1.70 ± 0.18 95

371 34.9 ± 2.6 0.131 ± 0.458 100
HC3-31 36.7 ± 2.1 0.305 ± 0.292 99

34.8 ± 1.9 0.713 ± 0.859
151-03 23.0 ± 5.9b 0.893 ± 0.794b 96
653-03 12.6 ± 3.4b 1.92 ± 1.12b 85
10-03 28.2 ± 4.0 0.175 ± 0.021 100

21.3 ± 7.9 1.00 ± 0.87

Uptake clearances (CLuptake) of rosuvastatin, taurocholate, and MPP+ were determined from transport studies conducted for up to
5 minutes at 37�C on day 7 or 14 (donor 653-03) in sandwich culture using three different donors of UHH and PHH, respectively. Passive
clearance (CLpassive) was appraised from control incubations performed at 4�C.

aData represent the mean 6 S.D. determined using all replicates of three to four independent experiments (n = 9–12).
bData represent the mean 6 S.D. determined using all replicates of two independent experiments (n = 6).

TABLE 3

Protein abundance of hepatic drug transporters in sandwich cultures of UHH and PHH

Concentrations based on selected signature peptides are given as total amount of plasma membrane protein (femtomoles per microgram plasma membrane protein)
and are expressed as the mean 6 S.E.M. of triplicates or quadruplicates (n = 3–4 MRM transitions) of a single experiment.

Protein
SCUHH SCHH

Donor 151-03 Donor 653-03 Donor 10-03 Donor Hu1601 Donor HC3-31 Donor 371

fmol/mg

OATP1B1 ,LOQ (0.338) 0.376 6 0.063 ,LOQ (0.338) 4.81 6 0.25 19.4 6 1.08 8.73 6 0.74
OATP1B3 NQ NQ NQ 1.96 6 0.73 1.93 6 0.48 2.15 6 0.49
OATP2B1 1.29 6 0.13 0.849 6 0.064 0.802 6 0.133 4.51 6 0.30 4.18 6 0.34 4.70 6 0.64
OCT1 1.79 6 0.53 3.20 6 0.47 2.28 6 0.26 .ULQ (100) 81.7 6 16.5 47.7 6 10.6
NTCP 1.95 6 0.82 1.19 6 0.18 1.79 6 0.47 5.11 6 0.41 4.00 6 0.60 4.12 6 0.79
MDR1 7.28 6 0.95 6.83 6 0.71 16.8 6 4.4 7.70 6 0.87 11.5 6 0.7 5.65 6 0.59
MRP2 4.00 6 0.21 1.43 6 0.12 1.96 6 0.08 19.7 6 2.94 5.19 6 0.28 3.67 6 0.31
BCRP 1.63 6 1.06 1.78 6 0.40 1.81 6 0.60 1.74 6 0.37 3.02 6 0.85 2.21 6 0.53
BSEP ,LOQ (0.467) 0.570 6 0.036 0.523 6 0.049 3.22 6 0.82 2.47 6 0.14 3.15 6 0.14
MATE1 ,LOQ (0.334) 0.352 6 0.066 ,LOQ (0.334) 0.525 6 0.138 0.614 6 0.045 0.566 6 0.078
Na/K-ATPase 6.45 6 0.54 24.5 6 1.8 22.7 6 1.4 33.2 6 3.52 23.6 6 3.44 22.7 6 1.68
g-GTP 12.2 6 2.3 15.9 6 2.4 15.5 6 0.6 42.8 6 2.6 21.5 6 0.7 32.2 6 4.3

Abundance of surrogate peptides for canalicular and sinusoidal transporter proteins was quantified from digested plasma membrane extractions derived from
sandwich-cultured upcyte and primary hepatocytes (SCUHH and SCHH), respectively. In cases in which concentrations were found below 1 fmol/mg protein and the
corresponding peak area of detected signals of at least two MRM transitions was below 5000 counts, the LOQ was defined as described by Uchida et al. (2011). In brief,
the protein level of a signature peptide equivalent to a peak area of 5000 counts was calculated based on the linear regression equations obtained from calibrations
curves (determination coefficient r2 . 0.99; Supplemental Table 4). If signal peaks were not detectable for two or more MRM transitions of a signature peptide, the
corresponding transporter protein was defined as not quantifiable and was considered not to be present in the corresponding UHH culture, applying the quantitative
targeted absolute proteomics method described herein. LOQ and ULQ values were as follows: LOQMATE1 = 0.334 fmol/mg plasma membrane protein; LOQOATP1B1 =
0.338 fmol/mg plasma membrane protein; LOQBSEP = 0.467 fmol/mg plasma membrane protein; and ULQOCT1 = 100 fmol/mg plasma membrane protein. NQ, not
quantifiable; ULQ, upper limit of quantification.
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4�C, nor was the uptake inhibited by RIF SV, indicating a lack of carrier-
mediated contributions to the overall uptake of these reference substrates
in SCUHH. In contrast, uptake of rosuvastatin (Fig. 3A) was sub-
stantially decreased to 28% of the control accumulation rate by RIF SV
in SCUHH. In addition, RIF SV inhibited OATP-mediated uptake of
rosuvastatin, CCK-8, and pravastatin by 64%6 1.6%, 92%6 2.2%, and
61% 6 6.2% in SCHH, respectively (Fig. 3). In both hepatic culture
models, differences in uptake rates of rosuvastatin and pravastatin
observed between 4�C and 37�C incubations containing RIF SV (1.6- to
2.1-fold and 1.1- to 2.3-fold, respectively) might be a result of altered
fluidity of the plasma membrane at low temperature, restricting passive
diffusion (Kimoto et al., 2011). Incomplete inhibition of active processes
(Webborn et al., 2007) under the experimental conditions applied herein
might also explain this finding. Interestingly, cellular accumulation of
CCK-8 was higher at 4�C compared with incubations at 37�C with RIF
SV. We speculate that RIV SV displaced CCK-8 from its temperature-
dependent binding to cells or other proteins present in the incubation
matrix, potentially leading to reduced accumulation rates observed.
However, the estimated contribution of passive diffusion to total uptake
of CCK-8 (21%; based on substrate accumulation determined at 4�C and
depicted for SCHH in Fig. 3) was found in line with reported values
(28.6%; Kunze et al., 2014).
NTCP-Mediated Uptake of Rosuvastatin in UHH. Since

OATP1B3 and OATP1B1 at the mRNA and protein levels were not
detected or only at very low levels in SCUHH using our methods,
respectively (Tables 2 and 3), we investigated whether quantified
peptide levels, considered as a surrogate for NTCP and OATP2B1
protein abundance in the corresponding in vitro system, could be
associated with the active uptake of rosuvastatin in SCUHH from three
different donors. Indeed, our data (Fig. 4A) indicated that NTCP and/or
OATP2B1, rather than OATP1B1 protein abundance correlate with the
active uptake of rosuvastatin in SCUHH.
In a separate study using different batches of cells (i.e., different

seeding, which was not used for mRNA or quantitative proteomics
analysis), the sodium (Na+)-dependent uptake of rosuvastatin and
taurocholate into SCHH and SCUHH under conditions of depleted
extracellular Na+ or in excess concentrations of taurocholate was
investigated. Although uptake clearance of taurocholate (7.78 6 1.55
ml/min per milligram total protein) determined under control conditions
(37�C, Na+-containing buffer) was comparable to previous experiments
(Table 4), uptake of rosuvastatin (2.466 0.25ml/min per milligram total

protein) was notably reduced in this particular batch of SCUHH. In
SCHH, uptake clearance of both substrates (18.56 3.1 and 16.16 2.3
ml/min per milligram total protein for taurocholate and rosuvastatin,
respectively) were well in line with previous results (Table 4). In the
absence of extracellular Na+, hepatic uptake of taurocholate was
substantially decreased by 74% in both hepatic models (Fig. 4B),
whereas the uptake of rosuvastatin uptake was only reduced by 27% in
SCHH (Fig. 4C). By contrast, Na+-depletion caused a 46% decrease of
rosuvastatin uptake in SCUHH, suggesting a higher contribution of
NTCP to the total hepatic uptake of this substrate in SCUHH compared
with SCHH. In the presence of Na+, an excess of unlabeled taurocholate
significantly inhibited the uptake of radiolabeled taurocholate
(Fig. 4B) in SCHH (95% inhibition) as well as in SCUHH (85%
inhibition). A marked inhibition was also observed in the hepatic
uptake of rosuvastatin (Fig. 4C), yet to a higher extent in SCHH (74%)
than in SCUHH (55%).

Discussion

Previously, UHH have been characterized regarding their hepatic
phenotype andmetabolic capabilities (Schaefer et al., 2016; Tolosa et al.,
2016). However, sinusoidal and canalicular transport properties, as key
attributes of differentiated hepatocytes, have not yet been described for
UHH.
Results presented herein indicate that sinusoidal membrane trans-

porters were poorly expressed or even undetectable (Table 2) in short-
term cultures of UHH, in contrast with cPHH cultured for 4–6 hours
(data not shown; Kotani et al., 2011). Pursuant to this, uptake activities
of OATP1B1/1B3/2B1, NTCP, and OCT1 in short-term cultures of
UHH were shown to be considerably lower compared with cPHH
(unpublished data), according to cellular accumulation studies with
reference substrates rosuvastatin (Fig. 1, day 0), taurocholic acid, and
MPP+ (data not shown). This finding is in agreement with data from
others, who showed that cPHHmaintain functional expression of uptake
transporters at transporter- and/or lot-specific levels (Jigorel et al., 2005;
Kotani et al., 2011; Kimoto et al., 2012). In addition to cryopreservation,
which generally impacts uptake activity (Badolo et al., 2011), UHH
additionally pass several subculture steps involving proteolytic dissoci-
ation prior to seeding at high cell density. This procedure likely
contributes to the loss of functional cell surface proteins (Huang et al.,
2010), which presumably impedes the use of suspended or short-term

Fig. 3. Transport activities of sinusoidal uptake transporters in SCUHH. Inhibitory effect of RIF SV on OATP1B1/1B3- and NTCP-mediated uptake of (A) [3H]rosuvastatin, (B)
[3H]CCK-8, and (C) [3H]pravastatin in SCUHH (donor 151-03), compared with PHH (SCHH, donor HC3-31) at culture day 7. Uptake of reference substrates was measured at
37�C (control condition) for up to 5 minutes in the presence or absence of 100 mM RIF SV and, in parallel at 4�C, respectively. Each value represents the mean 6 S.D. of
three to six (n = 3–6) separate determinations from one to two independent studies (data for [3H]rosuvastatin in donor HC3-31 from one experiment are depicted in Table 4
and are used herein to calculate the mean over altogether two independent studies). Statistical significance between each incubation condition and the control as well as
between incubations at 4�C and incubations in the presence of RIF SV was determined for each hepatic in vitro system by one-way analysis of variance followed by Tukey’s
post hoc test (*P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001). PRV, pravastatin; RSV, rosuvastatin; CCK-8, cholecystokinin-8.
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(i.e., 4–6 hour) cultured UHH for uptake studies. However, according to
our findings, UHH in a 2D collagen/Matrigel sandwich configuration
(SCUHH) recover from trypsinization, are able to restore membrane
proteins, and exhibit considerable expression of OATP1B1, OATP2B1,
NTCP, and OCT1 after 5–7 days. This culture time-dependent increase
in expression, notably the lack of functional uptake in short-term
cultures, might also be attributed to the proliferation-inducing cytokine
OSM. It has been shown that OSM, similarly to interleukin-6, adversely
affects expression of sinusoidal SLC-transport proteins (Le Vee et al.,
2011). Thus, the progressing uptake activity in sandwich culture may be
linked to OSMwithdrawal and consequently to an induced growth arrest
and differentiation into mature hepatocyte-like cells with reported
functional polarization (Levy et al., 2015). This hypothesis justifies
the necessity of preculture periods at confluence prior to end-point
measurements and is in line with previous results on cultivation time-
dependent functionality of P450s in SCUHH (Schaefer et al., 2016).
Therefore, investigations were performed after 7 or 14 days (donor 653-
03) in sandwich culture.
The expression of canalicular efflux pumps seemed to be preserved in

SCUHH based on qRT-PCR and peptide-based LC coupled to tandem
mass spectrometry analysis. MDR1/ABCB1, MATE1/SLC47A1, and
MRP2/ABCC2 were notably expressed at donor-dependent levels
(Fig. 2, B and D; Table 3), corresponding to a generally more stable
expression of hepatic efflux transporters, as previously reported for
PHH, HepaRG cells, and HuH-7 cells (Yang et al., 2012; Le Vee et al.,
2013; Jouan et al., 2016). Although expression of sinusoidal uptake
transporters was considerably higher than that reported for hepatoma cell
line HuH-7 or HepG2 cells (Guo et al., 2011; Jouan et al., 2016), mRNA
levels and quantified amounts of selected peptides were remarkably
reduced in SCUHH compared with SCHH (Fig. 2, A and C). The most
pronounced differences were observed for OATP1B1, and particularly
for OATP1B3, coinciding with findings reported for differentiated
HepaRG cells (mRNA levels were 7.0% and 0.6% of those in cPHH,
respectively; Le Vee et al., 2013). Similar to OATP1B3 in HepaRG cells
(Kotani et al., 2012), OATP1B3 mRNA and protein, based on the
selected peptide, was virtually undetectable in SCUHH compared with
SCHH at all time points evaluated. In addition, quantified OCT1 peptide
levels, as well as transcript levels, were profoundly lower in SCUHH,
contradicting the active uptake of MPP+ demonstrated in SCUHH.
Lacking evidence of analytical/experimental effects, the OCT1
expression-activity discrepancy remains to be further investigated.

Variability of reported mass spectrometry–based protein quantifica-
tion values, likely biased by differentmethodological procedures applied
and/or signature peptides selected, (Balogh et al., 2012; Badée et al.,
2015; Peng et al., 2015; Harwood et al., 2016; Wegler et al., 2017),
hampers direct comparison of absolute protein abundances among
different laboratories. Considering this general limitation, quantified
peptide levels in SCHH,measured under the chosen conditions, were yet
within the range of published abundances, albeit OCT1 levels were
found above reported values (Supplemental Table 6; Schaefer et al.,
2012; Vildhede et al., 2015). Based on reported beneficial effects on
solubilizing and digesting hydrophobic proteins by use of MPEX-PTS
reagents and application of a tandem-combinational in-solution protocol
(Masuda et al., 2008, 2009; Uchida et al., 2013), we assume that
observed discrepancies are rather linked to our sample preparation
method than to biologic variability. In this context, quantitative protein
values determined herein as supportive data, together with mRNA
levels, were intended to underpin differences observed in active uptake
between the two hepatic models evaluated.
On a functional level, we primarily used rosuvastatin to assess overall

OATP- and NTCP-mediated uptake properties of SCUHH and SCHH,
as suggested by Ménochet et al. (2012). Uptake of rosuvastatin was
saturable (Fig. 1) and was found appropriate to display interindividual
variations observed at the gene and protein levels. However, unlike the
considerably different OATP1B1 abundances in SCHH (Table 3;
Kimoto et al., 2012), OATP1B1/SLCO1B1 expression showed no
substantial interindividual variation in SCUHH, indicating that differ-
ences in CLuptake observed between UHH donors could not be
contributed solely to OATP1B1 activity. Given that rosuvastatin is a
substrate of all three OATP isoforms as well as NTCP (Ho et al., 2006;
Bi et al., 2013), we attributed interindividual variations observed in the
hepatic uptake of rosuvastatin by SCUHH to NTCP and/or OATP2B1.
Indeed, besides the profound impact of the genetic variants
SLCO1B1*1B/*5/*15 on rosuvastatin pharmacokinetics (Giacomini
et al., 2010; Yoshida et al., 2013; Patel et al., 2016), it has been shown
that the NTCP*2 variant affects cellular accumulation of rosuvastatin
compared with the NTCP wild type (Choi et al., 2011). To support our
assumption, and lacking information on the polymorphic forms of SLCO
genes present in UHH donors evaluated, we first showed that
rosuvastatin uptake was significantly inhibited by RIF SV (Fig. 3), a
potent inhibitor of OATPs, but also of NTCP (Bi et al., 2013). By
selecting additional OATP reference substrates without a known

Fig. 4. Contribution of NTCP to total uptake of rosuvastatin. (A) Correlation analysis between carrier-mediated uptake of [3H]rosuvastatin and corresponding peptide levels
as surrogate for OATP1B1 (crosses), OATP2B1 (squares), and NTCP (triangles) abundance determined in the same batches of sandwich-cultured UHH from three different
donors, respectively. Significant correlation was not observed (Pearson correlation coefficients r = 0.847 and P = 0.357 for OATP2B1 and r = 0.930 and P = 0.240 for NTCP,
compared with r =20.452 and P = 0.702 for OATP1B1). (B and C) In a separate study, sodium Na+-dependent uptake of [3H]taurocholate (B) and [3H]rosuvastatin (C) was
determined at 37�C in Na+-containing buffer (control condition), under Na+-depletion and in the presence or absence of an excess concentration of taurocholate (1 mM) in
SCUHH (donor 151-03) and SCHH (donor HC3-31) at day 7, respectively. Data points represent individual uptake rates from three to six separate determinations (n = 3–6)
per hepatic model, each plotted as the mean6 S.D. Statistical significance between each incubation condition and the control was determined for each hepatic in vitro system
by one-way analysis of variance followed by Tukey’s post hoc test (*P , 0.05; ***P , 0.001; ****P , 0.0001). RSV, rosuvastatin; TC, taurocholate.
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profound contribution of OATP2B1 or NTCP, i.e. CCK-8
(OATP1B3/1B1; Ishiguro et al., 2006), pravastatin (OATP1B1;
Hagenbuch and Gui, 2008), and E217bG (mainly OATP1B1; Hirano
et al., 2004), we could link reduced OATP1B1/1B3 activity in SCUHH
to markedly poor expression observed for the respective genes. This
observation may also relate to SLCO1B1/1B3 genetic mutations, as
discussed for HepaRG cells (Kotani et al., 2012). In contrast with the
lack of correlation between OATP1B1/1B3 protein abundance and
active uptake of rosuvastatin (CLactive) in SCUHH, a considerable
quantitative protein expression-activity relationship was observed for
NTCP-mediated uptake of taurocholate. The CLactive of taurocholate
was clearly attributed to NTCP in both hepatic models (Fig. 4B), to a
similar extent as that reported by Bi et al. (2013), confirming functional
expression of NTCP in SCUHH. However, as hypothesized, the
contribution of NTCP to Na+-dependent uptake of rosuvastatin was
found to be higher in SCUHH (46%–55%), compared with our own
(27%) and reported (28%–35%) data for SCHH (Fig. 4; Ho et al., 2006;
Kitamura et al., 2008; Elsby et al., 2012; Bi et al., 2013). Furthermore,
given that taurocholate is also a substrate of several OATPs (Kullak-
Ublick et al., 2001; Takikawa, 2002), we assumed that the excess of
taurocholate also inhibited OATP-associated CLactive of rosuvastatin in
SCHH (74% inhibition). By contrast, and potentially attributed to the lack
of OATP1B1/1B3 expression and activity in SCUHH, taurocholate failed
to increase the inhibitory effect associated with Na+-depletion. Apart
fromNTCP, abundance of OATP2B1was evident in SCUHHmembrane
fractions. Thus, along with the overlapping substrate specificity of OATP
isoforms (Kitamura et al., 2008), it appears reasonable to assume
profound contribution of OATP2B1, in addition to NTCP, to the active
uptake of rosuvastatin in SCUHH. Based on our results, we speculate that
both SLC transporters are able to compensate, at least to some extent, for
low levels or absence of OATP1B1/1B3 activity in the uptake of
xenobiotics with overlapping OATP/NTCP specificity, as discussed
previously (Bi et al., 2013). Future, more comprehensive studies
including additional reference drugs with diverse substrate specificity
of NTCP and OATPs are required to strengthen this hypothesis.
In our efforts to evaluate the utility of SCUHH as an in vitro tool to

assess hepatic uptake-mediated clearance processes, the benchmark of
SCHH, particularly regarding OATP1B1/1B3, was not met. Despite this
limitation, SCUHH maintain expression of several canalicular efflux
pumps and SLC uptake transporters at relevant levels. In addition,
preliminary results (Supplemental Fig. 5) indicated that expression of
SLCO1B1/1B3 and SLCO2B1 in SCUHHcan bemodulated by change of
culture medium, which may be related to the presence of dexamethasone
and/or other activators of nuclear receptors (e.g., pregnane X receptor or
farnesoid X receptor) and subsequently suggest the possibility to
upregulate OATP expression in SCUHH (Jigorel et al., 2006; Stieger
and Hagenbuch, 2014). To what extent remains to be investigated.
Applying the culture conditions described herein, SCUHH demon-

strated NTCP-, OATP2B1-, and OCT1-mediated uptake and thus might
be considered as a useful tool to elucidate compensatory and/or
additional uptake pathways for OATP1B1/1B3 substrates.
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Supplemental Table 1. Demographics of Primary Human Hepatocytes  

No. Donor Supplier Race Age Sex 
Seeding Density  

x106 viable cells/well 

1 Hu16011 1 C 55 Male 0.375 

2 3712 2 C 36 Female 0.40 

3 HC3-313 3 C 42 Female 0.40 

4 HC3-263 3 C 43 Female 0.40 

C: Caucasian; 1) LifeTechnologies GmbH (Darmstadt, Germany); 2) Corning/BD Gentest (Bedford, MA, USA); 
3) Tebu-Bio GmbH (Offenbach, Germany; XenoTech, Lenexa, KS, USA) 

 

 

Supplemental Table 2. Inventoried TaqMan® Gene Expression Assays for Quantitative 

RT-PCR (Thermo Fisher Scientific/AB, Darmstadt, Germany) 

 

Gene 

Symbol 

Gene 

Aliases 
Assay ID Gene Name 

ACTB  Hs99999903_m1 Actin beta 

SLCO1B1 OATP1B1 Hs00272374_m1 Solute carrier organic anion transporter family member 1B1 

SLCO1B3 OATP1B3 Hs00251986_m1 Solute carrier organic anion transporter family member 1B3 

SLCO2B1 OATP2B1 Hs01030343_m1 Solute carrier organic anion transporter family member 2B1 

SLC22A1 OCT1 Hs00427552_m1 Solute carrier family 22 member 1 

SLC10A1 NTCP Hs00161820_m1 Solute carrier family 10 member 1 

SLC47A1 MATE1 Hs00217320_m1 Solute carrier family 47 member 1 

ABCB1 MDR1 Hs00184500_m1 ATP binding cassette subfamily B member 1 

ABCG2 BCRP Hs01053796_m1 ATP binding cassette subfamily G member 2 

ABCC2 MRP2 Hs00166123_m1 ATP binding cassette subfamily C member 2 

ABCB11 BSEP Hs00184824_m1 ATP binding cassette subfamily B member 11 
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Supplemental Table 3. Primary Sequences of Peptides and MRM Transitions for Liquid Chromatography/Tandem Mass Spectrometry  

    SRM/MRM transition (Q1/Q3)   

Protein Peptide sequence Study/Ref. 
MW 
(Da) 

Parent Ion 
(m/z), z=2 

Product Ions 
(m/z), z=1  

CE   
(V) 

DP 
(V) 

Q1 Q3-1 Q3-2 Q3-3 Q3-4   

OATP1B1 
DQTANLTNQGK 

DQTANLTNQGK* 
9, 10 

1188.6 

1196.6 

595.3 

599.3 

547.3 

555.3 

774.4 

782.4 

946.5 

954.5 

332.2 

340.2 

29Q3-1 

81 
25Q3-2 

23Q3-3 

39Q3-4 

OATP2B1 
YYNNDLLR 

YYNNDLLR* 
7-10 

1069.5 

1079.5 

535.8 

540.8 

744.4 

754.4 

299.1 

299.1 

136.1 

136.1 

327.1 

327.1 

24.7Q3-1 

80 
24.7Q3-2 

24.7Q3-3 

24.7Q3-4 

OATP1B3 
IYNSVFFGR 

IYNSVFF*GR 
1-6, 10 

1101.6 

1111.6 

551.8 

556.8 

526.3 

536.3 

826.4 

836.4 

712.4 

722.4 

989.5 

999.5 

25Q3-1 

80 
25Q3-2 

25Q3-3 

25Q3-4 

OCT1 
LSPSFADLFR 

LSPSFADL*FR 
1-6, 10 

1151.6 

1158.6 

576.8 

580.3 

476.7 

480.2 

768.4 

775.4 

855.4 

862.4 

201.1 

201.1 

25Q3-1 

60 
30Q3-2 

30Q3-3 

30Q3-4 

NTCP 
GIYDGDLK 

GIYDGDL*K 
1-6, 10 

 879.4 

 886.4 

440.7 

444.2 

710.3 

717.3 

260.2 

267.2 

547.3 

554.3 

432.3 

439.3 

19Q3-1 

61 
29Q3-2 

22Q3-3 

24Q3-4 

MDR1 
FYDPLAGK 

FYDPLA*GK 
1, 10, 11 

 909.4 

 913.4 

455.7 

457.7 

763.4 

767.4 

600.3 

604.3 

485.3 

489.3 

275.2 

279.2 

25Q3-1 

70 
20Q3-2 

25Q3-3 

35Q3-4 

MRP2 
QLLNNILR 

QLLNNIL*R 
1-4, 10 

 982.6 

 989.6 

492.3 

495.8 

742.5 

749.5 

629.4 

636.4 

515.3 

522.3 

242.2 

242.2 

25Q3-1 

56 
25Q3-2 

25Q3-3 

25Q3-4 
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Supplemental Table 3. Primary Sequences of Peptides and MRM Transitions for Liquid Chromatography/Tandem Mass Spectrometry  

    SRM/MRM transition (Q1/Q3)   

Protein Peptide sequence Study/Ref. 
MW 
(Da) 

Parent Ion 
(m/z), z=2 

Product Ions 
(m/z), z=1  

CE   
(V) 

DP 
(V) 

Q1 Q3-1 Q3-2 Q3-3 Q3-4   

BCRP 
ENLQFSAALR 

ENLQFSAAL*R 
1, 10 

1147.6 

1154.6 

574.8 

578.3 

792.4 

799.4 

664.4 

671.4 

517.3 

524.3 

244.1 

244.1 

30Q3-1 

70 
30Q3-2 

30Q3-3 

30Q3-4 

BSEP# 
STALQLIQR 

STALQL*IQR 
2-4, 10 

1028.6 

1035.6 

515.3 

518.8 

529.3 

536.3 

657.4 

664.4 

841.5 

848.5 

770.5 

777.5 

27Q3-1 

51 
23Q3-2 

23Q3-3 

23Q3-4 

MATE1# 
GGPEATLEVR 

GGPEATLEV*R 
2-4, 6, 10 

1027.5 

1033.5 

514.8 

517.8 

457.8 

460.8 

617.4 

623.4 

688.4 

694.4 

817.4 

823.4 

21Q3-1 

60 
26Q3-2 

26Q3-3 

30Q3-4 

K+/Na+-ATPase 

AAVPDAVGK 

AAVPDAV*GK 1-4, 10 
 826.4 

 832.4 

414.2 

417.2 

685.4 

691.4 

586.3 

592.3 

489.3 

495.3 

374.2 

380.2 

17Q3-1 

50 
17Q3-2 

27Q3-3 

 27Q3-4 

γ-GTP 
LFQPSIQLAR 

LFQPSIQL*AR 
1-4, 10 

1171.6 

1178.6 

586.8 

590.3 

784.5 

791.5 

912.5 

919.5 

687.4 

694.4 

389.2 

389.2 

25Q3-1 

56 
27Q3-2 

37Q3-3 

25Q3-4 

CE = collision energy; DP = declustering potential; MW = Molecular weight;  #) MRM conditions based on Uchida et al., 2011 

1) Sakamoto et al., 2011; 2) Uchida et al., 2011; 3) Ohtsuki et al., 2012; 4) Schaefer et al., 2012; 5) Kunze et al., 2014; 6) Wegler et al., 2017; 7) Ji et al., 2012;  
8) Peng et al., 2015; 9) Proteomedix Frontiers Inc./Tohoku University (unpublished data); 10) present study 

Stable isotope labeled peptides are used as internal standards, amino acid residues labeled with stable isotope (13C and 15N) are marked with an asterisk. 
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Supplemental Table 4A: Linearity of Calibration Curves  

 Linear Regression 

Protein MRM r2 slope intercept 

OATP1B12 

Q1/Q3-1 0.998 0.868 0.00545 

Q1/Q3-2 0.997 0.951 -0.01307 

Q1/Q3-3 0.999 0.844 0.00341 

Q1/Q3-4 0.998 0.882 -0.00269 

OATP1B32 

Q1/Q3-1 0.998 0.773 -0.03049 

Q1/Q3-2 0.998 0.524 -0.01734 

Q1/Q3-3 0.996 0.595 -0.02011 

Q1/Q3-4 0.998 0.618 -0.01905 

OATP2B12 

Q1/Q3-1 0.998 0.761 -0.02732 

Q1/Q3-2 0.997 0.661 -0.01561 

Q1/Q3-3 0.997 0.767 -0.01743 

Q1/Q3-4 0.995 0.943 -0.03307 

NTCP2 

Q1/Q3-1 0.995 1.456 -0.03831 

Q1/Q3-2 0.994 1.163 0.00631 

Q1/Q3-3 0.997 1.121 -0.00721 

Q1/Q3-4 0.997 1.109 -0.00561 

OCT11 

Q1/Q3-1 0.995 0.763 -0.03519 

Q1/Q3-2 0.999 0.743 -0.03625 

Q1/Q3-3 0.999 0.743 -0.03668 

Q1/Q3-4 0.995 0.573 -0.01624 

MATE11 

Q1/Q3-1 0.995 0.985 -0.00504 

Q1/Q3-2 0.996 0.904 -0.00378 

Q1/Q3-3 0.996 1.057 -0.01066 

Q1/Q3-4 0.997 1.029 -0.02031 

BCRP2 

Q1/Q3-1 0.998 0.908 -0.03373 

Q1/Q3-2 0.994 0.678 -0.02221 

Q1/Q3-3 0.997 0.738 -0.01871 

Q1/Q3-4 0.996 0.636 -0.02702 

BSEP1 

Q1/Q3-1 0.995 0.887 -0.02113 

Q1/Q3-2 0.997 0.873 -0.02134 

Q1/Q3-3 0.993 0.946 -0.01896 

Q1/Q3-4 0.994 0.884 -0.01981 

MDR12 

Q1/Q3-1 0.996 0.424 -0.01438 

Q1/Q3-2 0.994 0.550 -0.01650 

Q1/Q3-3 0.996 0.795 -0.02862 

Q1/Q3-4 0.994 0.842 -0.02621 

MRP21 

Q1/Q3-1 0.997 0.869 -0.02792 

Q1/Q3-2 0.995 1.00 -0.02922 

Q1/Q3-3 0.993 1.17 -0.04649 

Q1/Q3-4 0.997 0.822 -0.01967 

Na+/K+-

ATPase1 

Q1/Q3-1 0.998 0.822 0.00118 

Q1/Q3-2 0.999 0.956 0.00817 

Q1/Q3-3 0.997 0.879 0.01523 

Q1/Q3-4 0.999 0.884 0.02997 

-GTP1 

Q1/Q3-1 0.997 0.684 -0.02785 

Q1/Q3-3 0.994 0.594 -0.02085 

Q1/Q3-4 0.992 0.640 -0.02099 
 

1) L-Column2 ODS, CERI, Tokyo, Japan; 2) ACQUITY UPLC M-Class HSS T3, Waters, Milford, MA, USA 

 



DMD # 78238 
 

6 

 

Supplemental Table 4B: Intra-Assay Accuracy and Precision 

  LQC MQC HQC 

Protein MRM 
Mean 

conc.# 

Accuracy

% 

Mean  ± 

SD 

(fmol/µg) 

Im-

precision 

(%) 

In-

accuracy 

(%) 

Mean 

conc.# 

Accuracy 

(%) 

Mean ± 

SD 

(fmol/µg) 

Im-

precision 

(%) 

In-

accuracy 

(%) 

Mean 

conc.# 

Accuracy 

(%) 

Mean ± 

SD 

(fmol/µg) 

Im-

precision 

(%) 

In-

accuracy 

(%) 

OATP1B12 

Q1/Q3-1 2.56 102 

2.48 ± 0.20 8.0 -0.8 

14.4 96.0 

14.9 ± 0.7 4.5 -0.8 

58.5 97.5 

60.4 ± 2.2 3.6 0.7 
Q1/Q3-2 2.50 100 15.5 104 59.5 99.2 

Q1/Q3-3 2.20 87.9 15.4 103 60.1 100 

 Q1/Q3-4 2.66 106 14.2 94.4 63.5 106 

OATP1B32 

Q1/Q3-1 2.27 91.0 

2.39 ± 0.17 6.9 -4.6 

12.4 83.6 

14.5 ± 1.8 12.1 -3.7 

55.5 92.4 

65.1 ± 8.4 12.8 8.6 
Q1/Q3-2 2.63 105 16.1 105 106 176* 

Q1/Q3-3 2.31 92.2 15.7 104 69.7 116 

Q1/Q3-4 2.33 93.4 13.6 90.5 70.2 117 

OATP2B12 

Q1/Q3-1 2.28 91.0 

2.32 ± 0.22 9.6 -7.3 

13.9 92.4 

13.2 ± 1.4 10.4 -11.8 

57.5 95.8 

59.2 ± 8.9 15.1 -1.3 
Q1/Q3-2 2.64 105 14.8 98.6 63.4 86.0 

Q1/Q3-3 2.15 86.0 12.4 82.3 68.4 114 

Q1/Q3-4 2.20 87.8 11.8 78.7 47.6 79.3 

NTCP2 

Q1/Q3-1 1.87 74.6 

2.12 ± 0.18 8.3 -15.1 

10.8 71.7 

14.7 ± 3.0 20.4 -1.8 

58.4 97.3 

64.8 ± 5.0 7.7 7.9 
Q1/Q3-2 2.19 87.6 14.5 96.9 70.5 117 

Q1/Q3-3 2.28 91.3 15.6 104 66.0 110 

Q1/Q3-4 2.15 86.0 18.0 97.7 64.1 107 

OCT11 

Q1/Q3-1 2.51 100 

2.78 ± 0.27 9.9 11.0 

14.0 93.6 

15.3 ± 2.3 14.7 1.8 

58.8 98.0 

63.8 ± 5.8 9.2 6.4 
Q1/Q3-2 2.60 104 13.1 87.5 60.4 100 

Q1/Q3-3 2.88 115 15.8 105 64.2 107 

Q1/Q3-4 3.11 124 18.2 121 71.9 119 

MATE11 

Q1/Q3-1 1.87 74.6 

2.09 ± 0.21 10.0 -16.4 

14.6 97.0 

14.0 ± 1.5 10.4 -6.8 

55.7 92.9 

56.9 ± 6.4 11.2 -5.2 
Q1/Q3-2 2.37 94.6 15.4 103 66.2 110 

Q1/Q3-3 2.03 81.1 12.0 80.1 53.2 88.7 

Q1/Q3-4 2.09 83.4 13.9 92.6 52.5 87.5 

1) L-Column2 ODS, CERI, Tokyo, Japan; 2) ACQUITY UPLC M-Class HSS T3, Waters, Milford, MA, USA; #) Average concentration of n=2-3 QC samples 

HQC = high amount quality control sample; MQC = middle amount quality control sample; LQC = low amount quality control sample 
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Supplemental Table 4B: Intra-Assay Accuracy and Precision 

  LQC MQC HQC 

Protein MRM 
Mean 

conc.# 

Accuracy

% 

Mean ±  

SD 

(fmol/µg) 

Im-

precision 

(%) 

In-

accuracy 

(%) 

Mean 

conc.# 

Accuracy 

(%) 

Mean ± 

SD 

(fmol/µg) 

Im-

precision 

(%) 

In-

accuracy 

(%) 

Mean 

conc.# 

Accuracy 

(%) 

Mean ± 

SD 

(fmol/µg) 

Im-

precision 

(%) 

In-

accuracy 

(%) 

BCRP2 

 

Q1/Q3-1 2.15 86.1 

2.23 ± 0.34 15.4 -10.8 

12.3 82.0 

13.6 ± 1.0 7.2 -9.5 

46.4 77.4 

50.1 ± 3.7 7.3 -16.5 
Q1/Q3-2 2.72 109 14.6 97.1 47.6 79.3 

Q1/Q3-3 2.13 85.2 14.0 93.6 54.1 90.2 

 Q1/Q3-4 1.92 76.8 14.3 91.3 52.2 87.0 

BSEP1 

Q1/Q3-1 2.20 88.0 

2.21 ± 0.22 9.8 -11.6 

11.5 76.3 

13.0 ± 1.1 8.7 -13.3 

50.6 84.3 

55.5 ± 4.5 8.2 -7.5 
Q1/Q3-2 2.39 95.7 14.2 94.8 55.0 91.7 

Q1/Q3-3 1.91 76.3 12.9 86.3 54.9 91.4 

Q1/Q3-4 2.34 93.6 13.4 88.5 61.6 103 

MDR12 

Q1/Q3-1 2.40 95.8 

2.25 ± 0.25 10.9 -10.1 

15.2 101 

14.1 ± 1.4 9.8 -6.0 

75.2 125 

68.3 ± 6.6 9.7 13.8 
Q1/Q3-2 2.44 97.7 15.3 102 81.7 136* 

Q1/Q3-3 2.25 89.9 13.4 89.6 62.0 104 

Q1/Q3-4 1.90 75.9 12.5 83.4 67.7 113 

MRP21 

Q1/Q3-1 2.58 103 

2.45 ± 0.19 7.6 -2.0 

13.1 87.4 

13.5 ± 2.0 14.6 -10.2 

62.8 105 

57.8 ± 6.4 11.0 -3.7 
Q1/Q3-2 2.31 92.3 13.1 92.3 58.1 96.9 

Q1/Q3-3 2.27 90.9 10.8 76.6 48.7 81.2 

Q1/Q3-4 2.64 106 16.2 108 61.4 102 

Na+/K+-

ATPase1 

Q1/Q3-1 2.59 104 

2.43 ± 0.24 9.9 -2.9 

15.0 100 

15.8 ± 0.8 5.0 5.5 

57.7 96.1 

60.4 ± 6.8 11.2 0.7 
Q1/Q3-2 2.52 101 15.7 104 52.2 87.0 

Q1/Q3-3 2.53 101 16.9 112 67.2 112 

Q1/Q3-4 2.07 83.0 15.7 105 64.6 108 

-GTP1 

Q1/Q3-1 2.65 106 

2.70 ± 0.16 5.8 7.9 

13.3 88.9 

13.5 ± 0.6 4.2 -10.2 

55.0 91.6 

60.5 ± 8.1 13.3 0.9 Q1/Q3-3 2.87 115 14.1 94.2 69.8 116 

Q1/Q3-4 2.57 103 13.0 86.9 56.8 94.6 

1) L-Column2 ODS, CERI, Tokyo, Japan; 2) ACQUITY UPLC M-Class HSS T3, from Waters, Milford, MA, USA; #) Average concentration of n=2-3 QC samples 

HQC = high amount quality control sample; MQC = middle amount quality control sample; LQC = low amount quality control sample 
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Supplemental Table 4C: Inter-Assay Accuracy and Precision 

 Imprecision (%) Inaccuracy (%) 

Protein LOQ MOQ HOQ LOQ MOQ HOQ 

OATP1B1 7.1  4.7  4.2  -3.5  -7.0  -1.2  

OATP2B1 7.1  6.0 7.3  -9.1  -9.0  -0.4  

MATE1 7.0 6.4 4.7 -16.2 -8.0 -4.2 

BSEP 5.4  10.2  11.6  -7.8  -3.8  6.1  

 

(A) Calibration curves for each SRM/MRM-transition of targeted peptides contained a zero 

sample and seven nonzero samples ranging from 1 to 100 fmol, spiked with a mixture of 

corresponding IS (20 fmol/SIL peptide). Linearity of the calibration curves was valued by the 

determination coefficient (r2); slope and intercept of the linear regression equation was used 

to calculate the lower limit of quantification (LOQ), as described in Materials and Methods 

section of the main manuscript referring to Uchida et al. (2011). (B) Accuracy is calculated 

based on the theoretical injected amount of 2.5 fmol (LQC). 15 fmol (MQC) and 60 fmol 

(HQC), respectively. Quantification values of quality control (QC) samples represent the 

mean of two or three replicates (n = 2-3) per run. Intra-assay and inter-assay inaccuracy and 

imprecision were calculated according to Sakamoto et al. (2011): Inaccuracy (%) = 

(quantified amount – nominal amount)/ nominal amount x 100; Imprecision (%) = (SD of 

quantified amount / mean of quantified amount) x 100.  Acceptance criterion for accuracy of 

70-130% was met for at least two out of three QC samples for each concentration. Bold letters 

with an asterisk indicate values outside acceptance criteria. (C) Each value represents the 

mean of three independent analytical runs conducted on different days with three replicates of 

each quality control sample (n=9) in four MRM channels. 
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Supplemental Table 5. Protein Abundance of Hepatic Drug Transporter in Short-Term 

Cultures of UHH 

 Donor 151-03 Donor 653-03 Donor 10-03  Average 

 fmol/µg fmol/µg fmol/µg  fmol/µg 

OATP1B1 NQ NQ NQ    0.00 ± 0.00 

OATP1B3 NQ NQ NQ    0.00 ± 0.00 

OATP2B1   1.10 ± 0.29      0.367 ± 0.635 

OCT1   1.36 ± 0.16 NQ NQ    0.453 ± 0.785 

NTCP NQ NQ NQ    0.00 ± 0.00 
              

MDR1   6.46 ± 0.39   1.61 ± 0.37 10.4 ± 1.20    6.16 ± 4.40 

MRP2   2.77 ± 0.54   0.976 ± 0.088   1.34 ± 0.07    1.70 ± 0.95 

BCRP   1.68 ± 0.40   1.92 ± 0.54   2.34 ± 0.52    1.98 ± 0.33 

BSEP   0.836 ± 0.164   0.544 ± 0.069   0.494 ± 0.032    0.625 ± 0.185 

MATE1   0.388 ± 0.135 <LOQ (0.334)   0.489 ± 0.059  <0.404 ± 0.079 

Na/K-ATPase 11.6 ± 1.8 26.2 ± 3.5 22.4 ± 1.3  20.1 ± 7.6 

γ-GTP   1.29 ± 0.12   2.30 ± 0.58   2.12 ± 0.16    1.90 ± 0.54 

LOQ = limit of quantification; NQ = not quantifiable  

LOQ MATE1 = 0.334 fmol/µg plasma membrane protein 

 

Abundance of surrogate peptides was quantified from digested plasma membrane 

preparations derived from short-term cultures of upcyte human hepatocytes (UHH). 

Concentrations are given as total amount of plasma membrane protein (fmol/µg plasma 

membrane protein) and are expressed as mean ± S.E.M. of triplicates or quadruplicates (n=3-4 

MRM transitions) of a single experiment. The average concentration of targeted peptides 

represents the mean ± S.D., quantified from samples derived from individual donors (n=3). If 

signal peaks were not detectable for two or more MRM- transitions, the corresponding 

transporter protein was defined as not quantifiable (NQ), and was considered not to be present 

in the corresponding UHH culture, applying the QTAP method described herein. In case 

concentrations were found below 1 fmol/µg plasma membrane protein and the corresponding 

peak area of detected signals of at least two MRM transition were below 5000 counts, the 

limit of quantification (LOQ) was defined according to Uchida et al. (2011), as described in 

the Materials and Methods section of the main manuscript, and used for calculation of the 

average concentration. 
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Supplemental Table 6. Protein Abundance of Drug Transporters Quantified in Sandwich-Cultured UHH and PHH. 

 Abundance (fmol/µg membrane protein) 

 SCUHH  SCHH   Liver & PHH1  SCHH2  SCHH3,5  PHH4 

 Avg Avg  Min Max n  Min Max n  Min Max n  Mean n 

OATP1B1  <0.351 ± 0.022 11.0 ±   7.6  0.72 14.9 81  4.60   6.83 3  2.4 11.3 5  15.9 p 

OATP1B3    0.00 ± 0.00   2.01 ±   0.12  0.26 11.8 90  3.95   4.47 3  0.47   1.18 5    0.35 p 

OATP2B1    0.980 ± 0.269   4.46 ±   0.26  0.61   5.6 78  0.00   6.16 3  0.77   1.23 5    1.57 p 

OCT1    2.42 ± 0.72 >76.4 ± 26.6  0.74 14.6 72  9.10 17.4 3    -   -     6.94 p 

NTCP    1.64 ± 0.40   4.41 ±   0.61  0.87 10.1 82  7.59 12.1 3  1.555   - 1    2.62 p 
                       

MDR1  10.3 ± 5.6   8.28 ±   2.97  0.13   2.35 94  5.28 30.5 3    -   -     -  

MRP2    2.46  ± 1.36   9.52 ±   8.85  0.2   2.51 95  6.11 24.1     -   -     -  

BCRP    1.74 ± 0.10   2.33 ±   0.65  -   -   4.32   5.23     -   -     -  

BSEP  <0.520 ± 0.052   2.95 ±   0.41  0.44   3.41 72  5.75   7.87     -   -     -  

MATE1  <0.340 ± 0.010   0.568 ±   0.044  0.19   1.65 71  2.53   8.52     -   -     -  

Na/K-ATPase  17.9 ± 9.9 26.5 ±   5.8  -   -   29.1 42.9     -   -     -  

γ-GTP  14.5 ± 2.0 32.2 ± 10.6  -   -   4.55 16.0     -   -     -  

SCUHH = sandwich-cultured upcyte human hepatocytes                   1)Vilhede et al., 2015; 2)Schaefer et al., 2012; 3)Kimoto et al., 2012; 4)Kunze et al., 2014; 5)Qui et al., 2013 

SCHH = sandwich-cultured human hepatocytes 

PHH = primary human hepatocytes; p = PHH Pool (n=20) 

LOQMATE1  = 0.334 fmol/µg plasma membrane protein 

LOQOATP1B1  = 0.338 fmol/µg plasma membrane protein 

LOQBSEP  = 0.467 fmol/µg plasma membrane protein 

ULQOCT1  = 100 fmol/µg plasma membrane protein 
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Abundance of surrogate peptides for human transport proteins was quantified from digested plasma membrane extractions derived from sandwich-

cultured cells. The average abundance (Avg) represents the mean ± S.D. of peptide levels (fmol/µg plasma membrane protein) from individual 

donors (n=3; Table 2) of each hepatic cell model and are depicted in comparison to reported transporter abundances. The LOQ (as described in 

Materials and Methods), was used for calculation of the average protein levels. OCT1 abundance of one donor of SCHH was found above ULQ 

(100 fmol/µg plasma membrane protein; Table 2), and consequently used for calculation of the average abundance in SCHH. 
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Supplemental Figure 1: Peptide Probes for human OATP1B1 and OATP2B1 

A) Amino acid sequence of signature peptide OATP1B1_peptide A of previous studies 

(Sakamoto et al., 2011) and OATP1B1_peptide B selected in the present studies are 

highlighted as underlined text and in bold letters, respectively. Italic text with dotted lines 

indicates location of adjacent transmembrane regions (256-280; 332-353; 402-425). Sequence 

information according to Uniprot database; www.uniprot.org/uniprot/Q9Y6l6  

        10         20         30         40         50 

MDQNQHLNKT AEAQPSENKK TRYCNGLKMF LAALSLSFIA KTLGAIIMKS  

        60         70         80         90        100 

SIIHIERRFE ISSSLVGFID GSFEIGNLLV IVFVSYFGSK LHRPKLIGIG  

       110        120        130        140        150 

CFIMGIGGVL TALPHFFMGY YRYSKETNIN SSENSTSTLS TCLINQILSL  

       160        170        180        190        200 

NRASPEIVGK GCLKESGSYM WIYVFMGNML RGIGETPIVP LGLSYIDDFA  

       210        220        230        240        250 

KEGHSSLYLG ILNAIAMIGP IIGFTLGSLF SKMYVDIGYV DLSTIRITPT  

       260        270        280        290        300 

DSRWVGAWWL NFLVSGLFSI ISSIPFFFLP QTPNKPQKER KASLSLHVLE  

       310        320        330        340        350 

TNDEKDQTAN LTNQGKNITK NVTGFFQSFK SILTNPLYVM FVLLTLLQVS  

       360        370        380        390        400 

SYIGAFTYVF KYVEQQYGQP SSKANILLGV ITIPIFASGM FLGGYIIKKF  

       410        420        430        440        450 

KLNTVGIAKF SCFTAVMSLS FYLLYFFILC ENKSVAGLTM TYDGNNPVTS  

       460        470        480        490        500 

HRDVPLSYCN SDCNCDESQW EPVCGNNGIT YISPCLAGCK SSSGNKKPIV  

       510        520        530        540        550 

FYNCSCLEVT GLQNRNYSAH LGECPRDDAC TRKFYFFVAI QVLNLFFSAL  

       560        570        580        590        600 

GGTSHVMLIV KIVQPELKSL ALGFHSMVIR ALGGILAPIY FGALIDTTCI  

       610        620        630        640        650 

KWSTNNCGTR GSCRTYNSTS FSRVYLGLSS MLRVSSLVLY IILIYAMKKK  

       660        670        680        690  

YQEKDINASE NGSVMDEANL ESLNKNKHFV PSAGADSETH C 

 

http://www.uniprot.org/uniprot/Q9Y6l6


DMD # 78238 
 

13 

 

Supplemental Figure 1: Peptide Probes for human OATP1B1 and OATP2B1 

B) Amino acid sequence of signature peptide OATP2B1_peptide A of previous studies 

(Sakamoto et al., 2011) and OATP2B1_peptide B selected in the present studies are 

highlighted as underlined text and in bold letters, respectively. Italic text with dotted lines 

indicates location of adjacent transmembrane regions (367-388; 597-622; 656-673). Sequence 

information according to Uniprot database; www.uniprot.org/uniprot/Q94956 

        10         20         30         40         50 

MGPRIGPAGE VPQVPDKETK ATMGTENTPG GKASPDPQDV RPSVFHNIKL  

        60         70         80         90        100 

FVLCHSLLQL AQLMISGYLK SSISTVEKRF GLSSQTSGLL ASFNEVGNTA  

       110        120        130        140        150 

LIVFVSYFGS RVHRPRMIGY GAILVALAGL LMTLPHFISE PYRYDNTSPE  

       160        170        180        190        200 

DMPQDFKASL CLPTTSAPAS APSNGNCSSY TETQHLSVVG IMFVAQTLLG  

       210        220        230        240        250 

VGGVPIQPFG ISYIDDFAHN SNSPLYLGIL FAVTMMGPGL AFGLGSLMLR  

       260        270        280        290        300 

LYVDINQMPE GGISLTIKDP RWVGAWWLGF LIAAGAVALA AIPYFFFPKE  

       310        320        330        340        350 

MPKEKRELQF RRKVLAVTDS PARKGKDSPS KQSPGESTKK QDGLVQIAPN  

       360        370        380        390        400 

LTVIQFIKVF PRVLLQTLRH PIFLLVVLSQ VCLSSMAAGM AIFLPKFLER  

       410        420        430        440        450 

QFSITASYAN LLIGCLSFPS VIVGIVVGGV LVKRLHLGPV GCGALCLLGM  

       460        470        480        490        500 

LLCLFFSLPL FFIGCSSHQI AGITHQTSAH PGLELSPSCM EACSCPLDGF  

       510        520        530        540        550 

NPVCDPSTRV EYITPCHAGC SSWVVQDALD NSQVFYTNCS CVVEGNPVLA  

       560        570        580        590        600 

GSCDSTCSHL VVPFLLLVSL GSALACLTHT PSFMLILRGV KKEDKTLAVG  

       610        620        630        640        650 

IQFMFLRILA WMPSPVIHGS AIDTTCVHWA LSCGRRAVCR YYNNDLLRNR  

       660        670        680        690        700 

FIGLQFFFKT GSVICFALVL AVLRQQDKEA RTKESRSSPA VEQQLLVSGP  

 

GKKPEDSRV                                              

 

  

http://www.uniprot.org/uniprot/Q94956
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Supplemental Figure 2: SRM/MRM Chromatograms  

A)  B) 

 

 

 
OCT1-1 C01 

576.8/476.7; 580.3/480.2 

 

 OCT1-1 LQC 

576.8/476.7; 580.3/480.2 

 

 

 

 
OATP1B1-3 C01  OATP1B1-3 LQC 

595.3/946.5; 599.3/954.5  595.3/946.5; 599.3/954.5 

   

 

 

 
OATP2B1 C01-2 

535.8/299.1; 540.8/299.1 

 OATP2B1 LQC 

535.8/299.1; 540.8/299.1 

   

 

 

 
OATP1B3-1 C01 

551.8/526.3; 556.8/536.3 

 OATP1B3-1 LQC 

551.8/526.3; 556.8/536.3 

   

 

 

 
NTCP C01-1  

440.7/710.3; 444.2/717.3 

 NTCP LQC   

440.7/710.3; 444.2/717.3 
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C)  D) 

 

 

 
MDR1-1 C01 

455.7/763.4; 457.7/767.4  

 MDR1-1 LQC 

455.7/763.4; 457.7/767.4  

   

 

 

 
MRP2-1 C01 

492.3/742.5; 495.8/749.5  

 MRP2-1 LQC 

492.3/742.5; 495.8/749.5  

   

 

 

 
BSEP-1 C01 

515.3/529.3; 518.8/536.3  

 BSEP-1 LQC LQC 

515.3/529.3; 518.8/536.3  

   

 

 

 
MATE1-3 C01 

514.8/688.4; 517.8/694.4 

 MATE1-3 LQC 

514.8/688.4; 517.8/694.4 

   

 

 

 
BCRP-1 C01 

574.8/792.4; 578.3/799.4 

 BCRP-1 LQC 

574.8/792.4; 578.3/799.4 
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E)  F) 

 

 

 
OCT1-1 SCHH HC3-31 Day 7  

576.8/476.7; 580.3/480.2 

 OCT1-1 SCUHH 653-03 Day 14 

576.8/476.7; 580.3/480.2 

   

 

 

 
OATP1B1-3 SCHH Hu1601 Tag 7 

595.3/946.5; 599.3/954.5 

 

 OATP1B1-3 SCUHH 151-03 Tag 7 

595.3/946.5; 599.3/954.5 

 

   

 

 

 
OATP2B1-2 SCHH Hu1601 Tag 7 

535.8/299.1; 540.8/299.1 

 

 OATP1B1-2 SCUHH 151-03 Tag 7 

535.8/299.1; 540.8/299.1 

 

 

 

 
MATE1-3 SCHH HC3-31 Day 7 

514.8/688.4; 517.8/694.4 

 MATE1-3 SCUHH 653-03 Day 14 

514.8/688.4; 517.8/694.4 

   

 

 

 
BSEP-1 SCHH HC3-31 Day 7 

515.3/529.3; 518.8/536.3 

 BSEP-1 SCUHH 653-03 Day 14 

515.3/529.3; 518.8/536.3 
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E)  F) 

 

 

 
MRP2-1 SCHH BD371 Day 7 

492.3/742.5; 495.8/749.5 

 MRP2-1 SCUHH 653-03 Day 14 

492.3/742.5; 495.8/749.5 

   

 

 

 
MDR1-1 SCHH HC3-31 Day 7 

455.7/763.4; 457.7/767.4 

 MDR1-1 SCUHH 10-03 Day 7 

455.7/763.4; 457.7/767.4 

 

 

SRM/MRM chromatograms of selected signature peptides for five SLC uptake transporters 

(A, B) and five efflux pumps (C, D) at indicated transitions. Chromatograms represent the 

lowest standard sample (C01) of the corresponding calibration curve (A, C) and the low-

quality sample LQC (B, D) of each unlabeled (left side) and stable-isotope labeled peptide 

(right side), respectively. Representative chromatograms of samples derived from SCUHH 

and SCHH at culture day 7 or day 14 (donor 653-03) for selected targeted peptides are shown 

in columns (E) and (F), respectively. 
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Supplemental Figure 3: Time Profiles of MPP+ and Taurocholate Uptake 

 

Time profiles of [3H]N-methyl-4-phenylpyridinium acetate ([3H]MPP+; 5 µM) and [3H]tauro-

cholate ([3H]TC; 5 µM) uptake observed in SCUHH at day 7. Filled and open circles 

represent intracellular accumulation determined at 37°C and 4°C, respectively for 1, 5, 10 and 

20 minutes. Each data point is expressed as mean ± S.D. of three separate measurements from 

one batch of UHH (151-03). For some points error bars are smaller than height of the symbol. 
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Supplemental Figure 4: Transport Activities of Sinusoidal Uptake Transporters in 

SCUHH 

 

(A-C) Uptake of reference substrates [3H]rosuvastatin ([3H]RSV), [3H]taurocholate ([3H]TC) 

and [3H]N-methyl-4-phenylpyridinium acetate ([3H]MPP+) was determined in three different 

donors of SCUHH at day 7 (151-03, 10-03) or day 14 (653-03). Intracellular accumulation 

was measured for 5 minutes in case of [3H]RSV or over 1 minutes for [3H]TC and [3H]MPP+, 

at 37°C (grey bars) and in parallel at 4°C (white bars), respectively. Each value represents the 

mean ± S.D. of three separate determinations (n=3). 
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Supplemental Figure 5: Impact of Culture Medium on mRNA Expression of OATPs in 

SCUHH 

 

HPM  = High Performance Medium  

WME = Williams’ Medium E 

Expression levels of sinusoidal transporters OATP1B1/SLCO1B1, OATP1B3/SLCO1B3 and 

OATP2B1/SLCO2B1 were determined in SCUHH at day 7 cultured in High Performance 

Medium (HPM) or Williams’ Medium E (WME), respectively. mRNA expression levels are 

depicted relative to endogenous control ß-actin as mean ± S.D. of three separate 

determinations (n=3) of a single experiment. Each sample for mRNA expression analysis 

represents a pool of at least three wells per time point (n≥3). Significance was determined by 

applying a two-tailed, unpaired t-test (* p<0.05, ** p<0.01, **** p < 0.0001). 
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