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Abstract:

OATP1B3 is a drug transporter expressed at the basolateral membrane of human
hepatocytes. Along with other transporters, including OATP1B1, NTCP, and OCT1, itis
responsible for the uptake of endo- and xenobiotics into hepatocytes. Our previous
studies demonstrated that OATP1B3 can form hetero-oligomers, with OATP1B1 in
HEK293 cells and with NTCP in both HEK293 cells and frozen human liver sections. To
further characterize the hetero-oligomerization of OATP1B3, we investigated OCT1 as a
potential interacting partner and determined the functional consequences of OATP1B3
hetero-oligomerization. We demonstrated interactions between OATP1B3 and OCT1
by co-immunoprecipitation with an anti-OATP1B3 antibody from human hepatocytes. In
addition, we visualized the interaction using the Proximity Ligation Assay in both
HEK293 cells and in frozen human liver sections. We investigated the functional
consequences of OATP1B3 hetero-oligomerization by measuring the OATP1B3 plasma
membrane expression and the uptake of the OATP1B3 selective substrate
cholecystokinin-8 (CCK-8) in the absence and presence of OATP1B1, NTCP and
OCT1. A significant decrease of OATP1B3 plasma membrane expression was
observed after co-expression with OCT1, while co-expression with OATP1B1 or NTCP
resulted in an increase of plasma membrane expression. With respect to transport, co-
expression of OCT1 increased the apparent turnover rate (kcat) of OATP1B3 while co-
expression of OATP1B1 or NTCP decreased it. These findings demonstrated that co-
expression of OATP1B3 with OATP1B1, NTCP, and OCT1 in HEK293 cells results in a

transporter-dependent modification of OATP1B3-mediated CCK-8 transport and
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suggest that functional results obtained in single transporter over-expressing cell lines

over- or underestimate OATP1B3 function in human hepatocytes.

Significance statement:

Co-expression of OATP1B3 with OCT1, NTCP or OATP1B1 in HEK293 cells affects its
expression level and function. When OCT1 is knocked down in human hepatocytes
function of OATP1B3 goes up. These results suggest that protein-protein interactions
can affect the expression and function of the involved proteins and thus single
transporter expression systems might lead to over- or underestimation of drug-drug

interactions.
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Introduction:

Uptake of endo- and xenobiotics into human hepatocytes is mediated by several drug
uptake transporters that are expressed at the sinusoidal membrane. These include the
organic anion transporting polypeptide 1B1 (OATP1B1) and OATP1B3 (Hagenbuch and
Stieger, 2013), the organic cation transporter 1 (OCT1) (Koepsell, 2013) as well as the
Na*/taurocholate cotransporting polypeptide (NTCP) (Claro da Silva et al., 2013).
OATP1B1 and OATP1B3 are polyspecific transporters that can transport different
endogenous compounds (Stieger and Hagenbuch, 2014; Bednarczyk and Boiselle,
2016) and mediate the uptake of numerous drugs into human hepatocytes (Konig,
2011; Roth et al., 2012; Hagenbuch and Stieger, 2013). When testing for potential drug-
drug interactions the model substrates estradiol-173-glucuronide, estrone-3-sulfate, or a
statin are frequently used for OATP1B1, while the selective substrate cholecystokinin-8
(CCK-8) is used to measure OATP1B3 function (Ismair et al., 2001; Hagenbuch and
Stieger, 2013). The organic cation transporter 1 (OCT1) is also a polyspecific
transporter that can transport endogenous substrates like the neurotransmitters such as
serotonin (Koepsell et al., 2007; Boxberger et al., 2014), and numerous drugs including
metformin, protease inhibitors and anti-cancer agents (Nies et al., 2011; Koepsell,
2013). In addition to metformin, the model substrates tetraethylammonium (TEA) and 1-
methyl-4-phenylpyridinium (MPP*) are often used to characterize OCT1 transport
(Gorboulev et al., 1997; Zhang et al., 1997). Given that these compounds are cationic,
they are not substrates of OATPs. The Na*/taurocholate cotransporting polypeptide
(NTCP) is important for the uptake of bile acids into hepatocytes to maintain the

enterohepatic circulation of bile acids. Additionally, NTCP can also transport several
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drugs, including statins (Claro da Silva et al., 2013) and has also been identified as the
receptor for the hepatitis virus B and D (Yan et al., 2012).

We recently demonstrated that besides homo-oligomers, OATP1B3 can form hetero-
oligomers with the two liver transporters OATP1B1 and NTCP (Zhang et al., 2017). In
addition, a modified yeast two-hybrid screening known as DUALmembrane screening
(Stagljar et al., 1998), identified OCT1 as a likely interaction partner. However, the
functional consequences of these hetero-oligomers remain unknown. Given that the
FDA guidelines for the study of transporter-mediated drug-drug interactions include
OATP1B3, OATP1B1, and OCT1 as potential targets for DDIs, it is important to
understand the influence of the hetero-oligomerization of OATP1B3 with these three
transporters. Therefore, in the present study we investigated whether OATP1B3 and
OCT1 indeed interact with each other, and we characterized the functional
consequences of co-expression of OATP1B3 with OCT1, OATP1B1, or NTCP in
HEK293 cells. Furthermore, we determined the consequences of OCT1 knockdown in

primary human hepatocytes on OATP1B3 function using shRNA experiments.
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Materials and Methods

Materials. Frozen human liver was obtained in accordance with a protocol approved by
the Institutional Review Board of the University of Kansas Medical Center, from patients
undergoing hepatic resection procedures or from liver donors through the Cell Isolation
Core in the Department of Pharmacology, Toxicology and Therapeutics at the University
of Kansas Medical Center. Cryopreserved human hepatocytes (HUM4180A, from a 7-
year old male Caucasian) were purchased from Lonza (Walkersville, MD). Freshly
isolated human hepatocytes (KHH134 from a 43-year old male Caucasian, and KHH135
from a 61-year old female Caucasian) were obtained from the Cell Isolation Core of the

department of Pharmacology, Toxicology and Therapeutics at the KU Medical Center.
Radiolabeled [3H]CCK—8 (87.9 Ci/mmol) and [3H]taurocholic acid (15.4 Ci/mmol) were

purchased from PerkinElmer (Boston, MA). [14C]metformin (112 mCi/mmol) was
obtained from Moraveck Biochemicals (Brea, CA). Unlabeled CCK-8 was purchased
from Bachem (Torrance, CA). Human embryonic kidney 293T (HEK293) cells were
purchased from ATCC (Manassas, VA). Duolink components for the proximity ligation
assay were from Sigma-Aldrich (St. Louis, MO). The anti-OCT1 adenovirus against the
targeting sequence GCATCGTCTTCCTGGGTTTCA was purchased from Vector
Biolabs (Malvern, PA). The Pierce BCA Protein Assay Kit was purchased from
ThermoFisher (Waltham, MA). The following antibodies were used: mouse anti-OCT1
antibody purchased from Novus (NBP1-51684, Littleton, CO); mouse anti-FLAG
antibody (F3040) and rabbit anti-OATP1B3 antibody (400B3, raised against the C-
terminal 12 amino acids) from Sigma-Aldrich; the rabbit anti-OATP1B3 antibody (K28)

was a generous gift from Dr. Bruno Stieger (University Hospital Zurich, Switzerland);
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rabbit anti-His antibody (ab125262) and mouse anti-Na*/K*-ATPase antibody (ab7671)
were obtained from Abcam (Cambridge, MA).

DUALmembrane screening: The DUALmembrane screening (Stagljar et al., 1998), a
modified yeast two-hybrid screening, was performed by Dualsystems Biotech AG
(Schlieren, Switzerland) with full-length OATP1B3 as the bait and a human adult liver
cDNA library with 1.5 x 108 independent clones.

Cell culture, transporter expression and uptake experiments. HEK293 cells were
grown in high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 100
U/mL penicillin, and 100 ug/mL streptomycin (Invitrogen) in a humidified environment at
37°C and 5% COz2. The open reading frame of OCT1 (NM_003057.2) was PCR-
amplified and cloned into the expression plasmid pcDNA5/FRT. The insert of the
resulting plasmid was sequenced to verify that the correct sequence was cloned.
Construction of His- and FLAG-tagged OATP1B3 and apical sodium-dependent bile
acid transporter (ASBT) was described before (Gui et al., 2008; Zhao et al., 2015;
Zhang et al., 2017). Plating, transfection and uptake experiments on 24-well plates were
performed as previously reported (Zhao et al., 2015). Transfection conditions varied
among different experiments (for detailed conditions see figure legends) but in general a
constant total amount of 500ng plasmids was transfected. The following day media was
changed and uptake experiments were either performed 24- or 48-hours after
transfections (for time points see figure legends). Each transfection condition was
performed in triplicate.

Cryopreserved human hepatocytes were thawed and plated following the protocols
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supplied by Thermo Fisher with minor modifications. After thawing, hepatocytes were
resuspended in Cryopreserved Hepatocyte Recovery Medium (CM7000, Thermo
Fisher) and centrifuged at 100 x g for 10 minutes. The pellet was resuspended in
hepatocyte medium (HCM BulletKit (CC-3198, Lonza)) and plated at 400,000 cells per
well on collagen-coated 12-well plates. After an overnight culture the cells were treated
with adenoviral vectors containing either nontarget control (scrambled) or OCT1-shRNA
(MOI of 10). After six hours of culture the medium was replaced and the cells were
overlaid with Geltrex (0.35mg/ml) in the presence of the same concentrations of
adenovirus. The medium was then changed daily without additional adenovirus and on
day 6 the medium contained again 0.35mg/ml Geltrex. After 11 days of culture uptake
was measured and a membrane enriched fraction was isolated for western blotting.
Freshly isolate human hepatocytes were plated on collagen coated 12-well plates with
600,000 cells per well from the Cell Isolation Core. After an overnight culture they were
treated like the cryopreserved hepatocytes with the exception that Matrigel was used
instead of Geltrex. After 11 days in culture the cells were used for uptake experiments
and a membrane enriched fraction was isolated for western blotting. Because uptake in
human hepatocytes cannot be corrected with an empty vector control we used accepted
transport inhibitors. We measured uptake of CCK-8 and taurocholate in the absence
and presence of 100pM bromosulfophthalein (a well-accepted OATP inhibitor) and
uptake of MPP* in the absence and presence of 100uM quinidine (a well-accepted
inhibitor of OCT1). Uptake in the presence of the inhibitor was subtracted from uptake in
the absence of inhibitor and was considered transporter-mediated uptake.

Isolation of a membrane enriched fraction: Hepatocytes were washed with 1ml of
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PBS and then scraped from 10 (cryopreserved) or from 6 (freshly isolated hepatocytes)
wells into homogenization buffer that consisted of 1mM NaCl, 5mM Tris-HCI pH 7.5
containing Complete Protease Inhibitor Cocktail (Roche Diagnostics Corporation,
Indianapolis, IN). After homogenization on ice in a glass Teflon homogenizer (20
strokes, household drill at full speed) the homogenate (total volume 1.5 ml) was
centrifuged at 900 x g for 10 minutes. The resulting supernatant was then centrifuged
for 20 minutes at 10,000 x g. The resulting pellet was resuspended in the
homogenization buffer and stored in aliquots for protein determination and western
blotting.

Immunoprecipitation: Twenty-four hours after isolation and plating on 10cm plates,
human hepatocytes were washed twice with ice-cold phosphate-buffered saline (PBS).
The hepatocytes were then incubated with PBS or with PBS containing 2mM DTSSP for
2 hours at 4 °C. The crosslinking reaction was then stopped by incubating the
hepatocytes with 20 mM Tris-HCI for 15 minutes, followed by two washes with 5mL of
ice-cold PBS per plate. One mL of ice-cold hypotonic homogenization solution
containing 1mM NaCl, 5mM Tris-HCI pH 7.5 and Complete Protease Inhibitor Cocktail
was added and the hepatocytes were scraped from the plates. The hepatocytes were
then homogenized using a household drill at full speed on ice for 20 strokes in a glass-
Teflon homogenizer. The resulting homogenates were centrifuged in Eppendorf tubes at
900 x g for 10 minutes. The resulting supernatants were centrifuged again at 10,000 x g
for 20 minutes and the pellets containing a membrane enriched fraction were solubilized
with PBS containing 0.1% NP-40 for 10 minutes on ice. After centrifugation at 14,000 x

g for 30 minutes to remove insoluble particles, 1 yL of OATP1B3 antibody (400B3) was

10
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added into each sample and incubated overnight at 4°C with end-over-end rotation.
Twenty pL of Dynabeads® Protein G (Invitrogen) were washed twice with PBS
containing 0.1% NP-40 before they were incubated with the antibody-containing
samples for 24 hours at 4°C. The magnetic beads were washed twice with 1mL PBS
containing 0.1% NP-40 for 15 minutes and the immunoprecipitated proteins were eluted
with 200uL 1% TX-100 in 0.1M Glycine (pH = 2.5). After separation using SDS-PAGE
and transfer to PVDF membranes co-immunoprecipitated OCT1 was detected with an
anti-OCT1 antibody.

Proximity ligation assay: HEK293 cells were plated on poly-D-lysine pre-treated 8-
well chamber slides at 40,000 cells/well. Cells were transfected 24 hours later with His-
tagged OATP1B3 and OCT1 or with FLAG-tagged OATP1B3 and His-tagged ASBT
plasmids at a 1:1 ratio. Forty-eight hours after transfection, cells were washed three
times with PBS and fixed with PBS containing 2% paraformaldehyde and 1% TX-100 for
10 minutes. After 4 washes with PBS, cells were blocked with 5% normal donkey
serum for 1 hour at room temperature and then incubated overnight at 4°C with a
combination of polyclonal anti-His and monoclonal OCT1 or polyclonal anti-His and
monoclonal anti-FLAG primary antibodies in PBS containing 1% normal donkey serum.
The next day, slides were washed 4 times and then incubated with the Duolink® In Situ
PLA® Probe Anti-Mouse PLUS in combination with the Duolink® In Situ PLA® Probe
Anti-Rabbit MINUS (Sigma-Aldrich) at room temperatures for 1 hour. After two washes
for 5 minutes each with Wash buffer A (Sigma), ligation (at 37°C for 30 minutes) and
amplification (at 37°C for 100 minutes) were performed following the manufacturer’'s

protocols. Before mounting with Duolink® In Situ Mounting Medium containing DAPI

11
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(Sigma-Aldrich), cells were washed twice for 10 minutes each with Wash Buffer B and
once for 1 minute with 0.01x Wash Buffer B.

Surface biotinylation: HEK293 cells were plated at 600,000 cells per well on poly-D-
lysine pre-treated 6-well plates. The next day the medium was changed and different
plasmid combinations were used for transfection. Twenty-four hours later for conditions
including OCT1 or 48 hours later for conditions including OATP1B1 or NTCP, cells were
washed with ice-cold PBS and then treated with 1mg/mL EZ-Link Sulfo-NHS-SS-Biotin
(Thermo Fisher, Waltham, MA) in PBS for 2 hours at 4 °C. The reaction was stopped by
washing with PBS containing 100mM Tris (pH = 7.5) for 15 minutes and then the cells
were lysed and harvested in Lysis Buffer (150mM NaCl, 1mM EDTA, 0.1% SDS, 1%
Triton X-100, 10mM Tris-HCI, pH=7.5) containing Complete Protease Inhibitor Cocktail
for 10 minutes. Lysates were centrifuged at 10,000 x g for 5 minutes and the resulting
supernatants were added to Streptavidin-coupled Dynabeads (Thermo Fisher) and
rotated end-over-end for 2 hours at room temperature. The beads were then centrifuged
at 850 x g for 2 minutes and washed twice for 5 minutes each with Lysis Buffer. Cell
surface proteins were recovered by an incubation with Elution Buffer (2X Laemmli buffer
containing 10% B-mercaptoethanol diluted with an equal volume of Lysis Buffer
containing 2X Protease Inhibitors) for 30 minutes at room temperature followed by
centrifugation at 850 x g for 2 mins. Cell membrane proteins were heated at 50 °C for
10 minutes and then separated using SDS-PAGE followed by immunoblotting as
described (Zhang et al., 2017). The bands were quantified using Image Studio Lite
Quantification Software (LI-COR, Lincoln, NE) and intensities of transporter proteins

were normalized to the expression of Na*/K* ATPase. Transporter-mediated uptake was

12
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calculated in picomoles per milligram of total protein per minute. This number was then
normalized to OATP1B3 surface expression levels. The surface expression of
OATP1B3/EV was set to 1 (in Figure 6 it was normalized to either OCT1/EV or
OATP1B1/EV or NTCP/EV) and given as picomoles per normalized milligram per
minute as follows: picomoles/(milligram of total protein x normalization ratio)/ minute,
where normalization ratio is the surface expression leveloatr1ss/surface expression
levelna+/k+ ATPase. The apparent turnover number, keat, was calculated by normalizing Vmax
to the relative OATP1B3 surface expression levels.

Calculations and statistics. All calculations were performed using Prism 8 (GraphPad
Software Inc., San Diego, CA). Kinetic parameters were determined within the initial
linear period of uptake after correction for protein and subtraction of uptake by the
control cell line. Statistical analysis was performed with GraphPad Prism 8; p<0.05 was

considered significant.

13
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Results:

OATP1B3 and OCT1 interact in human hepatocytes: In order to investigate whether
OATP1B3 would interact with other human liver proteins, Dualsystems AG (Schlieren,
Switzerland) performed a DUALmembrane screening with full-length OATP1B3 as the
bait. Screening a human adult liver cDNA library resulted in the isolation of 51 cDNAs
that were further analyzed and classified. Nineteen of these cDNAs were very likely
unspecific interactors because they were found in 20-50% of the screenings,
independent of the bait. Among the other 32 hits that were considered to be screen-
specific interactors, organic cation transporter 1 (OCT1), encoded by SLC22A1, was
found three times and was the only transporter. Additional hits were the human retinol-
binding protein (uniport id: Q5VY30) also found three times; the human cDNA FLJ54783
(B4DLG6) found twice; the chromosome 2 open reading frame 28 (D6W551) found
twice; the Hepcidin antimicrobial peptide (Q6KC15) found four times; and a protein
similar to the Macaca mulatta nuclear pore membrane glycoprotein 210 (HO9F470) found
twice. In addition, there were 16 single hits of proteins that could be true interactors but
also represent common false positives in such screens. Given that OCT1, like
OATP1B3, is a drug uptake transporter expressed at the basolateral membrane of
human hepatocytes, we further investigated this potential interaction by performing co-
immunoprecipitation experiments. As can be seen in Figure 1A, OCT1 could be
detected with an OCT1-specific antibody on a western blot of proteins that were
immunoprecipitated from solubilized human hepatocytes with the 400B3 anti-OATP1B3
antibody. The signal for OCT1 at approximately 75 kDa was increased in the presence

of the crosslinker DTSSP. To further confirm the interaction of OATP1B3-OCT1 in

14
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human liver, we performed proximity ligation assays on frozen sections of human livers.
The proximity ligation assay detects interacting proteins that are less than 40nm apart
using two antibodies raised in different species (Soderberg et al., 2006). If these two
proteins are less than 40nm apart, the assay will result in a red signal. We previously
used this assay to demonstrate OATP1B3-NTCP interactions in frozen human liver
slices (Zhang et al., 2017). When we incubated frozen human liver sections only with
the monoclonal antibody recognizing OCT1, no red signal was generated (Figure 1B;
OCT1 only). However, when the monoclonal anti-OCT1 antibody was used together
with the polyclonal anti-OATP1B3 antibody (K28), interactions between the two
transporters were evident by the red signals (Figure 1B; OATP1B3 + OCT1).
OATP1B3 and OCT1 interact in HEK293 cells: To characterize the functional
consequences of the OATP1B3-OCT1 interactions we wanted to use transiently
transfected HEK293 cells. Because HEK293 cells did not survive 48 hours after
transient transfection with the OCT1 plasmid, we determined protein expression and
function at 24 hours whenever OCT1 was cotransfected. Using the proximity ligation
assay we first tested whether these protein-protein interactions also occur when both
transporters were expressed in HEK293 cells. The results in Figure 2A confirmed that
OATP1B3 and OCT1 do interact when expressed in HEK293 cells. As a negative
control we transfected OATP1B3 with ASBT, a transporter which is expressed in
cholangiocytes and enterocytes but not in hepatocytes. The lack of a signal (Figure 2B)
clearly demonstrates that the interaction of OATP1B3 with OCT1 in HEK293 cells is not
due to unspecific overexpression of any membrane protein but due to specific

interactions between these two transport proteins.

15
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Plasma membrane expression of OATP1B3 is affected by hetero-oligomerization
in HEK293 cells: After demonstrating the interaction between OATP1B3 and OCT1 in
HEK293 cells, we asked the question whether expression at the plasma membrane
would be affected by co-expression of OATP1B3 with OCT1. In addition, since we
recently determined that OATP1B3 can also interact with OATP1B1 and NTCP (Zhang
et al., 2017), we also investigated the effect of co-expression of OATP1B3 with these
two transporters. OATP1B3 was transfected in HEK293 cells either alone (co-
transfected with empty vector) or together with either OCT1, OATP1B1, or NTCP. After
24 hours for OCT1 or 48 hours for OATP1B1 and NTCP, membrane proteins were
labeled and isolated using the biotin-streptavidin system. Plasma membrane
expression of OATP1B3, OCT1, OATP1B1, and NTCP was then quantified by SDS-
PAGE and western blot. As can be seen in Figure 3A, no OATP1B3 was visible when
only empty vector or OCT1 was transfected. When OATP1B3 was transfected together
with empty vector a clear signal was seen that was reduced when OATP1B3 was co-
expressed with OCT1. After quantification and normalization for the Na*/K*ATPase
signal, we calculated that co-expression of OCT1 reduced the OATP1B3 signal to about
20% (Figure 3B). In contrast, expression levels for OCT1 co-transfected with OATP1B3
did not result in any significant changes in surface expression as compared to co-
transfection with empty vector (Figure 3A, B). Interestingly, OATP1B3 protein
expression was increased significantly when co-expressed with either OATP1B1 or
NTCP (Figure 3C). Quantification and normalization with the Na*/K* ATPase signal
revealed about a 4.5 fold and 2.5 fold increase in plasma membrane expression when

co-expressed with OATP1B1 and NTCP, respectively, while expression of OATP1B1
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and NTCP was not affected (Figure 3D). Given that only transporters expressed at the
surface of HEK293 cells can transport their substrates, these surface expression levels
have to be taken into consideration for functional studies.

Hetero-oligomerization in HEK293 cells affects OATP1B3-mediated CCK-8
transport: We next determined whether the interaction between OATP1B3 and one of
the other interacting proteins (OCT1, OATP1B1 or NTCP) also affects OATP1B3
transport function. We compared uptake of the OATP1B3 specific substrate, CCK-8,
into HEK293 cells transfected with OATP1B3 and empty vector, or OATP1B3 and the
respective interacting transporter. Twenty-four hours (for co-transfection with OCT1), or
48 hours (for co-transfection with OATP1B1 or NTCP) after transfection, uptake of 1 uM
3H-CCK-8 was measured for 1 minute at 37 °C. As can be seen in Figure 4A, uptake of
CCK-8 was detected in OATP1B3 expressing HEK293 cells but was absent in cells
transfected with empty vector, OCT1, OATP1B1 or NTCP. When OATP1B3 was co-
expressed with OCT1, uptake was reduced to 50% (Figure 4A, top). However, when
OATP1B3 was co-expressed with either OATP1B1 or NTCP, uptake of CCK-8 by
OATP1B3 was not significantly affected (Figure 4A, middle and bottom). These results
suggest that uptake of CCK-8 in human hepatocytes could be affected by the
expression level of OCT1 and should be increased if expression of OCT1 was
decreased. However, expression levels of OATP1B1 or NTCP should not affect CCK-8
transport. When uptake of CCK-8 was normalized for plasma membrane expressed
OATP1B3, transport was increased 2.7 fold (Figure 4B, top). Interestingly, an opposite
effect was observed with OATP1B1 or NTCP. After normalization for membrane

expressed OATP1B3, uptake of CCK-8 was reduced dramatically (Figure 4B, middle
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and bottom). We next determined the initial linear portion of CCK-8 uptake for
OATP1B3 expressed alone and co-expressed with the three different transporters to be
able to characterize kinetics. Based on these experiments, we performed CCK-8 uptake
experiments with increasing CCK-8 concentrations (0.1 to 50 yuM) at 1 minute. As
shown in Figure 5A and B (summarized in Table 1), OATP1B3-mediated CCK-8 uptake
was measured 24 hours after transfection and was saturable with a Kn, value of 10.9 +
2.4 uyM and a Vmax value of 166 + 12.4 pmoles/mg protein x min. When OCT1 was co-
expressed with OATP1B3 the Kn value stayed the same but the Vimax decreased to 58.1
* 6.0. When the values were normalized for the plasma membrane expression of
OATP1B3, the Km value did not change but the Vmax increased to 253 + 26.2 pmoles/mg
x min. Forty-eight hours after co-transfection with either OATP1B1 or NTCP, the Km
values tended to be increased as compared to the 24 hours values but were not
affected by co-expression of OATP1B1 or NTCP (Table 2). However, the normalized
Vmax values decreased significantly when compared to the co-transfection of OATP1B3
with empty vector (Figure 5, Table 2).

Hetero-oligomerization in HEK293 cells does not seem to affect the function of
OCT1, OATP1B1 and NTCP: To investigate whether the function of the OATP1B3
partner proteins would be affected by the co-expression, we measured uptake of
representative model substrates for OCT1 (metformin), OATP1B1 (low concentration of
estrone-3-sulfate) and NTCP (taurocholate) after co-transfection in HEK293 cells. The
results in Figure 6 demonstrate that the function of the three interacting transport

proteins was not affected by co-expression with OATP1B3.
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Knock-down of OCT1 in human hepatocytes stimulates OATP1B3-mediated CCK-
8 uptake. If these findings are important for normal physiology/pharmacology they have
to be confirmed in a more relevant system. The decreased uptake of OATP1B3-
mediated CCK-8 in the presence of OCT1 (Figure 4A) lead us to hypothesize that if
OCT1 expression in human hepatocytes would be reduced, this would lead to an
increased OATP1B3-mediated CCK-8 uptake. To test our hypothesis, we used
adenoviral vectors that either contained a non-target or scrambled shRNA as control, or
OCT1 shRNA. We plated human hepatocytes, treated them with the respective
adenoviral vectors and cultured them for 11 days. We used one batch of cryopreserved
human hepatocytes (HUM4180A) and two different batches of freshly isolated human
hepatocytes (KHH134 and KHH135). On day 11, we measured uptake of CCK-8 in the
absence or presence of 100uM bromosulfophthalein, a known substrate and inhibitor of
OATP1B3. In addition, we isolated a membrane enriched fraction for western blotting.
As can be seen in Figure 7A, the protein expression of OCT1 was reduced in the
cryopreserved hepatocytes for the fully glycosylated protein and in the freshly isolated
hepatocytes mainly for the deglycosylated protein. As a consequence, CCK-8 uptake
increased in each batch of hepatocytes that was treated with the OCT1 shRNA as

compared to the scrambled shRNA, confirming our hypothesis.
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Discussion:

In the present study we used co-immunoprecipitation and proximity ligation assays to
demonstrate that OATP1B3 and OCT1 interact with each other when expressed in
HEK293 cells as well as in human hepatocytes. Furthermore, co-expression with either
OCT1, OATP1B1 or NTCP affects the expression levels of OATP1B3 and its function.
These results demonstrate two important findings: 1) co-expression of OATP1B3 with
OCT1 affects the membrane expression of OATP1B3, and 2) this co-expression directly
affects the function of OATP1B3. The co-expression of OATP1B3 with OCT1 leads to
decreased uptake prior to normalization. Therefore, when knocking OCT1 expression
down in human hepatocytes we expected to see increased uptake. Indeed, increased
uptake for CCK-8 and for sodium-independent uptake of taurocholate was observed
(Figure 7). These results suggest that changes at the protein level of OCT1, either due
to disease or due to polymorphisms, will affect the disposition of drugs that are
transported mainly by OATP1B3, such as e.g. telmisartan (Ishiguro et al., 2006).
Preliminary data from experiments with HEK293 cells (data not shown) suggest that
OCT1 affects the expression of OATP1B1 and NTCP in a similar way. Thus, OCT1
expression levels would not only affect the disposition of OCT1 substrates but also of
drugs transported by OATPs and NTCP. Regarding the function, co-expression of
OCT1 increased the Vmax value of OATP1B3-mediated CCK-8 uptake after
normalization for plasma membrane expression. These experiments had to be
performed 24 hours after transfection because OCT1 overexpression damaged the
HEK293 cells when we let expression go for 48 hours. In contrast, co-expression

experiments with either OATP1B1 or NTCP could be performed at 48 hours without any
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cell viability issues. In the presence of OATP1B1 or NTCP, Vmax values of OATP1B3-
mediated CCK-8 uptake were decreased as compared to when OATP1B3 was
expressed alone after normalization for plasma membrane expression. Given that after
normalization the values are corrected for the number of OTP1B3 transporters at the
plasma membrane, this clearly means that the increase in the presence of OCT1 is due
to an increase in turnover number. However, the decrease in the presence of either
OATP1B1 or NTCP demonstrated that the turnover number decreased. These changes
of an increased or decreased apparent turnover number (Kcat) for OATP1B3 suggest
that OATP1B3 function is also affected in vivo in human hepatocytes by co-expression
of other proteins, in particular other transport proteins. Thus, besides the well-known
transcriptional and post-translational regulation of expression and function, these drug
transporters seem to be regulated at an additional level involving protein-protein
interactions.

Under normal physiological conditions OATP1B3 is exclusively expressed at the
basolateral membrane of human hepatocytes with the highest expression around the
central vein (Konig et al., 2000; Cui et al., 2003). A similar lobular expression was also
reported for mouse OCT1 (Chen et al., 2014). In mice, the corresponding proteins
OCT1 and OATP1B2, respectively, have been shown to have differential regulation in a
mouse model of nonalcoholic steatohepatitis (NASH) due to a methionine- and choline-
deficient diet. In these animals, OATP1B2 is down-regulated (Clarke et al., 2014) while
OCT1 expression goes up as compared to healthy controls (Clarke et al., 2015).
Interestingly, OATP1B3 protein expression was much lower in NASH livers when

compared to normal livers (Clarke et al., 2014) but there is no information available yet
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on OCT1 expression under the same conditions. Although we do not yet know the
mechanisms by which the OCT1-OATP1B3 protein-interaction results in down-regulated
OATP1B3 protein, a similar protein-protein interaction between these corresponding
mouse proteins could be responsible for the observed differential regulation.

Unlike OCT1, OATP1B1 and NTCP have an even distribution throughout the liver lobule
(Stieger et al., 1994; Konig et al., 2000), which could potentially explain the reversed
effect on OATP1B3 compared to OCT1.

We have demonstrated that co-expression of OATP1B3 with other transporters can
affect its function. Thus, because in human hepatocytes both transporters are
expressed in the same hepatocyte, this co-expression likely affects the physiological
function of OATP1B3 and/or its ability to clear drugs. When characterizing and
predicting drug-drug interactions researchers normally use HEK293 or CHO cells that
express a single transporter (Hirano et al., 2006; Noe et al., 2007; Gui et al., 2008).
However, given that these drug transporters might be affected by co-expressed
transporters, these single expression systems do not really reflect the situation in
human hepatocytes and results obtained in the single transfection systems could be
misleading. In the future, single transporter experiments with several drugs, e.g. statins
or sartans, should be evaluated to ensure they are equivalent to multiple transporter
expression systems. If not, multiple transporter expression systems or a combination of
single and multiple transporter systems should be used for pharmacological and
toxicological studies.

Regulation of OATP1B3 and other OATPs has mainly been studied at the

transcriptional level (reviewed in (Hagenbuch and Stieger, 2013)). Limited information is
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available for post-translational regulation via protein kinase C activation (Guo and
Klaassen, 2001; Kock et al., 2010; Powell et al., 2014; Hong et al., 2015) and several
rodent OATPs have been reported to interact with adapter proteins of the PDZ family
(summarized in (Stieger and Hagenbuch, 2014)). In particular, a recent study nicely
demonstrated that rat OATP1A4 was only trafficked efficiently to the basolateral
hepatocyte membrane if OATP1A1, which contains a PDZ consensus motif, is also
expressed (Wang et al., 2019). Furthermore, the authors speculated that there is a
similar mechanism in human hepatocytes where the C-terminal amino acid sequence
ETHC in OATP1B1 was predicted to bind to PDZK1. Our findings that OATP1B3
expression at the plasma membrane is increased when co-expressed with OATP1B1
could potentially be explained by this mechanism and will need to be tested
experimentally. The interaction between co-expressed transporters suggests that they
could also be co-regulated at the post-translational level. Thus, future experiments will
determine whether this indeed is the case.

The interaction between carbonic anhydrase Il and the epithelial sodium-proton
exchanger (NHE3) results in increased activity of NHE3 (Krishnan et al., 2015). In the
case of carbonic anhydrase and NHE3, functionally active carbonic anhydrase is
required. Thus, in the future, we will need to test how the observed functional
consequences are modified when transporters with inactivating or stimulating
polymorphisms are co-expressed.

It still has to be determined exactly how these protein-protein interactions are mediated.
We believe the different proteins may be integrated into lipid raft domains similar to

what as has been shown for rat NTCP (Molina et al., 2008), rat OCTN2 (Czeredys et al.,
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2013) and rat OAT3 (Srimaroeng et al., 2013). Another possibility is that the interactions
may involve PDZ motifs or “tetraspanin webs” like in the case of OCTs.

In summary, we have shown that the hepatocellular drug transporters OATP1B3 and
OCT1 interact with each other and that this interaction can increase OATP1B3-
mediated uptake clearance (Vmax/Km) of CCK-8, but reduce the plasma membrane
expression level of OATP1B3. The interaction between OATP1B3 and OATP1B1, or
NTCP led to an opposite effect, decreasing the uptake clearance of OATP1B3 but
increasing its plasma membrane expression level. These findings are important
because they suggest that the clearance of endogenous compounds, as well as of
drugs, can be affected by co-expressed proteins. Thus, the characterization of these
drug transporters in single transfected recombinant systems might well lead to over- or
underestimation of the effects of drug-drug interactions. Therefore, we should consider

test systems that co-express the involved transporters for such characterizations.
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Figure legends:

Figure 1: OATP1B3 and OCT1 interact in human hepatocytes. Interaction of
OATP1B3 with OCT1 is demonstrated by (A) co-immunoprecipitation and (B) with a
proximity ligation assay. (A) Solubilized proteins from freshly isolated and plated human
hepatocytes were incubated with an anti-OATP1B3 antibody (400B3) in the presence or
absence of the crosslinking agent DTSSP. After precipitating the anti-OATP1B3
antibodies with protein A beads, the resulting supernatants (S) and pellets (P) were
separated by SDS-PAGE, transferred to a PVDF membrane, and incubated with an
anti-OCT1 antibody. (B) Frozen human liver sections were incubated either with an anti-
OCT1 antibody alone or with a combination of anti-OCT1 and anti-OATP1B3 (K28)
antibodies. After incubation with the respective secondary antibodies and the ligation
reaction mix, interactions can be detected in red. The blue color represents DAPI

staining of the nuclei.

Figure 2: OATP1B3 and OCT1 interact in transiently transfected HEK293 cells.
Interaction of OATP1B3 with OCT1 is demonstrated using the proximity ligation assay.
HEK293 cells were transfected with (A) OATP1B3-His and OCT1 plasmids (1:1), or (B)
OATP1B3-FLAG and ASBT-His plasmids (1:1). Twenty-four hours after transfection
HEK293 cells were fixed and incubated with a combination of corresponding antibodies.
After incubation with the respective secondary antibodies and the ligation reaction mix,
interactions can be detected in red. The blue color represents DAPI staining of the

nuclei.
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Figure 3: Plasma membrane expression of OATP1B3 and interacting transporters
when co-expressed in HEK293 cells. HEK293 cells were transfected with empty
vector (EV), EV and OATP1B3-His (1:1), EV and OCT1 (1:1), or OATP1B3-His and
OCT1 (1:1). Since both OATP1B1 and NTCP contain a His-tag inserted at the C-
terminal end, the same transfection conditions were used but OATP1B3-His was
replace by a OATP1B3-FLAG plasmids. Twenty-four hours (for OCT1), or 48 hours (for
OATP1B1 and NTCP) after transfection surface biotinylation experiments were
performed and membrane proteins were harvested and analyzed by western blot. A
and C: Membrane proteins were detected using indicated antibodies, or a Na*/K*-
ATPase antibody as loading control. B and D: Relative intensity of western blot bands
were quantified and compared based on three independent experiments; mean + SD
are shown for the co-transfections; an asterisk indicates a p < 0.05 level of significant

difference from OATP1B3/EV by one-tailed t-test.

Figure 4: Functional consequences for OATP1B3 when co-expressed with OCT1,
OATP1B1 or NTCP. Uptake experiments with 1uM 3H-CCK-8 were performed 24 hours
(OCT1) or 48 hours (OATP1B1 and NTCP) after HEK293 cells were transiently
transfected with an equivalent amount cDNA with the indicated combination of plasmids
or empty vector (EV). Uptake was terminated after 1 minute and normalized by total
protein concentration (A) or surface expressed protein (after normalizing for expression
of Na*/K* ATPase) (B). The means £ SD of three experiments (n=3) are shown; an
asterisk indicates a p < 0.05 level of significant difference from OATP1B3/EV by one-

tailed t-test.
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Figure 5: Effects of co-expression of interacting transporters on the kinetics of
OATP1B3-mediated cholecystokinin-8 (CCK-8) uptake. Uptake of increasing
concentrations of 3H-CCK-8 (0.1 - 50 uM) was measured at 37°C for 1 minute in
HEK293 cells transiently transfected with 500ng of empty vector, or 250ng of empty
vector mixed with 250ng of OATP1B3 (OATP1B3/EV), or 250ng of OATP1B3 mixed
with 250ng of respective interacting transporters. Uptake was normalized by total
protein (A, C) and plasma membrane expressed OATP1B3 (B, D). After subtracting the
values obtained with empty vector transfected cells, net OATP1B3-mediated uptake
was fitted to the Michaelis—Menten equation to obtain Km and Vmax values. Means + S.E.
of 7 (A, B: for interaction with OCT1) or 3 (C, D: for interaction with either OATP1B1 or
NTCP) individual experiments each performed with triplicate determinations are given.
Circles and a solid line represent OATP1B3/EV transfected cells while squares and a

dashed line represent OATP1B3/interacting transporter transfected cells.

Figure 6: Functional consequences for interacting transporters when co-
expressed with OATP1B3.

Five-minute uptake of 5uM “C-metformin (for OCT1), 1-minute uptake of 0.1uM 3H-
estrone-3-sulfate (for OATP1B1) or 1uM 3H-taurocholate (for NTCP) were measured 24
hours (for OCT1), or 48 hours (for OATP1B1 and NTCP) after HEK293 cells were
transiently transfected with an equivalent amount of cDNA with indicated combinations.
Substrate-mediated uptake was normalized by total protein concentration and by

plasma membrane expression of OCT1 for metformin uptake, OATP1B1 for estrone-3-
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sulfate uptake, and NTCP for taurocholate uptake. Means + SD are given for three

experiments (n=3) each performed in triplicates.

Figure 7: Effect of knocking down OCT1 in primary cultured human hepatocytes
on OATP1B3-mediated uptake.

Western blots of protein isolated from additional wells were probed with a monoclonal
OCT1 antibody and a polyclonal GAPDH antibody as a loading control.

Five-minute uptake of 1uM 3H-CCK-8, 5nM 3H-MPP*, and 1uM 3H-taurocholate (TCA; in
sodium-free medium) was measured 11 days after treatment of plated human
hepatocytes with adenoviral scrambled (black bars) or OCT1-shRNA (grey bars) on 12-
well plates. Means * SD of triplicate determinations are shown for three independent
hepatocyte preparations; an asterisk indicates a p < 0.05 level of significant difference

by one-tailed t-test.
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Table 1: Kinetic parameters for OATP1B3-mediated uptake of CCK-8 in single- or co-transfegted HEK293 cells
g

before and after normalization for OATP1B3 membrane expression determined 24 hours aft& transfection:

Transfection Condition Km (M) 95% Vmax 95% Norméized 95%
5
Confidence | (pmol/mg | Confidence | Vmax (prﬁollmg Confidence

&

interval protein x interval protein% min) interval
o
min) 3
&

OATP1B3/EV 109+24 | 6.1-156 166 + 12.4 141 - 191 166 i§2.4 141 - 191
_|

OATP1B3/OCT1 9.8+3.1 3.6-16.0 58.1+6.0 46.1-70.2 253 i;§6.2 200 - 305
QD
EV: empty vector )%>
i
S
D
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Table 2: Kinetic parameters for OATP1B3-mediated uptake of CCK-8 in single- or co-transfegted HEK293 cells
g

before and after normalization for OATP1B3 membrane expression determined 48 hours aft& transfection:

Transfection Condition Km (M) 95% Vmax 95% Norméized 95%
5
Confidence | (pmol/mg | Confidence | Vmax (prﬁollmg Confidence
&
interval protein x interval protein% min) interval
o
min) 3
&
OATP1B3/EV 19.2+3.3 | 12.3-26.1 510 + 36.7 433 - 586 510 i@&? 433 - 586
_|
OATP1B3/OATP1B1 274+36 | 199-349 | 690+43.7 599 - 781 164 i§0.3 142 - 185
QD
OATP1B3/NTCP 292+72 | 142-442 | 559+67.9 418 - 701 224 1%7.2 167 - 281
EV: empty vector é
8
N
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