
Characterization of OATP1B3-1B7 
(LST-3TM12) - a novel transporter of 

the OATP1B family

Inauguraldissertation 

zur 

Erlangung der Würde eines Doktors der Philosophie  

vorgelegt der  

Philosophisch-Naturwissenschaftlichen Fakultät  

der Universität Basel  

von 

Vanessa Malagnino 

aus Ettingen Baselland  

2019 

Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel 

edoc.unibas.ch 



Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät 

auf Antrag von 

Prof. Dr. Henriette E. Meyer zu Schwabedissen,  

Prof. Dr. Manuel Haschke 

Basel, den 25.06.2019 

Prof. Dr. Martin Spiess 

Dekan 



Acknowledgements 

Firstly, I would like to express my deepest gratitude to my supervisor Prof. Dr. Henriette E. 

Meyer zu Schwabedissen for giving me the opportunity to do my PhD thesis in the Institute of 

Biopharmacy. In particular, I have profited from the close mentoring by Prof. Dr. Henriette E. 

Meyer zu Schwabedissen that helped me in becoming the scientist I always dreamed to be.  

I especially thank the committee members Prof. Dr. Manuel Haschke for being my co-referee 

and Prof. Dr. Alex Odermatt for chairing my defense. 

I also want to thank the current and former members of the Institute of Biopharmacy for their 

ceaseless support and the countless funny moments we shared. I want to thank in particular 

Daniel Ehrsam, Janine Hussner, Isabel Seibert, Anima Schäfer, Petra Rohrwild, Celio Ferreira, 

Katharina Prestin, and Karin Brecht Brüngger. 

Moreover, I would like to thank Alex Odermatt, Denise Kratschmar, and Julia Birk from the 

Institute of Molecular Systems and Toxicology for always giving me good counsel and 

encouraging me to keep on going. 

I want to thank Urs Duthaler from the Institute Clinical Pharmacology and Toxicology for being 

the best project partner I ever had. 

Special thanks goes to Blijke Kroezen and Anima Schäfer for proof reading my thesis and their 

helpful suggestions for improving it.  

I also want to thank my family and friends for supporting me during this intense period of my 

life. I want to thank my mother in particular, as she is my greatest support. As for my friends, I 

consider each of them as family and I could not imagine a world without them. I namely thank 

Tamara Müller, Marisa La Vecchia, Jessica Bressler, Florine Schweizer, Selina Rhyner, Blijke 

Kroezen, Nadine Haas, and Yimu Wang for always being there for me. 

1



Table of Contents 
Acknowledgements ................................................................................................................................. 1 

Abbreviations .......................................................................................................................................... 3 

Summary ................................................................................................................................................. 4 

1.0 Introduction ....................................................................................................................................... 6 

1.1 Pharmacology ............................................................................................................................... 6 

1.2 Diffusion ........................................................................................................................................ 8 

1.3 Drug transporters .......................................................................................................................... 9 

1.4 SLCO1B transporters .................................................................................................................. 10 

1.5 OATP1Bs in bilirubin metabolism............................................................................................... 12 

1.6 OATP1Bs in bile acid homeostasis .............................................................................................. 13 

1.7 OATP1Bs in drug metabolism ..................................................................................................... 14 

1.8 The pseudogene SLCO1B7 .......................................................................................................... 17 

2.0 Aim of the thesis .............................................................................................................................. 17 

3.0 Results ............................................................................................................................................. 19 

3.1 LST-3TM12 is a member of the OATP1B family and a functional transporter ........................... 20 

3.2 OATP1B3-1B7 (LST-3TM12) is a drug transporter that impacts endoplasmic reticulum gating 
and the metabolism of ezetimibe........................................................................................................ 34 

3.3 OATP1B3-1B7 (LST-3TM12) a novel Organic Anion Transporting Polypeptide is modulated by 
FXR ligands and transports bile acids .............................................................................................. 48 

3.4 Atorvastatin accumulation .......................................................................................................... 61 

4.0 Conclusion ....................................................................................................................................... 63 

5.0 Outlook ............................................................................................................................................ 72 

6.0 Bibliography.................................................................................................................................... 75 

2



Abbreviations 

By appearance 

NCBI, National Center of Biotechnology information; FXR, farnesoid X receptor; DHEAS, 
dehydroepiandrosterone sulfate; E2G, estradiol β-D-glucuronide; TCA, taurocholic acid; LCA, 
lithocholic acid; UGT, uridine 5'-diphospho-glucuronosyltransferase; SER, smooth 
endoplasmic reticulum; ADME, absorption distribution metabolism excretion; ABC, ATP 
binding cassette family; SLC, solute carrier superfamily; SLCO, family of organic anion 
transporting polypetides; OATP, organic anion transporting polypeptide; ACE, angiotensin 
converting enzyme; GWAS, genome wide association study; HMG-CoA, 3-hydroxy-3-
methylglutaryl coenzyme reductase A; SNP, single nucleotide polymorphism; AUC, area under 
the curve; SHP1, small heterodimer partner 1.  

Alphabetical 

ABC, ATP binding cassette family; ACE, angiotensin converting enzyme; ADME, 
absorption distribution metabolism excretion; AUC, area under the curve; DHEAS, 
dehydroepiandrosterone sulfate; E2G, estradiol β-D-glucuronide; FXR, farnesoid X receptor; 
GWAS, genome wide association study; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme 
reductase A; LCA, lithocholic acid; NCBI, National Center of Biotechnology information; 
OATP, organic anion transporting polypeptide; SER, smooth endoplasmic reticulum; SHP1, 
small heterodimer partner 1; SLC, solute carrier superfamily; SLCO, family of organic anion 
transporting polypetides; SNP, single nucleotide polymorphism; TCA, taurocholic acid; UGT, 
uridine 5'-diphospho-glucuronosyltransferase. 

3



Summary 
The effectiveness of a drug is determined by its pharmacodynamic and pharmacokinetic 

properties. While pharmacodynamics describes the interaction between the target structure and 

the drug, pharmacokinetics is an umbrella term for all the processes influencing the entry of a 

drug into the organism and eventually its elimination from the organism (Langguth et al., 2004a; 

Wilson and Walker, 2010). An important mechanism that affects the pharmacokinetics of a 

drug is its transport across membranes by uptake and efflux transporters (Herdegen et al., 2010). 

Two uptake transporters that have been extensively studied for their impact on 

pharmacokinetics are OATP1B3 and OATP1B1 (Maeda, 2015). These two transporters are 

encoded on chromosome 12 by the genes SLCO1B3 and SLCO1B1, respectively (Hagenbuch 

and Meier, 2003). Between these genes lies another gene locus annotated as SLCO1B7. This 

gene is deemed to be a pseudogene as no function has been reported for its translational product 

(Stieger and Hagenbuch, 2014). In 2005, an mRNA sequence named LST-3TM12 that is highly 

similar to SLCO1B7 was submitted to the National Center of Biotechnology (NCBI) by 

Mizutamari, H. and Abe, T. (NCBI#, AY257470). The aim of this thesis was to assess the 

function and transcriptional regulation of this mRNA. 

By aligning the transcripts of SLCO1B3, SLCO1B7, and LST-3TM12, we could show that the 

initial five exons of LST-3TM12 originate from SLCO1B3 and the remaining part of LST-

3TM12 is encoded by SLCO1B7. Due to this finding, LST-3TM12 is referred to as OATP1B3-

1B7 in this thesis. Because the OATP1B3-1B7 mRNA and OATP1B3 have the same 5’UTR it 

seemed likely that they share the same promoter, which was corroborated by our finding that 

silencing the exon 4 of SLCO1B3 significantly inhibited OATP1B3-1B7 mRNA transcription. 

Given that the gene SLCO1B3 is controlled by, among others, farnesoid X receptor (FXR) (Jung 

et al., 2002), we tested and confirmed that FXR also regulates OATP1B3-1B7 transcription. 

Hence, OATP1B3-1B7 is part of the FXR regulated gene-network. 
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Our functional assessments of OATP1B3-1B7 revealed that OATP1B3-1B7 transports 

exogenous and endogenous compounds. Endogenous substances were dehydroepiandrosterone 

sulfate (DHEAS), estradiol β-D-glucuronide (E2G), taurocholic acid (TCA), and lithocholic 

acid (LCA). Exogenous substances were the drugs ezetimibe and atorvastatin. Real-time PCR 

assessment of OATP1B3-1B7 mRNA showed that it is highly expressed in the liver and, to a 

lesser extent, in the small intestine. Consequently, the protein OATP1B3-1B7 is detectable in 

the liver and intestine. Strikingly, the cellular location of OATP1B3-1B7 is not sinusoidal, as 

is the case for OATP1B1 and OATP1B3, but it is located in the smooth endoplasmic reticulum 

(SER). Given that OATP1B3-1B7 has a broad substrate range and is expressed in tissues 

dedicated to metabolism, we hypothesized that OATP1B3-1B7 could have a function related to 

the high metabolic activity of these tissues (Thummel, 2007). One enzyme class that is highly 

expressed in such tissues are uridine 5'-diphospho-glucuronosyltransferases (UGTs) (Rouleau 

et al., 2016). UGTs are anchored in the SER membrane and have their active enzymatic site 

facing the SER lumen (Coleman, 2010). However, it is still not clearly understood how UGT 

substrates reach and leave the active enzymatic site (Petzinger and Geyer, 2006). As OATP1B3-

1B7 is a SER transporter, we assessed whether it could provide access to or exit from the lumen 

and thus contribute to the metabolic activity of the UGTs. We have investigated this hypothesis 

with regard to ezetimibe, which is a substrate of OATP1B3-1B7 and is highly metabolized by 

UGTs (Ghosal et al., 2004). In this case, we were able to show that inhibition of OATP1B3-

1B7 lowers the glucuronidation rate of ezetimibe. Hence, we propose that OATP1B3-1B7 is a 

drug transporter that is a gateway for the SER lumen.  
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1.0 Introduction
1.1 Pharmacology 
The study of the interactions between a drug and an organism is a multidisciplinary science 

denoted by the term pharmacology. One focal area of pharmacological research is the 

characterization of the effect a drug has on an organism (Sandritter et al., 2017). These effects 

are called pharmacodynamic drug properties. In more detail, pharmacodynamic research 

investigates the biochemical interaction between the drug and its target structure that causes the 

therapeutic effect (Herdegen et al., 2010). Complementary to pharmacodynamic research is the 

pharmacokinetic characterization of a drug, which investigates all the processes the organism 

exerts on the drug (Langguth et al., 2004a).  

Figure 1. Overview of pharmacokinetic and pharmacodynamic processes. The flow chart represents the 
processes that a drug can undergo in the organism before being eliminated from the organism by excretion. 
Modified and adapted from Herdegen et al., 2010 (Herdegen et al., 2010).

To give an overview of these two research areas, Herdegen et al. summarized them in a flow 

chart (see Figure 1) (Herdegen et al., 2010). 

As can be derived from Figure 1, pharmacokinetics comprises several processes that influence 

the disposition of a drug in the organism. These processes are usually summarized by the 
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ADME concept, where A stands for absorption, D for distribution, M for metabolism, and E 

for excretion (Sandritter et al., 2017). As soon as an orally administered drug dissolves in the 

gastrointestinal tract (this process is also called liberation), the ADME processes start to take 

place. Initially, a fraction of the liberated drug is absorbed by the enterocytes in the gut, from 

where it can enter the blood stream, which distributes the drug in the body. The first organ the 

drug is directed to is the liver. This organ contains a manifold of metabolizing enzymes that 

alter the physicochemical properties of the drug to make it more likely to be excreted and hence 

eliminated from the organism. Although ADME is often explained in this order, it is important 

to note that all the ADME processes, except from elimination, are reversible and take place 

simultaneously (Herdegen et al., 2010). Eventually, pharmacokinetic processes influence the 

half-life, volume of distribution, and clearance of the drug and are thus crucial parameters for 

estimating the duration and extent of the drug action (Wilson and Walker, 2010).  

Drug metabolism is frequently subdivided in four phases which are denoted as phase 0, phase I, 

phase II, and phase III (Doring and Petzinger, 2014; Langguth et al., 2004b). Phase I and II 

include biotransformation reactions that alter the chemical structure of the drug. In detail, 

phase I reactions comprise the addition of a functional group to the parent compound and 

phase II reactions comprise the conjugation of a endogenous molecule to the drug (Sandritter 

et al., 2017). Phase 0 and III differ from phase I and II as they do not describe a chemical 

reaction but the uptake (phase 0) and excretion (phase III) of a drug (Doring and Petzinger, 

2014). 

As anticipated by Figure 1, pharmacokinetic and pharmacodynamic processes are strongly 

interdependent, as the drug action can only take place when the drug reaches its target structure 

(Sandritter et al., 2017). Eventually, the effectiveness of a drug is determined by both its 

pharmacokinetic and pharmacodynamic properties (Wilson and Walker, 2010).  
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1.2 Diffusion 
One physical process that fuels absorption, distribution, and excretion of a drug is the 

phenomenon of diffusion, which is the tendency of a system to equalize solute concentrations. 

Diffusion through semipermeable barriers (e.g., membranes) is described by Fick’s diffusion 

law (Equation 1) (Langguth et al., 2004c): Where (dM/dt) is the mass flux, D the diffusion 

coefficient, P the distribution coefficient, A the diffusion area, d the thickness of the membrane, 

and c2-c1 the concentration gradient. 

Equation 1 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� = 𝐷𝐷 𝑃𝑃 

𝐴𝐴
𝑑𝑑 

 (𝑐𝑐2 − 𝑐𝑐1) 

From this equation, it follows that high values for D, P, A, and (c2 – c1) favor mass flux, whereas 

a thick membrane (d) hinders diffusion. The distribution coefficient (P) reflects the likeliness 

of a drug to diffuse into the lipid containing membrane (lipid phase) and correlates with the 

lipophilicity of the drug. Therefore, drugs with high distribution coefficients diffuse more 

quickly into the lipid phase than drugs with low distribution coefficients (see Figure 2). As a 

rule of thumb, smaller, more apolar drugs have a high distribution coefficient, whereas charged, 

larger molecules are associated with smaller distribution coefficients (Langguth et al., 2004c). 

This relationship between the lipophilicity and the ability of a molecule to cross a membrane is 

also accounted for by the extended Rule of Five. It predicts that a drug with a log P value 

(measure of lipophilicity of a drug) between -0.4 to 5.6 is likely to adopt drug-like properties 

and hence is suitable for oral administration (Ghose et al., 1999; Lipinski et al., 2001). This 

empirical finding nicely demonstrates that neither a very polar drug, nor a highly lipophilic one 

has drug-like properties. On one hand, a highly hydrophilic drug would be confined to the water 

phases (e.g., blood, cytosol) and would therefore not reach the target cells. On the other hand, 

a highly lipophilic compound would be confined to the lipid phase (e.g., plasma membranes, 

lipid vesicles) (Langguth et al., 2004c).  
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Figure 2. Membrane passage of two drugs with different distribution coefficients. In both cases drug 
concentrations are the same in the 1st and 2nd water phase. Both drugs diffuse into the lipid phase according to their 
distribution coefficients (P). (A) A P of 10 results in a higher concentration gradient than a P of 1 between the water 
and the lipid phase (B). Modified and adapted from Langguth et al., 2004 (Langguth et al., 2004c). 

1.3 Drug transporters 
Diffusion only partially explains the journey of the drug through the organism as it is a non-

directional process which aims to equalize the particle concentrations in all compartments. The 

directional transport of particles is facilitated by membrane spanning proteins (Herdegen et al., 

2010). These proteins can act as facilitators of diffusion (pores) or actively transport drugs from 

one side of the membrane to the other (Herdegen et al., 2010). The latter are called transporters 

and can be functionally divided into influx (uptake) transporters and efflux transporters. Among 

them, the superfamily of the ATP binding cassette (ABC) family and transporters of the 

superfamily of the solute carrier (SLC) family transporters are of special interest in drug 

development and drug approval, as they recognize exogenous substances (e.g., drugs) as 

substrates (Liang et al., 2015). One subfamily of the SLCs, the organic anion transporting 

polypeptides of the subfamily 1B (SLCO1Bs), is of major concern in drug development as its 
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members interact with a manifold of drugs, thus testing new drug entities with these transporters 

has been recommended for pharmaceutical companies since 2010 (Giacomini et al., 2010).  

In order to help the reader to understand the nomenclature of the SLCO1B subfamily, it is 

crucial to know that the gene names of the solute carriers are denoted with the prefix SLCO 

(e.g., SLCO1B1) and their corresponding proteins are identified with the prefix OATP, an 

acronym of organic anion transporting polypeptide (e.g., OATP1B1) (Hagenbuch and Meier, 

2004). 

1.4 SLCO1B transporters 
Based on homology modeling, OATPs are assumed to have twelve transmembrane domains 

that are arranged as two bundles composed of six transmembrane domains (Schweizer et al., 

2014). Moreover, they have a characteristic large fifth extracellular loop that contains conserved 

cysteine residues (Hagenbuch and Stieger, 2013). The OATPs facilitate the membrane passage 

of their substrates by a Na+- and ATP-independent rocker switch type mechanism (Mahagita et 

al., 2007; Meier-Abt et al., 2005). As depicted in Figure 3, this mechanism is initiated by the 

two helix bundles exerting a rotary movement against each other that results in the revelation 

of a central substrate binding site towards one compartment, which allows for a substrate to 

bind to it. The substrate is then released at the opposed compartment (Schweizer et al., 2014). 

Given the fact that the central binding site can be sequentially accessed from both membrane 

sites, transport can be facilitated in both directions and is driven by the physicochemical 

gradient of one or more substrates (Schweizer et al., 2014). For some SLCOs it has been shown 

that transport is driven by counter ions such as bicarbonate or glutathione and that they have 

more than one substrate binding site (Hagenbuch and Stieger, 2013). As of yet, no counter ions 

for the OATP1B transporters have been identified (Mahagita et al., 2007). The OATP1B 

subfamily consists of two members, i.e., OATP1B1 and OATP1B3, which are highly similar 

(78% amino acid identity). It is assumed that they are gene duplicates, and that duplication 

occurred after divergence from rodents as rodents carry only one OATP1B transporter which 

10



is Oatp1b2  (Hagenbuch and Gui, 2008; Meier-Abt et al., 2005). Both transporters are expressed 

in the sinusoidal (basolateral) membrane of hepatocytes and the expression of OATP1B1 is 

exclusive to the liver (Abe et al., 1999; Hsiang et al., 1999; Konig et al., 2000b). However, 

OATP1B3 is also expressed in other tissues, such as the placenta, colorectal tumors, and the 

pancreas (Briz et al., 2003; Lockhart et al., 2008; Meyer zu Schwabedissen et al., 2014). 

Members of the OATP1B subfamily recognize a broad range of both endogenous and 

exogenous substrates, of which several are substrates of both OATP1Bs and a few are only 

transported by only one of them (Hagenbuch and Gui, 2008; Kalliokoski and Niemi, 2009; 

Maeda, 2015). Examples of endogenous substrates are bile acids, bilirubin, thyroid hormones, 

inflammatory mediators, coproporphyrins, and steroid hormone metabolites (Bednarczyk and 

Boiselle, 2016; Hagenbuch and Gui, 2008; Kullak-Ublick et al., 2001). Furthermore, known 

exogenous substrates are found in the drug classes of statins, sartans, angiotensin converting 

enzyme (ACE) inhibitors, and glinides (Maeda, 2015). However, not every member of these 

drug classes is a substrate of OATP1Bs, and thus each needs to be evaluated independently in 

terms of its ability to undergo transportation. 
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Figure 3. Rocker switch model of transmembrane transport. Transport through the membranes is facilitated by 
the conformational change of the two helix bundles. The central binding site of the transporter can be accessed 
from both sites, which allows for bi-directional transport. For the OATP1B transporter no counter substrate has been 
identified. Figure adapted and modified from Schweizer et al., 2014 (Schweizer et al., 2014). 

1.5 OATP1Bs in bilirubin metabolism 
Although several endogenous substrates of OATP1B1 and OATP1B3 were identified during 

their initial characterization (Abe et al., 1999; Abe et al., 2001; Hsiang et al., 1999; Konig et 

al., 2000a; Konig et al., 2000b), the physiological importance of these findings has only been 

rudimentarily assessed. The best-characterized endogenous role of OATP1Bs is their 

involvement in the bilirubin metabolism. Bilirubin is a heme metabolite that becomes 

neurotoxic if not eliminated from the organism (Watchko and Tiribelli, 2013). Functionally the 

involvement of OATP1Bs in the metabolism of bilirubin is explained by OATP1B1 and 

OATP1B3 mediating hepatocellular uptake of bilirubin and bilirubin glucuronide (Briz et al., 

2003; Cui et al., 2001). In the hepatocytes bilirubin and its metabolites can then be further 

metabolized and/or secreted into the bile and thus be eliminated from the organism (Cui et al., 

2001). This association of the OATP1Bs being involved in bilirubin metabolism was also 

confirmed by several genome wide association studies (GWAS) searching for genetic variants 
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associated with increased bilirubin levels (Bielinski et al., 2011; Johnson et al., 2009; Kang et 

al., 2010; Sanna et al., 2009). In summary, these studies have found that the deficiency of either 

OATP1B1 or OATP1B3 manifests itself in elevated bilirubin levels. Despite the elevated 

bilirubin levels, carriers of one non-functional OATP1B transporter are otherwise healthy. This 

finding is in accordance with the phenotype of a knock-out mouse model of Oatp1b2 (the mouse 

homologue of OATP1B1 and OATP1B3) created by Zaher et al.(Zaher et al., 2008). Similarly, 

to humans, the knock-out mice demonstrated elevated total bilirubin levels but were apart from 

that healthy (Zaher et al., 2008). Nonetheless, humans express two OATP1B transporters and 

thus the mice model might not be entirely representative for human physiology. In the rare case 

when both human OATP1Bs are non-functional, affected individuals will develop the benign 

Rotor-Syndrome (Online Mendelian Inheritance in Man #237450) (van de Steeg et al., 2012). 

The Rotor-Syndrome manifests itself in the form of conjugated hyperbilirubinemia, 

coproporphyrinuria, and near-absent hepatic uptake of anionic diagnostics (van de Steeg et al., 

2012). Where the symptoms of coproporphyrinuria can be deduced to the coproporphyrin I and 

coproporphyrin III uptake function of the OATP1Bs (Bednarczyk and Boiselle, 2016). 

Additionally, the near-absent hepatic uptake of diagnostics is deemed to be due to the affinities 

of OATP1Bs for anionic diagnostics such as indocyanine green (only OATP1B3) and 

bromsulphtalein (Cui et al., 2001; de Graaf et al., 2011). 

1.6 OATP1Bs in bile acid homeostasis 
Another class of endogenous substrates that are most likely modulated by OATP1Bs are bile 

acids (Xiang et al., 2009; Yan et al., 2015). By investigating the bile acid levels of carriers of 

diminished activity polymorphisms of OATP1B1, Xiang et al. were able to show that these 

carriers displayed elevated bile acid plasma levels (Xiang et al., 2009). Furthermore, it has been 

speculated that placental bile acid transport is orchestrated by OATP1B3 as this transporter is 

down regulated in women suffering from intrahepatic cholestasis of pregnancy (Wang et al., 

2012; Yan et al., 2015). In addition to these findings in humans, the murine knock out model 
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of Oatp1b2 demonstrated elevated levels of unconjugated bile acids in serum (Csanaky et al., 

2011). The reason as to why elevated bile acid levels have not been associated with Rotor 

syndrome yet could be due to the fact that there is a high interindividual variance between bile 

acid levels and, consequently, groups have to be matched carefully in order to reveal any 

statistically relevant differences (Steiner et al., 2011). 

One of the factors shown to regulate OATP1B transcription is the bile acid sensor FXR 

(NR1H4) (Jung et al., 2002; Meyer zu Schwabedissen et al., 2010). This receptor is activated 

upon binding to bile acids, the activated FXR forms a heterodimer with the 9-cis-retinoic acid 

receptor and this heterodimer binds to an inverted repeat response element, which fosters the 

initiation of gene transcription (Makishima et al., 1999). FXR is an important regulatory 

mechanism for intracellular bile acid levels (Matsubara et al., 2013). It orchestrates bile acid 

levels by initiating/inhibiting the transcription of bile acid transporters and bile acid 

synthesizing enzymes (Halilbasic et al., 2013). It is assumed that elevated expression of 

OATP1B during cholestasis could ensure moderate but continuous bile acid entry into 

hepatocytes in order to keep the FXR-machinery working (Meyer zu Schwabedissen et al., 

2010).  

Because OATP1Bs also transport thyroid hormones (Abe et al., 1999; Kullak-Ublick et al., 

2001; van der Deure et al., 2008) and steroid hormones (Cui et al., 2001; Konig et al., 2000a; 

Konig et al., 2000b; Leuthold et al., 2009) it has also been hypothesized that the OATP1Bs 

could be important for the homeostasis of these hormones as well. 

1.7 OATP1Bs in drug metabolism 
The predominant reason for including the OATP1Bs in pre-clinical testing for drug interactions 

is that they transport a manifold of drugs including several statins (Giacomini et al., 2010). 

Statins are widely prescribed drugs that inhibit the 3-hydroxy-3-methylglutaryl coenzyme 

reductase A (HMG-CoA) (Joy and Hegele, 2009). By this mechanism of action, the 
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concentration of low density lipoprotein cholesterol levels is significantly lowered, which 

protects the patient from coronary events (Stewart, 2013). Although statins are well-tolerated 

drugs, they can in some rare cases cause statin-induced myopathy (Joy and Hegele, 2009). In a 

major study including 20,000 individuals, the single nucleotide polymorphism (SNP) 

rs4149056, which encodes for a diminished function variant of OATP1B1 (Tirona et al., 2001), 

was associated with an increased risk of statin-induced myopathy in high dose (80mg/day) 

simvastatin treatment (Link et al., 2008). Several other studies using other simvastatin doses 

and different definitions of statin-induced myopathy found similar associations (Brunham et 

al., 2012; Donnelly et al., 2011; Voora et al., 2009). However, the influence of rs4149056 on 

adverse events with other statins is controversial (Brunham et al., 2012; Puccetti et al., 2010; 

Voora et al., 2009). In more detail, there are two studies associating atorvastatin treatment in 

combination with rs4149056 with an increased odds ratio for statin-induced myopathy (Puccetti 

et al., 2010; Voora et al., 2009) and one study that did not observe a difference between exposed 

and control groups (Brunham et al., 2012). Moreover, for rosuvastatin (Puccetti et al., 2010) 

and pravastatin (Voora et al., 2009) treatment, it appears likely that there are no rs4149056-

associated effects. 

Pharmacokinetic studies on rs4149056 show that the area under the curve (AUC) of carriers 

has increased plasma concentrations of pravastatin, simvastatin, pitavastatin, atorvastatin, and 

rosuvastatin (Kalliokoski and Niemi, 2009). Presumably, the impaired function of OATP1B1 

results in diminished uptake of statins into hepatocytes, which hampers drug clearance (Shitara, 

2011). Thus, more of the drug is in circulation and is more likely to cause adverse events 

according to the pharmacological profile of the drug.  

The rs4149056 of SLCO1B1 is also associated with an increased AUC of repaglinide 

(Kalliokoski et al., 2008), nateglinide (Zhang et al., 2006) and torasemide (Werner et al., 2010); 

or with a higher plasma concentration of lopinavir (Hartkoorn et al., 2010).  
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Despite the fact that OATP1B3 contributes to simvastatin uptake into hepatocytes (Kunze et 

al., 2014) and that several reduced functional variants of OATP1B3 have been described (Picard 

et al., 2010; Schwarz et al., 2011), there are no GWASs associating SLCO1B3 polymorphism 

with adverse events in simvastatin treatment. However, the polymorphism rs4149117 of 

SLCO1B3 has been shown to influence the pharmacokinetics of mycophenolic acid and 

mycophenol glucuronide, which are metabolites of the immunosuppressant mycophenol 

mofetil (Miura et al., 2008; Picard et al., 2010).  

Moreover, several drug-drug interactions between OATP1B1 inhibitors and substrates have 

been reported (Shitara, 2011). Co-administration of an OATP1B1 inhibitor (e.g., cyclosporine 

A, gemfibrozil, and rifampicin) and an OATP1B1 substrate (e.g., atorvastatin, cerivastatin, 

fluvastatin, pravastatin, repaglinide, bosentan) usually results in elevated AUCs of the substrate 

drugs, as the elimination of these drugs is slowed down due to diminished uptake into the liver 

(Shitara, 2011). However, each inhibitor-substrate combination needs to be addressed 

individually as it is assumed that the OATP1Bs have more than one substrate-binding site 

(Hagenbuch and Stieger, 2013) and thus prediction of unfavorable drug combinations is 

therefore intricate. 

Inhibition of OATP1Bs can also result in a decreased therapeutic effect. This can occur when 

the drug is an OATP1B substrate and the target of the drug is located inside of the OATP1B-

gated cell. These two criteria are fulfilled for statins as they target the hepatic HMG-CoA 

reductase, which is anchored in the endoplasmic reticulum (Roitelman et al., 1992). Indeed, 

there are a couple of studies indicating that the diminished functional polymorphism rs4149056 

of OATP1B1 could be the cause for an attenuated therapeutic effect of statin treatment (Link et 

al., 2008; Meyer zu Schwabedissen et al., 2015). 

Another example of this phenomenon is the interplay between OATP1B3 and its substrate 

glibenclamide (Meyer zu Schwabedissen et al., 2014). This antidiabetic drug inhibits the KATP
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channel by binding to a cytosolic domain of the SUR1 subunit, which leads to depolarization 

of the plasma membrane and eventually stimulates insulin secretion (Boyd et al., 1990; Bryan 

and Aguilar-Bryan, 1999). Thus, impaired functional polymorphisms of OATP1B3 or 

inhibition of OATP1B3 could aggravate access to the SUR1 subunit, which would result in 

diminished effectiveness of glibenclamide (Meyer zu Schwabedissen et al., 2014).  

1.8 The pseudogene SLCO1B7 
Between the genes that encode for OATP1B1 and OATP1B3 lies an orphaned gene region 

annotated as SLCO1B7. There is little information available on this gene region; in Stieger and 

Hagenbuch’s review, it is only mentioned that SLCO1B7 is deemed to be a pseudogene as no 

function was reported for its translational product OATP1B7 (Stieger and Hagenbuch, 2014). 

Nevertheless, the publication of the mRNA sequences LST-3TM12 (NCBI#, AY257470) and 

LST-3b (NCBI#, AY442325) by Mizutamari, H. and Abe, T. in 2005 and 2006, respectively, 

suggested that SLCO1B7 is transcribed. Both sequences contain a high sequence similarity to 

SLCO1B7. Additionally, one of the polymorphisms identified in a GWAS by Johnson et al. 

linked elevated bilirubin levels to the chromosomal area of SLCO1B7 (Johnson et al., 2009). 

Moreover, in another GWAS of Legge et al. a polymorphism in the gene region of SLCO1B7 

correlates with the incidence of the adverse event of neutropenia during clozapine treatment 

(Legge et al., 2016). Accordingly, it seems that further research is necessary to elucidate the 

role of the gene region SLCO1B7 and the mRNA sequences SLCO1B7, LST-3TM12 and LST-

3b, which appear to be related to it. 

2.0 Aim of the thesis 
The aim of this thesis was the deorphanization of the gene locus SLCO1B7 and the 

characterization of its translational products OATP1B7 and OATP1B3-1B7 (which is the 

translational product of the LST-3TM12 mRNA). Whereby, we investigated the role of 
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OATP1B3-1B7 in the context of drug metabolism and its physiological role in bile acid 

homeostasis.  
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3.0 Results 
This doctoral thesis is based on three peer-reviewed publications and a short-study on 
atorvastatin accumulation: 

1. LST-3TM12 is a member of the OATP1B family and a functional transporter.
Malagnino V, Hussner J, Seibert I, Stolzenburg A, Sager CP, Meyer Zu Schwabedissen HE.
Biochemical Pharmacology. 2018

2. OATP1B3-1B7 (LST-3TM12) is a drug transporter that affects endoplasmic reticulum
access and the metabolism of ezetimibe.
Malagnino V, Duthaler U, Seibert I, Krähenbühl S, Meyer Zu Schwabedissen HE. Molecular
Pharmacology. 2019

3. OATP1B3-1B7, a novel organic anion transporting polypeptide, is modulated by FXR
ligands and transports bile acids.
Malagnino V, Hussner J, Issa A, Midzic A, and Meyer Zu Schwabedissen HE. Am J Physiol
Gastrointestinal Liver Physiology. 2019
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3.1 LST-3TM12 is a member of the OATP1B family and a functional transporter 
Malagnino V1, Hussner J1, Seibert I1, Stolzenburg A3, Sager CP2, Meyer Zu Schwabedissen 
HE1. Biochemical Pharmacology. 2018 

Laboratories of origin: 
1 Biopharmacy, Department of Pharmaceutical Sciences, University of Basel, Basel, 
Switzerland 
2 Molecular Modeling, Department of Pharmaceutical Sciences, University of Basel, Basel, 
Switzerland 
3 Department of General Pharmacology, Center of Drug Absorption and Transport (C_DAT), 
University of Medicine Greifswald, Germany  

Contribution Malagnino V: Study design, acquisition, analysis and interpretation of data, 
drafting of manuscript. 

Journal: Biochemical Pharmacology (2018) 148: 75-87 

Graphical Abstract 1. LST-3TM12 is a member of the OATP1B family and a functional transporter. Artwork 
by V.Malagnino.
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Organic anion transporting polypeptides (OATPs) and particularly the two members of the OATP1B family
are known for their role in pharmacokinetics. Both SLCO1B3 and SLCO1B1 are located on chromosome 12
encompassing the gene locus SLCO1B7. Hitherto, this particular gene has been assumed to be a pseudo-
gene, even though there are published mRNA sequences linked to this chromosomal area. It was aim of
this study to further investigate SLCO1B7 and the associated mRNA LST-3TM12. In a first step, we aligned
all mRNAs linked to the chromosomal region of SLCO1B-transporters. This in silico analysis revealed that
LST-3TM12 is a product of splicing of SLCO1B3 and SLCO1B7, and encodes for a protein with twelve trans-
membrane domains. The existence of LST-3TM12mRNA was verified by polymerase chain reaction show-
ing liver enriched expression. In addition, immunohistological staining showed that LST-3TM12 protein
was expressed in the endoplasmic reticulum (ER) of hepatocytes. Localization in the ER was further ver-
ified by immunoblot analysis showing high amounts of LST-3TM12 in liver microsomes. Function of LST-
3TM12 was assessed by transport studies after heterologous expression in HeLa cells, where the trans-
porter was shown to be expressed not only in the ER but also in the plasma membrane.
Overexpression of LST-3TM12 was associated with enhanced cellular accumulation of dehydroepiandros-
terone sulfate (Vmax 300.2 pmol mg�1 min�1; Km 34.2 mm) and estradiol 17b-glucuronide (Vmax 29.9 mol
mg�1 min�1 and Km 32.8 mM).
In conclusion, LST-3TM12 is a functional splice variant of SLCO1B3 and SLCO1B7 expressed in the ER of

human liver.
� 2017 Elsevier Inc. All rights reserved.
1. Introduction porting polypeptides followed by identifiers for the subfamily and
Membrane proteins facilitating transmembrane transport of
xenobiotics play a pivotal role in drug absorption, distribution,
and elimination. Both, cellular efflux and uptake of a certain com-
pound can be modulated by the function of drug transporters. One
family of membrane proteins mediating cellular uptake is the fam-
ily of organic anion transporting polypeptides (OATPs) [1]. This
protein family is part of the superfamily of the phylogenetically
conserved solute carrier (SLC) transporters [2]. In 2004, the now
commonly applied nomenclature of OATPs was introduced, where
SLCO nominates the respective gene symbol of organic anion trans-
for the respective protein, the corresponding protein is identified
by the prefix OATP instead of SLCO [3].

One subfamily of the OATPs is the OATP1B family of which the
human representatives are OATP1B1 (LST-1, OATP-C, SLCO1B1) and
OATP1B3 (LST-2, OATP-8, SLCO1B3) [3]. Both are expressed in the
sinusoidal membrane of hepatocytes [4], where they facilitate cel-
lular entry of a variety of endogenous and exogenous compounds
[5]. Since their first description, various studies have provided
evidence for the importance of OATP1B transporters in the hepato-
cellular handling of xenobiotics, finally resulting in the recommen-
dation to include an assessment of interaction with OATP1B
transporters in the process of drug development [1]. In 2012,
OATP1B transporters were found to play a role in bilirubin
homeostasis [6]. Van de Steeg and colleagues showed that the
Rotor-syndrome, which is characterized by conjugated hyper-
bilirubinemia, coproporphyrinuria, and near-absent hepatic uptake

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2017.12.012&domain=pdf
https://doi.org/10.1016/j.bcp.2017.12.012
mailto:h.meyerzuschwabedissen@unibas.ch
https://doi.org/10.1016/j.bcp.2017.12.012
http://www.sciencedirect.com/science/journal/00062952
http://www.elsevier.com/locate/biochempharm
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of anionic diagnostics, is caused by the simultaneous presence of
loss of function mutations in OATP1B1 and OATP1B3 [6].

In accordancewith a role of OATP1B transporters in liver physiol-
ogy are findings of a genome wide association (GWA) study, where
genetic variants that are associatedwith total serumbilirubin levels
in healthy individuals have been identified. The authors observed
that the levels are not only linked to genetic variants in the region
encoding for the uridine diphosphate glucuronosyl transferase 1A1
(UGT1A1), but also to polymorphisms located on chromosome
12.12, which is the chromosomal region where the OATP1B trans-
porters are encoded [7]. While in the above-mentioned GWA study
OATP1B1 was considered to be of major significance for bilirubin
levels, Kang et al. reported OATP1B3 as key determinant based on
the identified polymorphisms in a Korean population [8]. However,
even though associated with bilirubin plasma levels, Buch et al.
found only the polymorphisms rs6742078 (UGT1A1) and
rs4149056 (OATP1B1) to be predictive for the presence of bilirubin
in gallstones [9]. One of the polymorphisms identified in the afore-
mentioned study of Johnson et al. is rs2417873. This particular poly-
morphism is located in the chromosomal area of SLCO1B7 [7]. The
same gene locus surfaced in a recent GWA study, where
rs1546308 that also lies in this chromosomal region was linked to
an increased risk of clozapine induced neutropenia [10].

There is nearly no information on the gene locus SLCO1B7 or the
encoded protein OATP1B7 in the literature. Analysis of the respec-
tive region on chromosome 12 revealed that SLCO1B7 (GeneBank
accession no. NM_001009562.4) lies between SLCO1B3 and
SLCO1B1. The gene is considered to be a pseudogene as there is
no report on functional OATP1B7 [5]. Intrigued by the association
of the above-mentioned GWAS to a non-functional gene, we per-
formed an in silico domain prediction of the encoded protein
OATP1B7. This in silico analysis suggested that OATP1B7 would
consist of eleven transmembrane domains (TMDs) which conflicts
with the premise that functional OATP transporters exhibit twelve
TMDs [11]. However, in 2003 and 2005 Mizutamari H. and Abe T.
published two mRNA sequences namely LST-3b (GeneBank acces-
sion no. A442325.1) and LST-3TM12 (GeneBank accession no.
AY257470), both linked to the chromosomal area of SLCO1B7. As
there are no official nomenclature rules for these sequences we
decided that in this manuscript the mRNA will be referred to in
italics e.g. LST-3TM12 and the translation products will have the
same name but will be labelled in standard letters e.g. LST-3TM12.

It was the aim of the herein reported study to further analyze
and characterize the mRNA sequences linked to SLCO1B7 by in silico
and in vitro approaches. We were able to show that the mRNA
encoded by SLCO1B7 is part of a functional transporter that may
be involved in the hepatocellular handling of compounds.
2. Materials and methods

2.1. Materials

Unless stated otherwise chemicals were purchased from Sigma
Aldrich, Buchs, Switzerland. Bovine serum albumin, Citric acid,
EDTA, glycerol, glycin hematoxylin (hemalum solution acid acc. to
Mayer), KCl, KH2PO4, 2-mercaptoethanol, NaCl, Na2HPO4, sodium
citrate, SDS Tris-HCl, Tween 20, Roti�-Histokit II, Roti�-Mount Flu-
orCare DAPI (40,6-diamidino-2-phenylindole), Rotiszint�eco Plus,
and HEPES were obtained from Carl Roth, Arlesheim, Switzerland.
2.2. In silico analyses

Basis for in silico analyses were the GeneBank entries publically
available at the National Center for Biotechnology Information
(NCBI). Sequence comparison was performed with Clone Manager
Professional 8 (Sci-Ed Software, Denver, USA). 2D-structures were
predicted using the open-source program TMpred [12]. For homol-
ogy modelling, amino acid sequences were submitted to iTASSER
[13]. Images of the 3D-models were generated with PyMOL
(Schrödinger LLC, New York, NY, USA).

2.3. Polymerase chain reaction (PCR) for detection of the fused mRNA
in human liver

For detection of LST-3TM12 in human liver, 1 mg of total RNA
pooled from 3 individuals (Ambion, LuBioScience, Lucerne,
Switzerland) was reverse transcribed using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, LuBioS-
cience, Lucerne, Switzerland). The resulting cDNA was template
for a polymerase chain reaction (PCR) using the Phusion�-High-
fidelity DNA Polymerase (Thermo Fisher Scientific) and primers
located in SLCO1B3 (Fusion_PCRfor 50-CTTGGTATCTGTAGTTTAATA
ATGGACCAACATC-03) or SLCO1B7 (Fusion_PCRrev 50-CTTGAGATAA
GAGATGCACTGTTGCAGAAC-03). The PCR amplicon was ligated into
pDrive� cloning vector (Qiagen, Hilden, Germany) and sequenced.
The resulting sequence information was analyzed using the open
access software BLAST� (https://blast.ncbi.nlm.nih.gov) and was
finally compared to that of LST-3TM12 by alignment.

2.4. Cloning of expression vectors

OATP1B7-pEF6 was generated amplifying the coding region
with the primers OATP1B7for 50-GCACTAGCTGGAATTTTTATGAAA
ATATCAACCACTC-03 and OATP1B7rev 50-CTTAATTACATGCTTTACT
GTTCTTCAGCAGAAGG-03 by PCR, while OATP1B3-pEF6 has previ-
ously been reported [14]. Both plasmids were basis for the gener-
ation of LST-3TM12-pEF6 and LST-3TM12-isoform 2-pEF6, where
the first 213 bp (base pairs) were extracted from OATP1B3-pEF6
using the restriction enzymes BamHI and HindIII (Thermo Fisher
Scientific) and ligated into OATP1B7-pEF6. The resulting plasmid
was template for generation of LST-3TM12-pEF6 and LST-3TM12-
isoform 2-pEF6 by site directed mutagenesis using the Quik-
ChangeTM Multi Site Directed Mutagenesis Kit (Agilent, Basel,
Switzerland) according to the manufacturer’s instructions. In addi-
tion, a corresponding library of plasmids encoding for V5/His-
tagged proteins was created by deletion of the TAA-Stop codon.

2.5. Expression analysis by real-time PCR

Total RNA extracted from liver and isolated hepatocytes was
commercially obtained from PRIMACYT Cell Culture Technology
(Schwerin, Germany), whereas RNA of different human tissues
was purchased from BioChain (Newark, CA, USA). After reverse
transcription of 1 mg RNA using the reverse transcription kit from
Applied Biosystems Life TechnologiesTM, Zug, Switzerland, a real-
time PCR was performed using the ViiATM7 real-time PCR System
(Thermo Fisher Scientific). Briefly, an equivalent of 20 ng mRNA
of each sample was subjected to real-time PCR using TaqMan�

Gene Expression Assays (Thermo Fisher Scientific) for quantifica-
tion of SLCO1B3 (Hs00251986_m1), SLCO1B1 (Hs00272374_m1),
SLCO1B7 (Hs00991170_m1), or 18S rRNA (Hs99999901_s1). Tran-
scription of the 50UTR of SLCO1B3 was determined using the
primers 50UTR for 50-GAAGAGGTACATATGCTATGTGATCATTTCAAA
CC-03 and 50UTRrev 50-ATGTTGGTCCATTATTAAACTACAGATACCAA
GTG-03 and the SYBRgreenTM chemistry (Thermo Fisher Scientific).
Relative expression was calculated by the 2�DDCt method, where
DCt is the difference of the Ct-values (threshold of cycle) of the tar-
get gene and the gene for normalization (18S ribosomal RNA). The
DCt value of each sample was related to the mean DCt-value of the
indicated value, resulting in the DDCt-value, which was then
potentiated to the base of two (2�DDCt). No template controls were
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included in all analyses. After the amplification, the amplicons
were separated by a 3% agarose gel electrophoresis and visualized
using ethidium bromide and the UVP GelDoc-ItTS2� Imager (UVP
Analytik Jena, Jena, Germany).
2.6. Immunoblot analysis

Protein expression was determined by immunoblot analysis
using cell lysates or human tissue protein samples. Cell lysates
for detection of V5-tagged proteins samples were obtained by sol-
ubilizing transfected cells in RIPA-buffer supplemented with pro-
teinase inhibitor cocktail. For detection of transporters in human
liver tissue, commercially obtained total normal liver protein (Bio-
Chain, Newark) and liver microsomes (Xenotech, Kansas City, KS,
USA) were used. After quantification of the protein content using
the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific) pro-
teins were supplemented with 4x Laemmli sample buffer (1 M
Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 8% 2-mercaptoethanol, bro-
mophenol blue) and were incubated at 95 �C for 10 min. Then the
samples were separated by SDS-PAGE and blotted onto nitrocellu-
lose membranes (GE Healthcare, Glattbrugg, Switzerland). Prior
incubation with the primary antibody at 4 �C overnight, mem-
branes were placed in blocking buffer consisting of 5% fetal calf
serum (FCS, Amimed, Allschwil, Switzerland) and 1% bovine serum
albumin (BSA) in Tris-buffered saline with Tween 20 (TBS-T; 25
mM Tris, 140 mM NaCl, 2.6 mM KCl, 0.4% Tween 20) at room tem-
perature for 1 h. After incubation with the primary antibody, mem-
branes were washed with TBS-T and incubated with horseradish
peroxidase-coupled secondary antibodies (BioRad Laboratories,
Cressier, Switzerland). The primary antibodies are listed in Table 1.
Binding of the antibodies was visualized with the Pierce ECL Plus
Western Blotting substrate (Thermo Fisher Scientific) and the Che-
miDoc MP imager (BioRad Laboratories AG).
2.7. Immunohistochemistry and immunofluorescent staining

For immunohistochemistry and immunofluorescent staining
tissue slices of paraffin-embedded human liver (PRIMACYT Cell
Culture Technology) were deparaffinized and rehydrated. Heat-
induced epitope retrieval was performed in citrate buffer (0.1 M
citric acid, 0.1 M sodium citrate, pH 6.0). In tissue dedicated for
immunohistochemistry endogenous peroxidase was quenched
with 3% H2O2 in methanol (Thermo Fisher Scientific). Subse-
quently, all samples were blocked in 5% FCS-1% BSA-phosphate
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,
Table 1
List summarizing the antibodies used for immunohistochemistry and Western blot
analysis. The antibodies were commercially obtained from LabForce (Muttenz,
Switzerland), Bio-Techne (Abingdon, UK), Santa Cruz Biotechnology Inc. (Heidelberg,
Germany), LuBioscience (Lucerne, Switzerland), abcam (Cambridge UK) and Thermo
Fisher Scientific Reinach, Switzerland.

Antibody (clone) IF/IH dilution WB dilution

Anti-OATP1B7 (LS-C110963) 1:50 1:2000
Anti-OATP1B7 (TA339136) n. a. 1:2000
Anti-CYP3A4 (NBP2-37502) n. a. 1:2000
Anti-OATP1B3 [4] 1:50 1:5000
Anti-LAMP2 (NBP2-22217) 1:100 1:1000
Anti-UGT1A1 (AF6490) n. a. 1:200
Anti-G6PT (H00002542) 1:17 1:1000
Anti-PMP70 (NBP2-36770) 1:50 1:2000
Anti-V5-Tag (R960-25) 1:100 1:2000
Anti-GAPDH (sc-31915) n. a. 1:1000
Anti-Actin (sc-1616) n. a. 1:1000
Anti-Na+K+-ATPase (ab76020) 1:100 1:3000
Anti-Calnexin (ADI-SPA-865) 1:100 1:1000
1.8 mM KH2PO4, pH 7.4) for 1 h. Afterwards, slides were incubated
with the primary antibodies (Table 1). For immunohistochemistry
and immunofluorescent staining horseradish peroxidase coupled
antibodies from BioRad Laboratories and Alexa Fluor� labelled
antibodies (Thermo Fisher Scientific) were used, respectively. For
immunofluorescence the tissue was washed and mounted with
cover slips using Roti�-Mount FluorCare DAPI. For immunohisto-
chemistry the slides were submerged for 10 min in 50 mM Tris-
buffer (pH 7.6, 37 �C), and then stained at 37 �C for 10 min with
1 mg/mL 3.30-diaminobenzidine (Thermo Fisher Scientific) in 50
mM Tris-buffer supplemented with 0.02% H2O2. Nuclei were
stained with hematoxylin and mounted with Roti�-Histokit II.
The Leica DMi8 Microscope (Leica Microsystems, Heerbrugg,
Switzerland) was used for image acquisition. For colocalization
analysis the Zeiss LSM800 (Carl Zeiss Microscopy, Munich, Ger-
many) was used. Z-stacks were recorded at a resolution of 40
nm/pixel with a distance of 130 nm of each section (Z-
sectioning). Stacks were deconvolved with Huygens Essential
deconvolution software (SVI, Hilversum, Netherlands), Pearson’s
and Mander’s coefficient were estimated with Fiji [15].

2.8. Transport studies

Transport function was assessed after heterologous expression
in HeLa cells (ATCC, CCL-2TM used in passage 10–24 in this study).
Briefly, HeLa cells were seeded at a density of 4 � 104 cells/well
in 24-well plates. One day after seeding, cells were transfected
with 400 ng/well OATP1B7-pEF6, OATP1B3-pEF6, LST3TM12-
pEF6, LST-3TM12-isoform 2-pEF6, or pEF6-control by using Lipo-
fectin� Transfection Reagent (0.5 mL/well, Thermo Fisher Scien-
tific). Expression was driven by T7 RNA-polymerase introduced
into the cells by infection with the vTF7-3 virus (ATCC No. VR-
2153) [16]. After 16 h in culture, cells were exposed to 0.1 nM
estradiol 17-b-D-glucuronide (E2G), estrone 3-sulfate (E1S), dehy-
droepiandrosterone sulfate (DHEAS), or bromosulfophthalein
(BSP) each supplemented with the respective tritiated tracer
(100.000 DPM/well) obtained from Hartmann Analytics (Braun-
schweig, Germany) diluted in Hanks balanced salt solution (pH
7.4). After 10 min of incubation at 37 �C, cells were washed thrice
with ice-cold PBS. Cellular accumulation of radioactivity was
determined after lysis in 0.2% SDS-5 mM EDTA using Rotiszint�eco
Plus and the scintillation counter Tri-Carb 2900TR (TopLab, Ricken-
bach, Switzerland). An aliquot of each sample was used for protein
quantification. The ability of BSP to reduce transport of [3H]-DHEAS
was assessed over a range of 0.001–200 mM. To validate the vTF7-3
virus driven heterologous expression system immunofluorescent
staining of treated HeLa cells was performed. For this HeLa cells
were seeded at a density of 1 � 105 cells/well onto cover slips
placed in 12-well culture plates. One day after seeding, cells were
transfected with 500 ng plasmid/well using 3.0 mL Lipofectin�

Transfection Reagent/well followed by infection with the vTF7-3
as described above. Sixteen hours after infection cells were washed
with PBS and fixed in ice-cold 5% acetic acid-ethanol (Merck,
Darmstadt, Germany) for 10 min, and cells were incubated with
the respective antibodies as described above.

2.9. Biotinylation and enrichment of membrane proteins

HeLa cells were seeded in 10 cm dishes at a density of 1.8 � 106

cells per dish. After 24 h, cells were transfected with 8.4 mg plasmid
per dish using 20.0 mL Lipofectin� Transfection Reagent� and
infected with vTF7-3 vaccinia virus. Sixteen hours after transfec-
tion cells were washed with ice-cold Dulbecco’s PBS (DPBS, con-
taining Ca2+/Mg2+ pH 7.2) and incubated with 2.5 mg EZ-LinkTM-
Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) in DPBS at 4 �C on
a rotating platform shaker (20 rpm, Polymax 1040, Heidolph, Sch-
23



78 V. Malagnino et al. / Biochemical Pharmacology 148 (2018) 75–87
wabach, Germany) for 30 min. Cells were washed twice with ice-
cold PBS and non-reacted biotin was blocked with 100 mM glycin
– DPBS at 4 �C for 20 min. After removal of the buffer solution, lysis
buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 2 mM MgCl2, 1%
(w/v) Triton-X-100) supplemented with 100 mM oxidized glu-
tathione and proteinase inhibitor cocktail was added to the cells.
Cells were gently scraped into solution, transferred into a 1.5 mL
reaction tubes, and then disrupted with an ultrasonic homogenizer
UP200S (Hielscher, Rottweil, Germany) by five one second bursts.
After incubation on ice for 30 min and mixing every 5 min for 5
s, nuclei and cell debris were removed by centrifugation at
10.000�g at 4 �C for 2 min. An equivalent of 100 mg of protein
was loaded onto 35 mL of NeutrAvidin Beads (Thermo Fisher Scien-
tific) by continuous rotation for 1 h at room temperature. After
this, the beads were washed three times with lysis buffer. Prior
to SDS-PAGE samples were supplemented with 4x Laemmli sample
buffer and incubated for 1 h at room temperature. Ten micrograms
of each cell lysate was loaded as control. Western blot analysis was
performed as described above.

2.10. Microsomal uptake

Human liver microsomes obtained from Xenotech were used for
microsomal transport assays. The particle size of the microsomes
in Tris-sucrose buffer (Tris 50 mM, 0.25 M sucrose, pH 7.5) was
measured by dynamic light scattering (Zeta Sizer nano ZS, Malvern
Instruments, Malvern, UK). Transport was performed in Tris-
sucrose buffer supplemented with DHEAS (0.1 mM, 100.000 DPM/
reaction) using 40 mg of microsomes. Microsomal accumulation
of DHEAS was determined after incubation at 37 �C. After 10 min,
the reaction mixture was filtered through a Millipore Durapore fil-
ter (pore size of 0.22 mm; Millipore, Zug, Switzerland) and washed
three times with ice-cold PBS. Then the filters were incubated in 3
mL Rotiszint�eco Plus at room temperature under continuous
shaking for 30 min. Finally, radioactivity was quantified using the
liquid scintillation counter Tri-Carb 2900TR.

2.11. Statistical analysis

Statistical analyses were performed using GraphPad prism 6 (La
Jolla, CA, USA). A p-value below .05 was considered statistically sig-
nificant. Statistical analysis of hepatocyte vs. liver expression was
performed with a Mann-Whitney test. In experiments identifying
a substrate, uptake was compared to the control using the one-
way ANOVA and Dunnett’s multiple comparison test. The IC50

was estimated with a logistic function where the top was set to
100% and the bottom to 0% of the response assuming standard
slope. Vmax and Km were estimated with a Michaelis-Menten fit.
In microsomal uptake experiments, transport inhibition by addi-
tion of BSP was statistically evaluated with an unpaired t-test.
3. Results

3.1. In silico analysis of published mRNA sequences linked to the gene
locus SLCO1B7

At first we analyzed the two mRNA sequences linked to the
database entry of SLCO1B7 (GeneBank accession no.
NM_001009562.4), namely LST-3b (GeneBank accession no.
A442325.1) and LST-3TM12 (GeneBank accession no. AY257470)
for sequence homology. Both mRNA sequences exhibited 100%
overlap in the coding region, so that we focused on LST-3TM12 in
further analyses (Fig. 1A). Subsequent comparison of LST-3TM12
with the coding mRNA sequences of OATP1B1 (SLCO1B1; GeneBank
accession no NM_006446.4), or OATP1B3 (SLCO1B3; GeneBank
accession no. NM_019844.3) revealed 83%, or 87% similarity,
respectively. Furthermore, LST-3TM12 exhibited 92% identity to
the mRNA sequence encoded by SLCO1B7. The mRNA alignment
of LST-3TM12 (Fig. 1B) with that of SLCO1B3 and of SLCO1B7 sug-
gested that LST-3TM12 might be a product of splicing. Based on
our sequence alignment the splicing occurs most likely at 333 bp
in the mRNA sequence encoding for OATP1B3 and at 193 bp in
the mRNA sequence encoding for OATP1B7 (Fig. 1B).

3.2. In silico prediction of a 2D model and 3D-homology model of the
LST-3TM12 protein

We translated the mRNA sequence into the corresponding pro-
tein (LST-3TM12) and conducted an in silico prediction of TMDs
using the TMpred software. In accordance with the common fea-
tures of OATP transporters [2], this analysis suggested 12 TMDs
and a large fifth extracellular loop (Fig. 2A) for LST-3TM12, while
OATP1B7 would miss the first TMD. The assumed splicing would
occur in the 3rd TMD of LST-3TM12. Subsequently a 3D-
homology model was calculated. The program iTASSER proposed
several structures for LST-3TM12, of which we choose the one
forming a channel through the cytoplasmic membrane (Fig. 2C).

3.3. Analysis of mRNA expression in human tissue

In order to assess expression of LST-3TM12 mRNA, we aimed to
perform a real-time PCR. Notably, based on our alignment LST-
3TM12 is a splicing product of SLCO1B3 and SLCO1B7. Because of
the high sequence homology in the area of splicing (Fig. 1B), there
is no segment of the mRNA sequence that could be used to specif-
ically detect LST-3TM12 by PCR. Thus, we were limited to use an
assay for SLCO1B7 that recognizes LST-3TM12 and SLCO1B7, but that
is not able to discriminate between both. Accordingly, we quanti-
fied the amount of mRNA in different human tissues by real-time
PCR using assays for SLCO1B3, SLCO1B7, and the 50UTR of SLCO1B3.
As shown in Fig. 3, we observed high amounts of all mRNAs in
human liver. However, there were also signals for SLCO1B7 and
SLCO1B3 in kidney, intestine, brain, small intestine, pancreas, and
colon, albeit close to detection limit. Subsequent visualization of
the PCR products of the linear amplification phase by agarose gel
electrophoresis revealed presence of the PCR amplicons of SLCO1B7
and SLCO1B3 in human liver only.

3.4. Verification of the existence of LST-3TM12 mRNA in human liver

Our real-time data showed signals for SLCO1B7mRNA in human
liver which connotes that the gene locus is transcribed. However,
this does not necessarily mean that LST-3TM12 mRNA is formed.
In order to prove the existence of the mRNA encoding for LST-
3TM12, a PCR on reverse transcribed mRNA was conducted using
primers, which are located at the beginning of SLCO1B3 (�21 bp)
and at position 1127 bp of SLCO1B7. Importantly, this particular
region of SLCO1B7 exhibits high sequence difference compared to
other OATP1B transporters. As shown in Fig. 4, an amplicon of
the predicted size (1267 bp) was generated, thereby supporting
the notion that the mRNA encoding for LST-3TM12 is present in
human liver. The obtained amplicon, which is referred to as LST-
3TM12 isoform 2, was isolated, sequenced and compared to LST-
3TM12. This comparison revealed seven nucleotide exchanges,
namely LST-3TM12 c.219 T>C (p.Phe73Phe), c.225 T>A (p.Ile75Ile),
c.235C>T (p.Leu79Phe), c.304-307CTC>TTT (p.Leu102Phe), c.332-
333CA>TG (p.Thr111Met), c.641C>T (p.Ala214Val), and
c.1153A>G (p.Thr385Ala). Importantly, three of these exchanges
are previously published polymorphisms namely rs758196707
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Fig. 1. Comparison of the mRNA sequences of SLCO1B3, LST-3TM12, LST-3b, and SLCO1B7. Aligning the mRNA sequences of LST-3TM12 and LST-3b revealed 100% analogy of the
coding sequences of LST-3TM12 and LST-3b (A). For LST-3b additional information on the 50-and 30-untranslated region (UTR) is available as shown in the enlargement.
Additionally, the alignment of SLCO1B3, LST-3TM12, and SLCO1B7 showed identity of LST-3TM12 and SLCO1B3 until base pair 333, while the following part of LST-3TM12 is
identical to SLCO1B7, thereby suggesting that the point of splicing is located in this area. Depicted in the insert are the exon boundaries and the frequent polymorphism
rs4149117 (OATP1B3 c.334 T>G) (B).

V. Malagnino et al. / Biochemical Pharmacology 148 (2018) 75–87 79
(LST-3TM12 c. 219 T>C, p.Phe73Phe) with a published minor allele
frequency (MAF) of 0.056, rs1546308 (LST-3TM12 c.641C>T, p.
Ala214Val, published MAF 0.04), and rs11045689 (LST-3TM12
c.1153A>G, p.Thr385Ala, published MAF 0.33).

3.5. Determining the cellular origin of the SLCO1B7 transcript in
human liver

To determine whether transcripts with SLCO1B7 identity origi-
nate from hepatocytes or other cells in human liver, we used
mRNA isolated from human hepatocytes or liver tissue of four or
three individuals, respectively, for quantification by real-time
PCR. As shown in Fig. 5, all OATP1B transporters determined in this
analysis exhibited expression in liver tissue and isolated human
hepatocytes. However, there was a trend for slightly higher
amounts of the SLCO1B1 transcript comparing isolated hepatocytes
and liver tissue (mean expression normalized to human liver ± SD,
hepatocytes [n = 4] vs. liver [n = 3], 2.14 ± 1.04 vs. 1.00 ± 0.07;
Mann-Whitney test p = .057). No trend for enrichment was
observed for SLCO1B7 (0.70 ± 0.43 vs. 1.66 ± 2.00; p = .856),
SLCO1B3 (0.86 ± 0.52 vs. 1.16 ± 0.77, p = .856), or the 50UTR of
SLCO1B3 (0.72 ± 0.81 vs. 1.04 ± 0.40; p = .400).

3.6. Immunohistochemical detection of LST-3TM12 in human liver
tissue

Based on our findings suggesting transcription of LST-3TM12 in
hepatic tissue, we determined expression and localization of the
protein in liver tissue by immunohistochemistry. As it is impossi-
ble to create an antibody specific for LST-3TM12, we used a com-
mercially available anti-OATP1B7 antibody (LS-C110963), which
is able to detect both LST-3TM12 and OATP1B7 without discrimi-
nating between them. Nevertheless, a specific staining of hepato-
cytes was observed with enhanced signals in perivenular areas
(centrilobular) of liver tissue (Fig. 6A). Furthermore, the detected
protein appeared to be present in intracellular vesicular structures.
This finding differs from that observed for OATP1B3 which showed
to be expressed in the plasma membrane of hepatocytes (Fig. 6A).
However, similar to LST-3TM12, OATP1B3 was expressed in cen-
trilobular hepatocytes.
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Fig. 2. Predicted 2D model and 3D-homology model of LST-3TM12. The 2D structure of LST-3TM12 was predicted using TMpred. Light grey indicates parts of the predicted
protein deriving from OATP1B3, while amino acids labelled in dark grey are most likely originating from OATP1B7. The numbers indicate the respective transmembrane
domain. Transition from OATP1B3 to OATP1B7 was predicted to occur most likely in transmembrane domain three of LST-3TM12 (A). The 3D-homology models of OATP1B3
(Q9NPD5.1), LST-3TM12 (AAP81211.1), and OATP1B7 (putative NP_001009562.3) were calculated with the iTASSER protein structure and function prediction platform. Both,
the N- and C-terminus of the twelve transmembrane domain containing protein were predicted to be located intracellularly (B).
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3.7. Determining the cellular localization of LST-3TM12

There are multiple vesicular intracellular structures in hepato-
cytes; one of particular importance in the hepatic function of drug
metabolism is the smooth endoplasmic reticulum (SER). In order to
evaluate whether LST-3TM12 is located in the SER, we compared
protein amount in human liver tissue and enriched liver micro-
somes with the use of the anti-OATP1B7 antibody TA339136. As
shown in Fig. 6B, an augmented signal for LST-3TM12 was detected
in microsomes compared to liver. Importantly, hepatic enzymes
known to be expressed in the SER, such as UGT1A1, CYP3A4 (cyto-
chrome P450 3A4), and glucose-6-phosphatase (G6PT, SLC37A4)
were observed to be enriched too. No such augmentation in protein
amount was observed for OATP1B3, for the lysosomal associated
membrane protein 2 (LAMP2, LAMP2), or for the peroxisomal
membrane protein 70 (PMP70, ABCD3). To validate this observation
an immunofluorescent colocalization study was performed using
antibodies directed against LST-3TM12 and G6PT. As shown in
Fig. 6C, we observed a distinct but not complete overlap. The
extent of colocalization was evaluated calculating the Pearson’s
and the Mander’s coefficient. The calculated Pearson’s coefficient
of 0.52 suggested a partial colocalization of both proteins. The
Mander’s coefficient, which estimates the portion of colocalization,
was 0.97 for LST-3TM12 overlapping with G6PT, thereby suggest-
ing a probability of 97% for a positive staining for G6PT in areas
positive for LST-3TM12. In contrast, Mander’s coefficient for G6PT
overlapping with LST-3TM12 was estimated to be only 0.29,
thereby reflecting the presence of G6PT in all hepatocytes, while
the transporter only appeared in centrilobular hepatocytes.
3.8. Functional characterization of LST-3TM12, LST-3TM12 isoform 2,
and OATP1B7 by heterologous expression

Quantification of the intracellular accumulation of previously
reported OATP1B substrates namely DHEAS, E2G, E1S, or BSP
(Fig. 7B-E) revealed significantly increased accumulation of E2G
and BSP in cells expressing OATP1B3, while presence of LST-
3TM12 significantly enhanced uptake of E2G and DHEAS. No signif-
icant change in cellular accumulation was observed for any of the
tested compounds when OATP1B7 or LST-3TM12 isoform 2 were
expressed in the cells.
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Fig. 3. Expression of SLCO1B3 and SLCO1B7 mRNA in human tissues. Amount of the 50 untranslated region (UTR) of SLCO1B3, SLCO1B3, and SLCO1B7 mRNA was quantified by
real time-PCR in different tissues. Data are shown as fold of study mean ± SD of n = 3 experiments performed in duplicates, signals were first normalized to 18S rRNA and then
related to the study mean (A). PCR products from the linear phase of amplification were separated by agarose gel electrophoresis and visualized with ethidium bromide (B).
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Subsequent experiments performed to assess transport kinetics
validated the finding of E2G being transported by LST-3TM12
(Fig. 8A) and OATP1B3 (data not shown). The kinetic parameters
Fig. 4. Detection of LST-3TM12 mRNA in human liver. Existence of the LST-3TM12
mRNA in human liver was verified by polymerase chain reaction using primers
binding at �21 bp of SLCO1B3 and at position 1127 bp of SLCO1B7 for amplification
followed by ethidium bromide agarose gel electrophoresis for detection. A no
template control (NTC) was included in the analysis.
of E2G transport for both LST-3TM12 and OATP1B3 were estimated
applying a Michaelis-Menten curve fitting. The estimated maximal
transport rate (Vmax) was 29.7 ± 6.5 or 12.9 ± 1.9 pmol mg�1 min�1,
while the affinity (Km) was 32.8 ± 15.0 or 4.9 ± 3.9 mM for LST-
3TM12 or OATP1B3, respectively. Additionally, the kinetics of
DHEAS transport by LST-3TM12 were determined (Fig. 8B) show-
ing a Vmax of 300.2 ± 64.6 pmol mg�1 min�1 and a Km of 34.2 ± 14
.1 mM. No change in cellular uptake of DHEAS was observed in cells
expressing OATP1B3 (data not shown).

Subsequently we tested whether the selected OATP substrates
inhibit DHEAS uptake. Here BSP was found to be a potent inhibitor
of LST-3TM12. Indeed, incubation with BSP significantly decreased
the uptake of DHEAS by LST-3TM12 with an estimated inhibitory
potency of 11.97 mM (Fig. 8C).
3.9. Immunohistological staining and immunofluorescence of
heterologous expressed LST-3TM12, LST-3TM12 isoform 2, and
OATP1B7

As mentioned before, heterologous expression using the vTF7-3
based system was confirmed by immunoblot analysis. As shown in
Fig. 7A, transfected OATP1B7 appeared at about 60 kDa, while the
27



Fig. 5. Comparison of transporter expression in human liver and isolated human hepatocytes. The mRNA amount of SLCO1B1 (A), SLCO1B3 (B), SLCO1B7 (C), and the 50UTR
(untranslated region) of SLCO1B3 (D) was determined in mRNA samples of human liver (HL, n = 3 individuals) or of purified human hepatocytes (HH, n = 4 individuals). Data
are presented as mean ± SD, measurement was performed in technical duplicates. Statistical analysis was performed with the Mann-Whitney test. Specificity of the resulting
amplicon was controlled by ethidium bromide agarose gel electrophoresis (E).
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bands of LST-3TM12, LST-3TM12 and OATP1B3 were located at
about 90 kDa.

To evaluate localization of the transporters after heterologous
expression a co-staining was performed. As shown in Fig. 9A, we
did not only observe LST-3TM12 in the plasma membrane as
shown by the colocalization with the Na+/K+-ATPase, but also in
the endoplasmic reticulum (ER) after heterologous expression in
HeLa cells. Localization in the ER was confirmed by colocalization
analysis using calnexin as marker for this intracellular structure.
The finding of heterologously expressed LST-3TM12 being also
localized in the plasma membrane was further validated perform-
ing an analysis where surface proteins were biotinylated, subse-
quently enriched and then tested for presence of the transporter
(Fig. 9B). Detection of LST-3TM12 in the fraction of biotinylated
membrane proteins supported the notion of LST-3TM12 being pre-
sent in the plasma membrane in this cell model. Similar results
were obtained for OATP1B3.

3.10. Microsomal transport

In order to test whether there is an active component contribut-
ing to the microsomal uptake of DHEAS we performed studies with
enriched liver microsomes. Notably, assessment of microsomal
particle size by dynamic light scattering revealed a size of 287.6
± 25.3 nm (mean ± SD), thereby allowing the application of a
filter-based system as commonly applied for transport studies with
membrane vesicles. Testing whether DHEAS accumulation in liver
microsomes (mean DHEAS uptake ± SD; solvent control 2.33 ± 1.2
8 pmol mg�1) is influenced by presence of the above-identified
LST-3TM12 inhibitor BSP, revealed significant lower uptake in
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Fig. 6. Detection of LST-3TM12 and OATP1B3 protein in human liver. LST-3TM12 and OATP1B3 were visualized by immunohistochemistry (A). Protein expression of
transporters (LST-3TM12, OATP1B3, G6PT, PMP70), metabolic enzymes (CYP3A4, UGT1A1), and LAMP2 was determined by Western blot analysis comparing human liver
tissue and enriched hepatic microsomes. Placenta served as negative control (B). Localization in the SER was verified by co-staining of LST-3TM12 (green) with the SER-
marker protein G6PT (red). The upper panel gives an impression of the co-staining (epifluorescence), whereas the lower panel shows the confocal deconvolved z-section (C).
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presence of 100 mM BSP (0.66 ± 0.30 pmol mg�1; unpaired t-test,
n = 3 in triplicates, Fig. 8D).
4. Discussion

OATP1B1 and OATP1B3 are well known for their contribution to
the hepatic handling of xenobiotics [1]. In the same chromosomal
region lies another gene locus namely SLCO1B7. In contrast to
SLCO1B1 and SLCO1B3, SLCO1B7 has previously been proposed to
be a pseudogene [5]. This notion is in accordance with our in silico
findings suggesting that the encoded OATP1B7 protein would exhi-
bit only 11 TMDs, while currently known functional SLCO trans-
porters consist of 12 TMDs [11]. The publication of the mRNA
LST-3TM12 (GeneBank entry no. AY257470.1) linked to the gene
locus SLCO1B7 gave rise to the hypothesis that SLCO1B7 is not a
pseudogene, but encodes for transcripts. By sequence alignment
of LST-3TM12 with SLCO1B3 and SLCO1B7, it became evident that
LST-3TM12 is a product of mRNA splicing, resulting in a protein
that was predicted to exhibit 12 TMDs.

To provide evidence for the assumed splicing, we inspected the
sequences of SLCO1B3 and LST-3TM12 for classical splice donor and
acceptor sites. However, in the region we assumed splicing, we
found no classical splicing sites. Nevertheless, exon 5 of SLCO1B3
could serve as splice donor and exon 3 of SLCO1B7 as splice accep-
tor site, which might explain the formation of LST-3TM12 mRNA.
This assumption would be true, if the individual of which the pub-
lished LST-3TM12 mRNA was obtained, was carrier of the fre-
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Fig. 7. Expression and function of transporters in transiently transfected HeLa cells.
Expression of OATP1B7, OATP1B3, LST-3TM12, and LST-3TM12 isoform 2 (LST-
3TM12 iso. 2) was verified by immunoblot analysis, showing presence of all
transporter using the vTF7-based expression system. V5-tagged proteins were used
to allow detection of the transporters with the same antibody (A). Function of the
transporters was assessed determining the cellular accumulation of the known
OATP substrates dehydroepiandrosterone sulfate (DHEAS, B), bromosulfophthalein
(BSP, C), estradiol 17-b-D-glucuronide (E2G, D), and estrone 3-sulfate (E1S, E) in
presence and absence of the respective transporter. Cell transfected with pEF6
served as control. Data are presented as mean ± SD of n = 4 independent experi-
ments each conducted in triplicates. For statistical analysis the one-way ANOVA
with Dunett’s multiple comparison test was applied (*p < .05).
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quently occurring polymorphism rs4149117 (OATP1B3 c.334 T>G;
p.Ser112Ala). Importantly, it is known that the minor G allele of
this polymorphism occurs with a frequency of 0.52–0.89 in indi-
viduals of European ancestry [14], suggesting that our assumption
is likely.

In this study, we amplified and sequenced the mRNA of LST-
3TM12 whereby we obtained a mRNA sequence very similar to
the previously published one. The herein amplified mRNA
sequence (LST-3TM12 isoform 2) exhibited a few nucleotide
exchanges compared to the published version (LST-3TM12). Con-
sidering these variants, splicing would be expected to occur earlier.
Here, the area of position 129 bp to 132 bp of SLCO1B3 represents a
classical splice donor acceptor site (AG/GT) combination. This
splice donor acceptor site could also be the transition point
between SLCO1B3 and the sequence of SLCO1B7. Finally, it remains
to be mentioned that there is the possibility that non-canonical
splice sites are involved in the formation of the LST-3TM12 mRNA
[17], and that based on the NCBI single nucleotide polymorphism
database the area exhibits various polymorphisms where in most
cases allele frequencies have not been determined.

However, splicing represents an important mechanism to pro-
mote genetic diversity [18]. There are various examples in the fam-
ily of SLC transporters where splicing alters transport function and
even localization [19]. One example would be the SLC2A9 gene cod-
ing for the glucose transporter GLUT9. This gene has two known
splice variants which are both expressed in kidney, but are sorting
to different poles of the tubular cell [20]. Another example phylo-
genetically closer to OATP1B3, is the murine Oatp1b2 transporter.
This transporter has three different splice variants of which the
shorter versions exhibit lower expression, while showing limited
to no affinity to substrates of the full-length version [21].

Testing for transcripts containing SLCO1B7 revealed high
amounts in human liver, thereby suggesting that the mRNA encod-
ing for LST-3TM12 is liver enriched. This is in accordance with pre-
vious findings for other OATP1B transporters, where OATP1B1 has
been shown to be liver specific [22,23], and OATP1B3 to be liver
enriched [24]. In order to determine whether the detected mRNA
in human liver originates from human hepatocytes we compared
expression in liver and isolated (enriched) human hepatocytes.
While we observed a tendency for elevated mRNA amounts of
SLCO1B1 in human hepatocytes, there was no specific enrichment
when quantifying SLCO1B3, SLCO1B7 or the 50 UTR of SLCO1B3
mRNA. This might be explained by findings of our subsequent
immunohistological studies where a distinct expression pattern
of OATP1B3 and LST-3TM12 in perivenular areas was observed.
This is in accordance to the findings on the distribution of OATP1B3
by Sticova et al. [25]. In contrast, OATP1B1 is expressed in all hep-
atocytes [4] thus, the trend for enriched expression in hepatocytes
may be deduced to this circumstance.

Furthermore, we observed that LST-3TM12 is not located in the
cytoplasmic membrane of hepatocytes, but in vesicular structures
within the cytoplasm. This is different to OATP1B1 and OATP1B3,
which are both located in the plasma membrane [4]. The vesicular
structures were investigated by co-staining of LST-3TM12 with
antibodies directed against the lysosome marker LAMP2, the per-
oxisome marker PMP70, or the ER marker G6PT. Both, LAMP2
and PMP70 did not colocalize with LST-3TM12 (data not shown),
whereas G6PT displayed similar localization to LST-3TM12. Indeed,
if an area showed LST-3TM12 staining, it also exhibited presence of
G6PT, but not all areas positive for G6PT were also positive for LST-
3TM12. This observation may be explained by the fact that only
perivenular hepatocytes express LST-3TM12 while G6PT is present
in all hepatocytes. Localization in the SER was further validated by
comparing the expression of LST-3TM12 in liver homogenate and
liver microsomes. In accordance with enrichment in the ER, we
observed an increased amount of LST-3TM12 in microsomal frac-
tions compared to whole liver homogenate. Similar results were
obtained for typical SER-bound marker proteins such as G6PT
[26], CYP3A4 [27], or UGT1A1 [28].

The SER fulfils a manifold of functions including calcium stor-
age, lipid metabolism, and drug metabolism [27]. We hypothesize
that LST-3TM12 is involved in accumulation of substrates in the
lumen of the SER. This is supported by our observation that accu-
mulation of the herein identified LST-3TM12 substrate DHEAS in
microsomes was significantly reduced by BSP. Especially for
in vitro studies on UGTs, it is known that enriched microsomes
have to be permeabilized to ensure maximal enzyme activity. This
is currently explained by the intraluminal localization of the cat-
alytic site of UGTs [28]. Accordingly, it may be speculated that
active transport mediated by a transporter, such as the herein
reported LST-3TM12, ensures access to the catalytic site of metab-
olizing enzymes under physiological conditions, whereby being a
rate-limiting step in microsomal metabolism.
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Fig. 8. Assessment of kinetic parameters for LST-3TM12 substrates. Concentration dependent uptake of estradiol 17-b-D-glucuronide (A) and dehydroepiandrosterone sulfate
(DHEAS) (B) was quantified after heterologous expression of LST-3TM12 in HeLa cells. Km and Vmax were estimated with a Michaelis-Menten fit (n = 3 experiments performed
triplicates). The inhibitory potency (IC50) of bromosulfophthalein (BSP) was determined assessing cellular accumulation of DHEAS in presence of increasing amounts of the
inhibitor (n = 5 experiments performed triplicates) (C). The IC50 was estimated with a logistic function where the top was set to 100% and the bottom to 0% of the response
assuming standard slope. BSP significantly reduced the microsomal accumulation of DHEAS (n = 3 experiments performed in triplicates) (D). The impact of BSP was
statistically evaluated with an unpaired t-test, *p < .05. All data are presented as mean ± SD.

Fig. 9. Localization of LST-3TM12 and OATP1B3 after heterologous expression in HeLa cells. Localization of the V5-tagged transporters OATP1B3-V5 (red) or LST-3TM12-V5
(red) after heterologous expression in HeLa cells was determined by costaining with either the endoplasmic reticulummarker calnexin (green) or the membrane protein Na+-
K+-ATPase (green) (A). To verify presence of OATP1B3 or LST-3TM12 in the plasma membrane, surface proteins were enriched by biotinylation and tested for expression of the
respective transporter, calnexin, or Na+-K+-ATPase. Cells transfected with pEF6 served as control (B). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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To identify substrates of LST-3TM12 we performed heterolo-
gous expression experiments. Assuming that LST-3TM12 is local-
ized in intracellular vesicular structures, one may argue that a
cellular system is not suitable to test transporter function, as there
may be limited access to the tested protein. This argument is cer-
tainly true, if other mechanisms of cellular entry are completely
neglected. In fact, even if only present in intracellular structures,
the function of a SER-transporter would change the distribution
equilibrium and thereby cellular accumulation of a substrate. In
this context, the study by Chun et al. should be mentioned. Here
the function of an additional splice variant of OATP1B3, the
cancer-type OATP1B3, was also detectible in uptake assays, even
if this particular variant of OATP1B3 does not sort to the plasma
membrane [29]. It seems noteworthy, that in contrast to the intra-
cellular localization in human hepatocytes we not only observed
expression of LST-3TM12 intracellularly, but also in the cellular
membrane after heterologous expression in HeLa cells. The latter
finding was further supported by results of a biotinylation assay,
where LST-3TM12 was detected after enrichment of biotinylated
membrane proteins. However, we may have under- or overesti-
mated transport velocity using the data from our expression sys-
tem to estimate kinetic parameters, even though we were able to
identify DHEAS and E2G as LST-3TM12 substrates. The estimated
Vmax for DHEAS was 300.2 pmol mg�1 min�1 and the Km was
34.2 mM. Even if previously reported [30–32] we were not able to
show DHEAS uptake by OATP1B3 in our experimental setup. How-
ever, to our knowledge there are no complete kinetic parameters
available for DHEAS-transport by OATP1B3 [30–32]. For E2G we
observed a Vmax of 29.7 and 12.9 pmol mg�1 min�1 and a Km of
32.8 and 4.9 mM for LST-3TM12 and OATP1B3, respectively. For
OATP1B3 stably expressed in CHO-cells Gui et al. observed a Vmax

and Km of 360 pmol mg�1 min�1 and 58 mM, respectively [33]. No
transport activity was observed for OATP1B7, or the newly identi-
fied LST-3TM12 isoform 2. As mentioned before, the lack of trans-
port by OATP1B7 might be due to the missing TMD, while the lack
of activity of LST-3TM12 isoform 2 could be deduced to the pres-
ence of multiple nucleotide exchanges. In this context, it seems
noteworthy to mention that single nucleotide exchanges signifi-
cantly alter transport function of OATP1B3 and OATP1B1 [14,34].

The herein reported results may certainly be affected by the sig-
nificant sequence overlap between SLCO1B7 and LST-3TM12, which
limits the specificity of the used detection methods, especially the
real-time PCR and antibody-based methods, so that none of the
reported results should be considered separately. However, taken
together our data suggested that LST-3TM12 is a product of
SLCO1B3 and SLCO1B7 splicing. Moreover, it is expressed in hepato-
cytes, where it is most likely localized in the SER and may facilitate
the delivery of compounds to the active site of metabolizing
enzymes. Importantly, this is the first report showing LST-3TM12
to be a functional transporter, as we observed a significant accu-
mulation of DHEAS and E2G in presence of the transporter.
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ABSTRACT
Drug transporters play a crucial role in pharmacokinetics.
One subfamily of transporters with proven clinical relevance
are the OATP1B transporters. Recently we identified a new
member of the OATP1B family named OATP1B3-1B7 (LST-
3TM12). This functional transporter is encoded by SLCO1B3
and SLCO1B7. OATP1B3-1B7 is expressed in hepatocytes
and is located in the membrane of the smooth endoplasmic
reticulum (SER). One aim of this study was to test whether
OATP1B3-1B7 interacts with commercial drugs. First, we
screened a selection of OATP1B substrates for inhibition
of OATP1B3-1B7–mediated transport of dehydroepiandrosterone
sulfate and identified several inhibitors. One such inhibitor
was ezetimibe, which not only inhibited OATP1B3-1B7 but is
also a substrate, as its cellular content was significantly
increased in cells heterologously expressing the transporter.
In humans, ezetimibe is extensively metabolized by hepatic
and intestinal uridine-59-diphospho-glucuronosyltransferases
(UGTs), the catalytic site of which is located within the SER
lumen. After verification of OATP1B3-1B7 expression in the
small intestine, we determined in microsomes whether SER
access can be modulated by inhibitors of OATP1B3-1B7. We
were able to show that these compounds significantly reduced
accumulation in small intestinal and hepatic microsomes, which

influenced the rate of ezetimibe b-D-glucuronide formation
as determined in microsomes treated with bromsulphthalein.
Notably, this molecule not only inhibits the herein reported
transporter but also other transport systems. In conclusion,
we report that multiple drugs interact with OATP1B3-1B7; for
ezetimibe, we were able to show that SER access and metab-
olism is significantly reduced by bromsulphthalein, which is
an inhibitor of OATP1B3-1B7.

SIGNIFICANCE STATEMENT
OATP1B3-1B3 (LST-3TM12) is a transporter that has yet to
be fully characterized. We provide valuable insight into the
interaction potential of this transporter with several marketed
drugs. Ezetimibe, which interacted with OATP1B3-1B7, is highly
metabolized by uridine-59-diphospho-glucuronosyltransferases
(UGTs), whose catalytic site is located within the smooth
endoplasmic reticulum (SER) lumen. Through microsomal
assays with ezetimibe and the transport inhibitor brom-
sulphthalein we investigated the interdependence of SER
access and the glucuronidation rate of ezetimibe. These
findings led us to the hypothesis that access or exit of drugs
to the SER is orchestrated by SER transporters such as
OATP1B3-1B7.

Introduction
Transporters play a major role in pharmacokinetics and

pharmacodynamics, as their influx and efflux function influ-
ences absorption, distribution, and elimination of their sub-
strates. Moreover, drug transporters are assumed to be key
determinants in the compartmentalization of the organism,
governing transbarrier transport and modulating the cellular
amount of drugs at intracellular drug targets or metabolizing
enzymes (Hillgren et al., 2013). In the last two decades,
membrane proteins facilitating cellular entry have extended

our understanding of drug transport. Findings on their role
in adverse drug events and drug-drug interactions finally
resulted in the recommendation to also test new drug entities
for interactions with a selection of influx transporters
(Giacomini et al., 2010).
Part of this recommendation pertains to members of the

1B-subfamily of the organic anion transporting polypeptides
(OATPs), namely OATP1B1 andOATP1B3. Both transporters
are highly expressed in the liver (Abe et al., 1999, 2001) and
transport a variety of compounds, including statins, sartans,
angiotensinogen-converting enzyme inhibitors, and glinides
(Maeda, 2015). Tirona et al. (2001) reported on function-
impairing genetic polymorphisms of OATP1B1, setting the

https://doi.org/10.1124/mol.118.114934.
s This article has supplementalmaterial available atmolpharm.aspetjournals.org.

ABBREVIATIONS: BSP, bromsulphthalein; CI, confidence interval; CYP, cytochrome P450 isoform; DHEAS, dehydroepiandrosterone sulfate;
G6PT, glucose-6-phosphatase; HBSS, Hanks’ balanced salt solution; IS, internal standard; OATP, organic anion transporting polypeptide; SER,
smooth endoplasmic reticulum; UGT, 59-diphospho-glucuronosyltransferase.

128

http://molpharm.aspetjournals.org/content/suppl/2019/05/24/mol.118.114934.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on D

ecem
ber 2, 2019

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on D
ecem

ber 2, 2019
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on D

ecem
ber 2, 2019

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on D
ecem

ber 2, 2019
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on D

ecem
ber 2, 2019

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

35

https://doi.org/10.1124/mol.118.114934
https://doi.org/10.1124/mol.118.114934
http://molpharm.aspetjournals.org
http://molpharm.aspetjournals.org/content/suppl/2019/05/24/mol.118.114934.DC1
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/


stage for in vivo studies on the relevance of OATP1B1 in
the hepatocellular entry of substrate drugs. In particular,
the rs4149056 polymorphism (c.521T . C; p.Val174Ala)
was shown to be linked to changes in pharmacokinetics
(Kalliokoski and Niemi, 2009). For OATP1B3, there is less
evidence from pharmacogenetic studies for its relevance
in vivo. Even if there are polymorphisms that influence
transport function in vitro (Picard et al., 2010; Schwarz et al.,
2011), there are only limited reports on their impact
on pharmacokinetics in humans. However, one variant—
rs4149117 (c.334G . T; p.Ala112Ser)—has been reported to
be predictive for altered pharmacokinetics of mycophenolic
acid and mycophenol-glucuronide (Miura et al., 2008; Picard
et al., 2010). However, considering that OATP1B trans-
porters share most substrates and that OATP1B1 is more
abundant in hepatocytes (Kunze et al., 2014), the impact
of impaired OATP1B3 function is expected to only manifest
for molecules that exhibit low affinity toward OATP1B1
(Yoshida et al., 2012).
Most of the hitherto characterized drug transporters are

located in the plasma membrane. However, the organiza-
tion of a cell with intracellular compartments surrounded
by lipid layers suggests that there are similar mechanisms
directing a compound to the lumen of a compartment
(Petzinger and Geyer, 2006). One intracellular compart-
ment where mechanisms of entry and efflux are most likely
is the smooth endoplasmic reticulum (SER). This organelle
contains several drug-metabolizing enzymes such as cyto-
chrome P450 enzymes (CYP) or the uridine-59-diphospho-
glucuronosyltransferases (UGT) (Matern et al., 1984;
Coleman, 2010). Hepatocytes in particular exhibit a sophisti-
cated SER that contains high amounts of metabolizing
enzymes (Alberts et al., 2002). Among these, UGT enzymes
are known to have their active site located within the lumen
(Coleman, 2010). In regard to hepatic drug metabolism,
cellular entry is often followed by functionalization and/or
intramicrosomal glucuronidation (Coleman, 2010). This im-
plies that a compound has to overcome not only the plasma
membrane but also the SER membrane to be directed to its
metabolic fate.
In terms of transporters that facilitate SER entry, we have

recently reported on OATP1B3-1B7 (LST-3TM12). This
novel member of the OATP1B family is a variant encoded
by two gene loci. In detail, the first five exons of OATP1B3-
1B7 (LST-3TM12, NCBI#AY257074 containing 2064
base pairs) originate from SLCO1B3, while SLCO1B7 pro-
vides the remaining exons (exons 3–13 of SLCO1B7). The
resulting OATP1B3-1B7 mRNA encodes for a functional trans-
porter (687 AA), which recognizes dehydroepiandrosterone
sulfate (DHEAS) and estradiol 17b-D-glucuronide as sub-
strates. Furthermore, we showed that the abundance of
OATP1B3-1B7 is expressed in the liver, with localization
in the SER of hepatocytes (Malagnino et al., 2018). Due to
its localization, we hypothesized that OATP1B3-1B7 has a
SER gateway function and influences metabolism by SER
enzymes.
In the present study we tested whether OATP1B3-1B7

also interacts with molecules used in drug therapy. Thus,
a selection of 19 compounds that have previously been
reported to interact with OATP1B transporters was tested
for their effect on OATP1B3-1B7 function. In addition,
clozapine was included in the screening as adverse events

during clozapine treatment have been associated with
polymorphism in the SLCO1B7 gene region (Legge et al.,
2017). One of the identified inhibitors was ezetimibe, which
acts as a cholesterol uptake inhibitor that is extensively
glucuronidated (Kosoglou et al., 2005). As we assumed that
OATP1B3-1B7 could mediate access to the SER lumen and
thus to the active site of UGTs, we investigated the putative
SER gateway function of OATP1B3-1B7 on the example of
ezetimibe.

Materials and Methods
Unless stated otherwise, all materials were purchased from

Sigma-Aldrich (Buchs, Switzerland).
Cell Culture. HeLa cells (CCL-2 in passage 6–27; American

Type Culture Collection, Manassas, VA) were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum
(Amimend, Allschwil, Switzerland) and 1% glutamine (Bioconcept,
Allschwil, Switzerland) in a humidified atmosphere at 37°C and
5% CO2. Cell lines were assayed for mycoplasma with the PCR
Mycoplasma Test Kit I/C (Promokine, Heidelberg, Germany) before
experimentation.

Transport Inhibition Studies. HeLa cells were seeded at a
density of 4 � 105 cells/well, which corresponds to a confluence of
80%, and were then transfected with OATP1B3-1B7-pEF6 or pEF6-
control and infected with vTF-7 (VR-2153; American Type Culture
Collection) as described elsewhere (Malagnino et al., 2018). Impor-
tantly, in this experimental system OATP1B3-1B7 also sorts to the
plasmamembrane (Malagnino et al., 2018). Cellswere exposed to 0.1 nM
DHEAS supplemented with [3H]-DHEAS as a tracer (specific activity
81.3 Ci/mmol, 100,000 DPM/well, NET860250UC; PerkinElmer,
Schwerzenbach, Switzerland) in commercially obtained Hanks’ bal-
anced salt solution (HBSS, pH 7.4; Sigma-Aldrich).

In a preliminary screening, the test compound was added at a
concentration of 25 or 100 mM. After 10 minutes of incubation at
37°C, the cells were washed twice with ice-cold PBS and lysed in
0.2% SDS-5mMEDTA (Carl Roth AG, Arlesheim, Switzerland). Five
volume percent of the lysate was used for protein quantification by
bicinchoninic acid assay (Pierce BCA Protein Assay Kit; Thermo
Scientific, Reinach, Switzerland). The remaining lysate was trans-
ferred to a Rotiszinteco Plus scintillation buffer (Carl Roth AG). The
b-decay was quantified with the liquid scintillation counter Tri-Carb
2900TR (TopLab, Rickenbach, Switzerland).

Compounds that exhibited statistically significant inhibition of
OATP1B3-1B7–mediated DHEAS accumulation were further charac-
terized by determining the respective half-maximal inhibitor concen-
tration (IC50). Here, cells were treated with ascending concentrations
(ranges shown in Figs. 1 and 2) of the identified inhibitor. Data were
analyzed by subtracting the transport rates of control transfected cells
from the rates observed for the cells expressing OATP1B3-1B7. Data
are shown as percent of solvent control, where the observed net
transport rate was normalized to that of the solvent control. By using
the statistical program GraphPad Prism version 6 (La Jolla, CA), the
IC50 was estimatedwith a “log (inhibitor) versus normalized response”
curve fitting using a fixed slope of 21.

Transport Experiments with Ezetimibe. HeLa cells, which
transiently express OATP1B3-1B7, were prepared to validate the
transport of ezetimibe. Ten minutes before exposure to ezetimibe, the
cells were preincubated with HBSS. The cells were then exposed to
100 nM unlabeled ezetimibe supplemented with [3H]-labeled tracer
(specific activity 20–40 Ci/mmol, 100,000 DPM/well, ART 1463;
Hartmann ANALYTIC, Braunschweig, Germany). The cells were
incubated for 10 minutes at 37°C and were subsequently washed
twice with ice-cold PBS. The amount of radiolabel was quantified
by liquid scintillation counting as described earlier.

Western Blot Analysis. ForWestern blot analysis we used 5–10mg
of protein of liver homogenate from healthy human subjects
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(BioChain, Newark, NJ), pooled microsomes from human liver
(Ultra Pool; Corning/Thermo Fisher Scientific, Corning, NY), duo-
denum (BioChain), or pooled human small intestinal microsomes
(Corning). The Western blot analysis was performed as described
elsewhere (Malagnino et al., 2018). Equal loading of the samples was
ascertained by Ponceau S staining (Carl Roth AG). The commercial
supplier and the dilutions of the antibodies are listed in Supple-
mental Table 1.

Immunohistological and Immunofluorescent Staining of
Human Tissue Samples. Localization of OATP1B3-1B7 was de-
termined by immunohistochemistry and immunofluorescent staining
of liver (male; PRIMACYT Cell Culture Technology, Schwerin,
Germany) or duodenum (male; AMSBIO, Abingdon, United Kingdom)
tissue slides, performed as described elsewhere (Malagnino et al.,
2018) and using the antibodies summarized in Supplemental Table 1.
In controls, serum of rabbits not exposed to the epitope was used.

The images were acquired with a Leica DMi8 Microscope (Leica
Microsystems, Heerbrugg, Switzerland).

The cellular localization of OATP1B3-1B7 in duodenum slices
was tested by analyzing its colocalization with the SER marker
glucose-6-phosphatase (G6PT, SLC37A4). A Zeiss LSM800 (Carl
Zeiss Microscopy, Munich, Germany) was used for image acquisi-
tion. Z-stacks were recorded at a resolution of 123 nm/pixel with a
section distance of 50 nm (Z-sectioning). Images were processed
with the Zeiss Airyscan method, which directly deconvolves the
images. Pearson’s correlation coefficient and Mander’s overlap
coefficient were calculated with the open source program Fiji
and the JACoP plugin (Bolte and Cordelieres, 2006; Schindelin
et al., 2012).

Microsomal Transport Assays. Human liver microsomes
(Corning) and pooled human small intestinal microsomes (Corning)
were used for microsomal transport assays. The mean diameter of the

Fig. 1. Concentration-dependent effects of selected therapeutic agents on OATP1B3-1B7–mediated DHEAS transport. The concentration-dependent
impact of atorvastatin (A), fluvastatin (B), simvastatin (C), irbesartan (D), telmisartan (E), valsartan (F), glibenclamide (G), troglitazone (H),
mifepristone (I), clozapine (J), cyclosporine (K), and rifampicin (L) on the OATP1B3-1B7–mediated accumulation of DHEASwas determined. Normalized
data were used to estimate the IC50 with a “log (inhibitor) versus normalized response” curve fitting that uses a fixed slope of21. Data are shown asmean
% of solvent control 6 S.D. of at least three independent experiments, each performed in triplicate.
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microsomes was determined by dynamic light scattering with a Zeta
Sizer nano ZS (Malvern Instruments, Malvern, United Kingdom). For
themicrosomal transport assay, 40mg (hepatic) or 20mg (intestinal) of
microsomes were suspended in a Tris-Sucrose buffer containing
0.1 mM ezetimibe (3[H]-tracer, 100,000 DPM/reaction). Uptake was
inhibited by the addition of 100 mM of the OATP inhibitors/substrates
atorvastatin, bromsulphthalein (BSP), or DHEAS to the reaction mix.
After incubating the microsomes for 10 minutes at 37°C and 620 rpm,
we stopped the reaction by filtering the solution through a Millipore
Durapore filter (pore size of 0.22 mm; Millipore, Zug, Switzerland)
followed by a washing step using 3 ml of ice-cold PBS. The filters were
transferred to a 3-ml Rotiszinteco Plus scintillation fluid (Carl Roth
AG) and incubated for at least 30 minutes at room temperature under
constant shaking. Accumulation was determined by scintillation
counting with the Tri-Carb 2900TR.

Estimation of Enzymatic Activity of UGTs by Microsomal
Assays. Hepatic and small intestinal microsomes, UGT reaction
mixture solution A, and the UGT reaction mix solution B with
alamethicin were obtained from Corning. In addition, UGT reaction
mix solution B without alamethicin was prepared according to the
manufacturer’s protocol (250 mM Tris-HCl, 40 mM MgCl2, pH 7.5).
The UGT reaction mix solution A, UGT reaction mix solution B (with
or without alamethicin), and ezetimibe were mixed according to the
manufacturer’s protocol and preheated to 37°C (ThermoMixer Com-
fort; Eppendorf, Hamburg, Germany). The reaction was started by
addingmicrosomes to themixture, which resulted in a protein content
of 0.5 and 0.25 mg/ml for hepatic and small intestinal microsomes,
respectively. At indicated time points an aliquot of 50 ml was drawn
and combined with 250 ml methanol supplemented with the internal
standard (IS) efavirenz-d5 (concentration 100 ng/ml; Toronto Re-
search Chemicals, Ontario, Canada).

The samples were vigorously mixed and then centrifuged for
30 minutes at 3200g and 10°C. An aliquot of 2.5 ml supernatant
was injected into the high-pressure liquid chromatography with
tandem mass spectrometry system, which consisted of a Shimadzu
(Kyoto, Japan) high-pressure liquid chromatography connected to
an API 4000 Qtrap mass spectrometer (AB Sciex, Concord, ON,
Canada). The system was operated with the Analyst software 1.6.2
(AB Sciex).

Ezetimibe, ezetimibe b-D-glucuronide, and efavirenz-d5 (IS) were
separated on a Luna PFP(2) analytical column (50 � 2 mm, 3 mm;
Phenomenex, Torrance). Mobile phase A and B were water and
methanol, respectively. Both mobile phases were supplemented with
0.1% formic acid. The samples were loaded at 5% mobile B onto the
analytical column. Mobile phase B was increased to 95% between 0.5
and 2 minutes. The column was washed for 1 minute at 95% B and
reconditioned at 5% B for another 0.5 minutes. Ezetimibe, ezetimibe
b-D-glucuronide, and efavirenz-d5 eluted after 2.17, 2.28, and
2.31 minutes, respectively.

The analytes were ionized in the negative mode by electrospray
ionization and detected by multiple reaction monitoring. A transition
of 584 → 271 m/z, 408 → 271 m/z, 319 → 248 m/z was used for
ezetimibe, ezetimibe b-D-glucuronide, and efavirenz-d5, respectively.
The calibration curves of ezetimibe, ezetimibe b-D-glucuronide were
prepared in PBS plus 0.05% Triton X. The calibration covered a
range of 5–10,000 nM for ezetimibe and ezetimibe b-D-glucuronide.
The calibration samples were processed as the samples of the
microsomal assay.

Ezetimibe and ezetimibe b-D-glucuronide were quantified based
on a linear regression of the analyte to IS peak area ratio (y) and
the nominal concentration (x). The regressions were weighted by 1/x2

and a coefficient of variation (R) above 0.99 was accepted. The
glucuronidation rates of the different experimental conditions were
calculatedwith a nonlinear one-phase-association curve fit (eq. 1) with
GraphPad Prism version 6:

y5 y0 1Plateau ð12 expð2kxÞÞ (1)

where y0 is the y value when the time is zero, Plateau is the y value at
infinite times, and k is the rate constant.

Statistical Analysis. P,0.05 was considered to be statistically
significant. GraphPad prism version 6 was used for all statistical
analyses.

Results
Inhibitor Screening and IC50 Determination. We

screened 19 compounds shown to interact with OATP1B1 or
OATP1B3 and clozapine (20 compounds in total) for their
impact on OATP1B3-1B7–mediated cellular accumulation of
DHEAS. Clozapine was included in our analysis, as occur-
rence of adverse events during clozapine treatment is associ-
ated with polymorphisms in the gene region of SLCO1B7
(Fig. 1J) (Legge et al., 2017).
As summarized in Table 1, atorvastatin, troglitazone, and

rifampicin inhibited OATP1B3-1B7 significantly at 25 mM,
while 13 of the 20 test compounds—namely, atorvastatin,
fluvastatin, simvastatin, irbesartan, telmisartan, valsartan,
glibenclamide, troglitazone, mifepristone, cyclosporine,
rifampicin, ezetimibe, and, ezetimibe b-D-glucuronide—
significantly changed the amount of DHEAS in the cells
at a concentration of 100 mM (Table 1), suggesting rather
low inhibitory potency.
For all compounds exhibiting a statistical significant influ-

ence at 100 mM concentration and clozapine, we assessed
the concentration-dependence of their impact on OATP1B3-
1B7–mediated DHEAS transport (Figs. 1 and 2). In our

Fig. 2. Interaction of ezetimibe and ezetimibe b-D-glucuronide with
OATP1B3-1B7. The concentration-dependent inhibition of DHEAS trans-
port in OATP1B3-1B7 overexpressing HeLa cells was determined for
ezetimibe (A) and ezetimibe b-D-glucuronide (B). The IC50 of ezetimibe
and ezetimibe b-D-glucuronide were estimated by “log (inhibitor) versus
normalized response” curve fitting with a fixed slope of21. Data are shown
as mean % of solvent control6 S.D. of four independent experiments, each
conducted in triplicate.
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experimental set up, only atorvastatin, fluvastatin, glibenclamide,
troglitazone, and rifampicin reached 90% inhibition of
DHEAS accumulation, and the experimental data were
used to calculate the respective IC50 value. For simvastatin,
irbesartan, valsartan, mifepristone, clozapine ezetimibe,
and ezetimibe b-D-glucuronide the IC50 values were com-
puted based on the obtained experimental data. The IC50

values were estimated applying a “log (inhibitor) versus
normalized response” curve fitting using a fixed slope of21.
The fixed slope was used as fewer than 12 experimental data
points were used to fit the data.
Table 2 summarizes the obtained IC50 values, the 95%

confidence intervals (CI), and the respectiveR2 values for each
compound included in the analysis. Although telmisartan and
cyclosporine enhanced DHEAS accumulation, this effect was
not dose dependent.
Transport Experiments with Ezetimibe. Another

identified inhibitor was ezetimibe, for which the reported
IC50 was of the same magnitude as observed for OATP1B1
and OATP1B3 (Oswald et al., 2008). Considering that
glucuronidation mediated by UGTs is a major metabolic
pathway of ezetimibe (Ghosal et al., 2004) and that formation
of ezetimibe b-D-glucuronide occurs in the SER, we selected
this compound to further investigate the influence of

OATP1B3-1B7 on SER access. At first, we determined
the concentration-dependent influence of ezetimibe and of
ezetimibe b-D-glucuronide on OATP1B3-1B7–mediated cellu-
lar accumulation of DHEAS. The IC50 was 37.5 mM (95% CI,
18.7–75.1 mM) for ezetimibe and 99.7 mM (95% CI, 66.7–149
mM) for ezetimibe b-D-glucuronide (Fig. 2; Table 2).
In the next step, we tested whether OATP1B3-1B7 trans-

ports ezetimibe. First, the ezetimibe uptake experiments had
to be extensively optimized as ezetimibe exhibited extensive
unspecific binding (see Supplemental Fig. 1; Supplemental
Methods). Eventually we were able to show a statistically
significant increase in cellular accumulation at an ezetimibe
concentration of 0.1 mM of about 16% compared with control
(mean % of pEF6-control 6 S.D.; 116.4% 6 14.8% n 5 6 in-
dependent experiments each performed in triplicates, P , 0.05
one sample t test).

Abundance of OATP1B3-1B7 in the SER. Expression of
OATP1B3-1B7 in the microsomal preparations of human liver
and small intestine was verified by Western blot analysis,
showing an enriched band at around 90 kDa (Fig. 3A). Similar
results had been previously observed for the transporter, of
which the molecular size was predicted to be 76 kDa (Clone
Manager Professional 8; Sci-Ed Software, Denver). Moreover,
Western blot analysis of the V5-tagged transporter revealed

TABLE 1
Overview of the 20 compounds tested for interaction with OATP1B3-1B7 mediated uptake of
dehydroepiandrosterone sulfate (DHEAS)
The data are reported as mean percent of solvent control6 S.D. Each compound was tested at two concentrations (25 and
50 mM) in three to four independent experiments each performed in triplicate. For statistical analysis of the data, the one-
sample t test for normalized data was used.

Compound

Mean DHEAS Accumulation,
Percentage of Solvent Control 6 S.D.

Tested at 25 mM Tested at
100 mM

Statins
Atorvastatina 38.8 6 8.9b 8.3 6 10.5b

Fluvastatina 90.9 6 22.6 20.5 6 14.1b

Rosuvastatin 100.9 6 31.6 62.9 6 25.9
Simvastatina 91.1 6 15.0 4.9 6 9.5b

Angiotensin II receptor antagonists
Irbesartana 63.9 6 38.9 41.9 6 24.5b

Telmisartana 146.5 6 27.9 63.5 6 14.7b

Valsartana 114.1 6 36.6 56.0 6 6.3b

Angiotensin-converting enzyme inhibitors
Enalapril 100.9 6 18.5 100.5 6 25.7

Sulfonylureas
Glibenclamidea 69.7 6 14.4 45.1 6 24.4b

Thiazolidinediones
Troglitazonea 1.6 6 3.0b 3.0 6 6.3b

Steroidal antiprogestogens
Mifepristonea 68.1 6 30.0 43.9 6 11.1b

Anticonvulsives
Carbamazepine 72.2 6 21.5 75.0 6 23.2

Atypical antipsychotics
Clozapinea 131.4 6 30.2 103.8 6 54.1

Immunosuppressives
Cyclosporinea 137.5 6 24.1 135.6 6 16.1b

Chemotherapeutics
Paclitaxel 106.3 6 29.6 81.1 6 12.5
Erythromycin 65.7 6 54.4 109.3 6 12.9

Antibiotics
Doxorubicin 150.9 6 109.3 82.6 6 18.1
Rifampicina 37.8 6 17.8b 35.2 6 16.1b

Azetidinones
Ezetimibea 96.7 6 29.4 43.8 6 32.0b

Ezetimibe b-D-glucuronidea 72.1 6 24.7 29.9 6 5.7b

aCompound selected for determination of concentration dependence of the effect.
bIndicates P , 0.05.
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an intense band at around 90 kDa and a faint band at around
58 kDa, when lysates of heterologously expressing cells were
probed for V5 (Malagnino et al., 2018). Importantly, for the
liver we observed an enrichment of the known SER proteins
CYP3A4 and UGT1A1, comparing liver lysate with hepatic
microsomes.
In accordance with OATP1B3 being localized in the plasma

membrane, we observed a depletion of OATP1B3 in the
microsomal fraction. In small intestinal microsomes we de-
tected the microsomal enzymes and OATP1B3-1B7. However,
we were not able to show enrichment of any of the tested
markers compared with a commercially obtained total protein
sample from human duodenum. Because the microsomes are
prepared from mature jejunal and duodenal enterocytes, the
total duodenum protein may not be a representative sample
to control for ER enrichment.
We performed immunohistological and immunofluorescent

stainings of human duodenal sections to investigate the
cellular localization of OATP1B3-1B7 in the small intes-
tine. Figure 3B shows that OATP1B3-1B7 is expressed in
the liver and duodenum; in both tissues OATP1B3-1B7 is
mostly located intracellularly. This finding was corrobo-
rated when we made an immunofluorescent staining of
OATP1B3-1B7 in the duodenum (Fig. 3C). To verify that the
intracellular structure is part of the intestinal SER we
detected OATP1B3-1B7 in a costaining with the SER
marker G6PT.
Figure 3D depicts a Z-section of the colocalization study,

which was analyzed calculating the Pearson’s and Mander’s
coefficient of colocalization of the fluorophores. The Pearson’s
coefficient (0.596 0.14 S.D.) indicated that 59% of the detected
proteins share the same localization, while the Mander’s over-
lap coefficient for OATP1B3-1B7 was 0.80 6 18.0 (6 S.D.),
suggesting that 80% of all areas positive for OATP1B3-1B7
were also positive for G6PT. In contrast, the Mander’s overlap
coefficient for G6PT was 0.48 6 13.0, which showed that 48%
of the G6PT-positive areas also contained OATP1B3-1B7. This
seems reasonable, considering that G6PT marks the entire
SER, while OATP1B3-1B7 would be expected to be present
in specialized regions of the SER.
Microsomal Accumulation of Ezetimibe. Before

assessing the accumulation of ezetimibe, we determined the
diameters of hepatic and small intestinal microsomes to be

234.9 and 243.7 nm, respectively, suggesting that vesicle
transport studies could be conducted. To test whether accu-
mulation of ezetimibe into microsomes may be influenced by
OATP1B3-1B7 inhibition, we measured the accumulation
of ezetimibe in hepatic or small intestinal microsomes in the
presence and absence of the OATP inhibitors atorvastatin
and BSP, or the reported OATP1B3-1B7 substrate (DHEAS)
(Malagnino et al., 2018). For both the hepatic (Fig. 4A) and
intestinal (Fig. 4B) microsomes, we observed a statistically
significant reduction of the intramicrosomal accumulated
amount of ezetimibe in the presence of the tested
compounds.
Inhibition of OATP1B3-1B7 Transport and Its Con-

sequences for UGT-Mediated Metabolism. We have con-
ducted metabolism studies in microsomes in which we
determined the conversion rate of ezetimibe to ezetimibe
b-D-glucuronide by UGT isoforms. Drugs have to overcome
the SER membrane to be glucuronidated because the enzy-
matically active sites of UGT isoforms lie inside the SER.
Therefore, it is standard procedure to permeabilize micro-
somes for glucuronidation assays with the intention to in-
crease themetabolic rates. To testwhether the transmembrane
transport is the rate-limiting step in the glucuronidation process of
ezetimibe,wecompared the formationof ezetimibeb-D-glucuronide
in the presence and absence of the pore-forming agent alame-
thicin, which is commonly used in microsomal studies.
When we subjected ezetimibe to nonpermeabilized micro-

somes, we saw that the initial conversion rate dropped by more
than half in hepatic and small intestinal microsomes. In liver
microsomes, the glucuronidation ratewas 0.19nmolmg21min21

(95%CI, 0.18–0.22nmolmg21min21) and 0.03 nmolmg21min21

(95% CI, 0.02–0.06 nmol mg21 min21) in the case of
permeabilized and nonpermeabilized membranes, respectively
(Fig. 5A). In permeabilized intestinal microsomes, the rate was
0.023 nmol mg21 min21 (95% CI, 0.01–0.04 nmol mg21 min21)
and in intact membranes 0.012 nmol mg21 min1 (95% CI,
0.00–0.03 nmol mg21 min21) (Fig. 5C).
To estimate the contribution of a SER transporter, we added

BSP to the nonpermeabilized microsomes. Here, we observed
a significant decrease in the conversion rates in hepatic as well
as small intestinal microsomes (Fig. 5, B and D), suggesting
that a BSP inhibitable protein grants access to the metabolic
site of UGT isoforms.

TABLE 2
Summary of estimated half-maximal inhibitory concentration (IC50)
The IC50 was estimated with the log (inhibitor) versus normalized response curve applying a fixed slope of 21. Provided
are the obtained values for each compound, the respective 95% confidence interval (CI), and the goodness of fit (R2

value).

Compound IC50 (mM) CI (mM) Number of Independent
Experiments R2 Value

Atorvastatin 7.2 4.2–11.6 3 0.93
Fluvastatin 30.7 24.4–38.8 3 0.92
Simvastatin 39.6a 27.3–57.8 3 0.78
Irbesartan 59.0a 35.5–97.4 3 0.80
Valsartan 293.0a 136.6–628.4 4 0.56
Glibenclamide 12.7 7.7–20.9 3 0.79
Troglitazone 0.6 0.5–1.1 3 0.83
Mifepristone 706.7a 381.6–1309.0 3 0.33
Clozapine 137.5a 91.0–207.7 4 0.7
Rifampicin 13.6 9.6–19.6 5 0.89
Ezetimibe 37.5a 18.7–75.1 5 0.63
Ezetimibe b-D-glucuronide 99.7a 66.7–149.4 5 0.69

aIndicates where IC50 values were computed without reaching 90%.
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Discussion
In this study, we report that various drugs interact with

OATP1B3-1B7 (LST-3TM12), a novelmember of theOATP1B-
family that is located in the SERmembrane of liver tissue. For
a preliminary screening, we selected drugs described to act as
either substrates or inhibitors of OATP1B1 and OATP1B3,
and identified several inhibitors of OATP1B3-1B7. Moreover,
we have also assessed the interaction between clozapine and
OATP1B3-1B7 because polymorphisms in the gene region of
SLCO1B7 have been associated with an increased risk for
adverse events (Legge et al., 2017).
For all identified inhibitors and clozapine we determined

the IC50. Notably, the obtained experimental data allowed the
calculation of the IC50 for five compounds while for the other
compounds the respective data were computed as they did not
reach 90% inhibition in our experimental setup. On average
the observed IC50 values were two magnitudes above the
expectedmaximal plasma concentrations (Heikinheimo, 1997;
Siekmeier et al., 2001; Goodman et al., 2005; Masubuchi,
2006; Guo et al., 2015).
However, it would be too early to consider the interaction

with OATP1B7-1B3 as of no relevance for the in vivo situation
because we do not know the intracellular concentration of the
compounds. According to Matsuda et al. (2012), the intestinal

and portal concentrations of orally administered compounds
may be higher than the maximal systemic concentrations.
Moreover, in the employed expression system OATP1B3-1B3
is not only expressed at the cell membrane but also intracel-
lularly (Malagnino et al., 2018), whichmay have resulted in an
underestimation of the inhibitory potency.
In accordance with recent findings by Dickens et al. (2018)

for OATP1B1 and OATP1B3, we did not observe inhibition
of OATP1B3-1B7–mediated DHEAS transport by clozapine.
However, considering the function of OATP1B3-1B7 as a SER
access mechanism, one may speculate that the contribution
of transporters to an adverse event is not driven by the
interaction with the parent compound but with its metabolite
N-desmethylclozapine, which is known to undergo hepatic
glucuronidation (Schaber et al., 2001).
For the tested HMG-CoA reductase inhibitors, we observed

that those statins known to be highly metabolized by CYPs
and/or by UGTs (Dain et al., 1993; Prueksaritanont et al.,
2002; Lennernäs, 2003) interact with OATP1B3-1B7, while
rosuvastatin, for which metabolism plays a minor role in
elimination (Martin et al., 2003), did not impact OATP1B3-
1B7 mediated transport. However, for the angiotensin II type
1 receptor inhibitors tested in this study, the association of
metabolism with OATP1B3-1B7 interaction no longer holds.

Fig. 3. Detection of OATP1B3-1B7 in liver and small
intestinal tissue. (A) Western blot analysis of total liver,
hepatic microsomes (L. Micro) (6-3 blots), small intestine
duodenum (Sm. Intes.), and small intestinal microsomes
(Intes. Micro) (three blots) was performed to assess the
amount of OATP1B3-1B7, CYP3A4, and UGT1A1. More-
over, in samples derived from the liver, OATP1B3 was
quantified. The proteins were detected on single films
(single exposure), and the protein load was 10 mg for all
investigated proteins except CYP3A4, for which the load
was 5 mg. (B) Detection of OATP1B3-1B7 localization in the
human liver or duodenum by immunohistochemistry. (C)
Immunofluorescent staining of OATP1B3-1B7 (red) in the
duodenum. Nuclei are labeled with 49,6-diamidino-2-
phenylindole (blue). In control images, rabbit serum was
used instead of the primary antiserum, and these are shown
in the right corner of each image. (D) Representative
Z section of a costaining showing the transporter
OATP1B3-1B7 in red and the smooth endoplasmic re-
ticulum marker G6PT in green. In the control image the
primary antibodies were omitted.
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Here we found inhibition of OATP1B3-1B7 by irbesartan and
valsartan. Irbesartan undergoes extensive hydroxylation
and glucuronidation (Chando et al., 1998), whereas valsartan
is only minimally metabolized (Nakashima et al., 2005).
Taken together, this suggests that microsomal metabo-
lism is not a valid criterion to predict interaction with
OATP1B3-1B7.
One feature that may be predictive is the presence of a

steroid scaffold. Indeed, mifepristone, a progesterone re-
ceptor antagonist (Wildschut et al., 2011), was identified as
an OATP1B3-1B7 inhibitor. However, it was the weakest
inhibitor, with a maximal inhibition of about 50% at the
maximum concentration (1000 mM) tested. Nevertheless,
the steroid scaffold in mifepristone appears in the previ-
ously reported OATP1B3-1B7 substrates DHEAS and
estradiol 17b-D-glucuronide (Malagnino et al., 2018). Fur-
ther studies would certainly be warranted to strengthen
this assumption.
Troglitazone exhibited the highest inhibitory potency in

our primary screening with an IC50 value of about 0.6 mM.
This peroxisome proliferator-activated receptor-g agonist
developed for the treatment of diabetes was withdrawn from
the market in 2000 due to severe idiosyncratic hepatotox-
icity (Ogimura et al., 2017). The mechanisms underlying
the drug-induced liver injury are still a focus of ongoing
research programs, but they are assumed to involve inter-
actions with multiple cellular pathways (Masubuchi, 2006).
Considering that troglitazone itself is highly metabolized
(He et al., 2004), it could be possible that OATP1B3-1B7
plays a role in its metabolism. However, this remains to be
determined.
In this study, we further investigated the role of OATP1B3-

1B7 in SER access and metabolism using ezetimibe, for which

the reported IC50 value was similar to that observed for
OATP1B1 (14.8 mM) or OATP1B3 (8.9 mM) (Oswald et al.,
2008). Moreover, ezetimibe is extensively glucuronidated
(Ghosal et al., 2004), which allows indirect testing of the
relation between SER access and the glucuronidation rate of
a compound. Ezetimibe not only impaired OATP1B3-1B7–
mediated DHEAS uptake, but our data also suggested that it
is a substrate of OATP1B3-1B7. Once absorbed, ezetimibe
is extensively metabolized by glucuronidation (Patel et al.,
2003). The major metabolite created is ezetimibe b-D-
glucuronide, which not only exhibits pharmacologic activity
comparable to the parent compound but also is known to be
part of the extensive enterohepatic recycling of ezetimibe
(Patel et al., 2003; Kosoglou et al., 2005).
Importantly, glucuronidation of ezetimibe is not limited to

the liver; it has also been shown for the small intestine.
Considering that SER access would also be of relevance in the
intestine, we confirmed the presence of OATP1B3-1B7 in
enterocytes and small intestinal microsomes. In accordance
with previously published findings where OATP1B3-1B7 was
found to be located in the SER of hepatocytes (Malagnino
et al., 2018), we observed the majority of the transporter to be
present in the SER. Also important is that SER access is a
rate-limiting step for glucuronidation. In metabolic studies
with microsomes the pore-forming substance alamethicin is
commonly used, which results in an increase of the observed
glucuronidation rates (Fisher et al., 2000). By testing the
influence of alamethicin on the glucuronidation of ezetimibe,
we observed this effect of alamethicin in both small intestinal
and hepatic microsomes.
To link OATP1B3-1B7 to SER access of ezetimibe, we tested

the influence of OATP inhibitors or substrates of the trans-
porter on the accumulation of ezetimibe in liver and small
intestine microsomes. We observed a significant reduction of
ezetimibe accumulation in their presence. This finding sug-
gested that an OATP transporter might be involved in the
SER entry of ezetimibe in the intestine and liver. Further-
more, we were able to show that the diminished accumulation
of ezetimibe into microsomes also affected glucuronidation
rates of ezetimibe. Indeed, in the presence of BSP, a
nonglucuronidated OATP-inhibitor (Grodsky et al., 1959;
Guofeng and Morris, 2014), the glucuronidation rates of
ezetimibe were significantly decreased.
Taken together, our data suggest that ezetimibe is a

substrate of OATP1B3-1B7, for which OATP1B3-1B7 could
mediate SER access of ezetimibe and thereby facilitate
admission to the active site of UGT isoforms. Considering
that ezetimibe b-D-glucuronide is the major metabolite, we
tested whether this molecule also interacts with the transport
function of OATP1B3-1B7. Here, we observed moderate in-
hibition. Although we were able to link glucuronidation of
ezetimibe with OATP inhibition in the SER, we are not able
to define whether OATP1B3-1B7 mediates SER entry or exit;
both processes would have an influence on the enzymatic rates
of glucuronidation, considering the possibility of product
inhibition of the involved UGT enzymes.
In conclusion, we showed that OATP1B3-1B7 interacts with

several drugs. One of the identified inhibitors was ezetimibe,
which is also a substrate ofOATP1B3-1B7.Moreover, ezetimibe
glucuronidation rates were decreased by BSP, which is a
OATP1B3-1B7 inhibitor. Thus, we hypothesize, that OATP1B3-
1B7 may function as a SER gateway for ezetimibe.

Fig. 4. Impact of known inhibitors of OATP1B3-1B7 on microsomal
accumulation of ezetimibe. Hepatic (A) and small intestinal microsomes
(B) were exposed to 0.1 mM ezetimibe in the absence or presence of 100 mM
bromsulphthalein, atorvastatin, or dehydroepiandrosterone sulfate, and
the microsomal accumulation was quantified. Data of n = 3 independent
experiments are shown as mean % of solvent control6 S.D. For statistical
analysis, the one-sample t test was applied (*P , 0.05).
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OATP1B3-1B7 (LST-3TM12) is a drug transporter that affects 

endoplasmic reticulum access and the metabolism of ezetimibe  
Vanessa Malagnino, Urs Duthaler, Isabel Seibert, Stephan Krähenbühl, Henriette E. Meyer zu 

Schwabedissen 

Supplemental Methods 

Transport experiments with ezetimibe 

HeLa cells, which transiently express OATP1B3-1B7, were prepared to validate the transport 

of ezetimibe. Ten minutes before exposure to ezetimibe, the cells were pre-incubated with 

HBSS containing 1 µM of α-cyclodextrin. α-Cyclodextrin, a mild solvent that is commonly 

used for dissolution of poorly soluble drugs (Challa et al., 2005), was utilized to diminish 

unspecific binding of ezetimibe. The cells were then exposed to 10 nM of unlabeled ezetimibe 

supplemented with [3H]-labeled tracer (specific activity 20-40 Ci/mmol, 100’000 DPM/well, 

ART 1463, Hartmann ANALYTIC, Braunschweig, Germany). The cells were incubated for 

10 min at 37 °C and were subsequently washed twice with ice-cold PBS. The amount of 

radiolabel was quantified by liquid scintillation counting as described above.  

Ezetimibe transport was also assessed in suspended HeLa cells: In detail, cells were cultivated 

in 6 cm dishes containing 8 x 105 cells. One day after seeding, transfection was performed with 

21.2 µL Lipofectin® Transfection Reagent (Thermo Fisher Scientific) and 3.6 µg of OATP1B3-

1B7-pEF6 or pEF6-control plasmid per dish. Expression was driven by a T7 RNA-polymerase 

introduced by simultaneous infection with the vTF7-3 virus (American Type Culture 

Collection, VR-2153) (Fuerst et al., 1986). 16 h after transfection, cells were detached with 

trypsin, the number of cells was determined (CASY, OMNI Life Sciences, Basel, Switzerland), 

and 105 cells in medium were aliquoted into 1.5 mL tubes. Then, 25 µM of ezetimibe 

supplemented with [3H]-tracer (100,000DPM/well) in 50 mM Tris 0.25 M sucrose buffer (pH 

7.5) were added to the cells and incubated at 37 °C and 620 rpm (MS-100 Thermoshaker, 

45



Labgene Scientific Sa, Châtel-Saint-Denis, Switzerland) for 10 min. The reaction was stopped 

by filtration through Millipore Durapore filters (pore size 0.22 µM, Millipore, Zug, 

Switzerland) followed by washing of the filters with 3 mL ice-cold PBS. The filters were 

removed, immerged in Rotiszint®eco Plus scintillation fluid, and then ezetimibe accumulation 

was assessed by scintillation counting with the Tri-Carb 2900TR. The ezetimibe uptake rate in 

presence of OATP1B3-1B7 was normalized to that observed in pEF6-control transfected cells. 

Supplemental Figure 1. Mean uptake of ezetimibe in OATP1B3-1B7 transfected HeLa cells. 

(A, 0.01µM α-CyclO) After treatment of HeLa cells expressing OATP1B3-1B7with 1 µM α-

cyclodextrin, uptake of 10 nM ezetimibe was determined. Data are reported as mean % of 

pEF6-control ± SD of three independent replicates performed in biological triplicates. (A, 

25 µM detached cells) Uptake in detached cells expressing OATP1B3-1B7 was measured at a 

concentration of 25 µM ezetimibe. Data are reported as mean % of pEF6-control ± SD of three 

independent replicates performed in biological duplicates. For statistical analysis the one 
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sample t-test was applied; None of the applied conditions is significantly different from the 

control. 

Supplemental Table 1. List summarizing the antibodies used for immunohistochemistry and 

Western blot analysis. Except from the OATP1B3 antibody (Ho et al., 2006)  all antibodies 

were commercially obtained from LifeSpan Biotechnologies* (Seattle, USA), Origeneα 

(Rockville, USA), Novus Biologicalsβ (Littleton, USA), R & D Systemsɣ (Minneapolis, USA) 

LabForce (Muttenz, Switzerland), Santa Cruz Biotechnology Inc.ɛ (Dallas, USA), Bio-Techne 

(Abingdon, UK), Enzo Life Sciencesɷ (Lörrach, Germany), and Biorad Laboratories AGΔ 

(Cressier, Switzerland). 

antibody (clone) IF/IH 

dilution 

WB dilution 

anti-OATP1B7 (LS-C110963)* 1:50 n. a.

anti-OATP1B7 (TA339136) α 1:50 1:2000 

anti-CYP3A4 (NBP2-37502) β n. a. 1:2000 

anti-OATP1B3 1:50 1:5000 

anti-UGT1A1 (AF6490) ɣ n. a. 1:200 

anti-G6PT (H00002542) β 1:17 1:1000 

anti-Calnexin (ADI-SPA-865) ɷ 1:100 1:1000 

Goat Anti-Mouse IgG HRP Δ 1:200 1:1000-2000 

Rabbit Anti-Goat IgG HRP Δ 1:200 1.1000-2000 

Goat Anti-Rabbit IgG HRP Δ 1:200 1:1000 
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Malagnino V, Hussner J, Issa A, Midzic A, Meyer zu Schwa-
bedissen HE. OATP1B3-1B7, a novel organic anion transporting
polypeptide, is modulated by FXR ligands and transports bile acids.
Am J Physiol Gastrointest Liver Physiol 317: G751–G762, 2019. First
published September 11, 2019; doi:10.1152/ajpgi.00330.2018.—Or-
ganic anion transporting polypeptide (OATP) 1B3–1B7 (LST-
3TM12) is a member of the OATP1B [solute carrier organic anion
transporter (SLCO) 1B] family. This transporter is not only functional
but also expressed in the membrane of the smooth endoplasmic
reticulum of hepatocytes and enterocytes. OATP1B3–1B7 is a splice
variant of SLCO1B3 in which the initial part is encoded by SLCO1B3,
whereas the rest of the mRNA originates from the gene locus of
SLCO1B7. In this study, we not only showed that SLCO1B3 and the
mRNA encoding for OATP1B3–1B7 share the 5= untranslated region
but also that silencing of an initial SLCO1B3 exon lowered the amount
of SLCO1B3 and of SLCO1B7 mRNA in Huh-7 cells. To validate the
assumption that both transcripts are regulated by the same promoter
we tested the influence of the bile acid sensor farnesoid X receptor
(FXR) on their transcription. Treatment of Huh-7 and HepaRG cells
with activators of this known regulator of OATP1B3 not only in-
creased SLCO1B3 but also OATP1B3–1B7 mRNA transcription.
Applying a heterologous expression system, we showed that several
bile acids interact with OATP1B3–1B7 and that taurocholic acid and
lithocholic acid are OATP1B3–1B7 substrates. As OATP1B3–1B7 is
located in the smooth endoplasmic reticulum, it may grant access to
metabolizing enzymes. In accordance are our findings showing that
the OATP1B3–1B7 inhibitor bromsulphthalein significantly reduced
uptake of bile acids into human liver microsomes. Taken together, we
report that OATP1B3–1B7 transcription can be modulated with FXR
agonists and antagonists and that OATP1B3–1B7 transports bile
acids.

NEW & NOTEWORTHY Our study on the transcriptional regula-
tion of the novel organic anion transporting polypeptide (OATP)
1B3–1B7 concludes that the promoter of solute carrier organic anion
transporter (SLCO) 1B3 governs SLCO1B3–1B7 transcription. More-
over, the transcription of OATP1B3–1B7 can be modulated by farne-
soid X receptor (FXR) agonists and antagonists. FXR is a major
regulator in bile acid homeostasis that links OATP1B3–1B7 to this
physiological function. Findings in transport studies with OATP1B3–
1B7 suggest that this transporter interacts with the herein tested bile
acids.

farnesoid X receptor; LST-3TM12; OATP1B3-1B7; SLCO1B7;
SLCO1B3

INTRODUCTION

Proteins facilitating transmembrane transport are determi-
nants of a variety of physiological processes. Considering that
cellular accumulation is a prerequisite for intracellular mech-
anisms, including receptor binding, metabolism, or transcellu-
lar transport, uptake transporters play a key role in various
pathways. One family of transporters that has repeatedly been
associated with liver functions is the family of the organic
anion transporting polypeptide (OATP) 1B transporters.

The OATPs are classified on the basis of their amino acid
identities and divided into families that share �40% identity,
which is represented by their first denominator in Arabic
numbers (e.g., OATP1). The transporters are further divided in
subfamilies with �60% identity that have one Latin letter as
identifier (e.g., OATP1B) (9). The last denominator identifies
the individual transporter and is again an Arabic number (e.g.,
OATP1B1) (9). The genes encoding the OATPs are written in
italics and identified with the solute carrier organic anion
transporter (SLCO) prefix with the same identifiers used for the
proteins (9). For example, OATP1B1 is encoded by SLCO1B1.

The subfamily of the OATP1B transporters comprises the
two members OATP1B1 (gene SLCO1B1) and OATP1B3
(gene SLCO1B3). These two transporters are not only involved
in pharmacokinetics of their substrate drugs but also in the
hepatocellular handling of endogenous molecules (13, 29).
Recently, we were able to show that OATP1B3–1B7 (also
known as LST-3TM12 under National Center for Biotechnol-
ogy Information (NCBI) accession no. AY257470 and
SLCO1B3-SLCO1B7 readthrough) is an additional member of
the OATP1B family (16). In detail, the OATP1B3–1B7 protein
is a variant of OATP1B3, as the N-terminal part of its mRNA
derives from SLCO1B3, whereas the remaining part of the
transcript originates from the neighboring SLCO1B7 gene
locus. According to the Human Gene Nomenclature, the
mRNA is named SLCO1B3-SLCO1B7 readthrough.

The encoded protein OATP1B3–1B7 is a functional protein
that transports the steroid hormones dehydroepiandrosterone
sulfate (DHEAS), estradiol 17 �-D-glucuronide (E2G), and
ezetimibe (15, 16). Furthermore, OATP1B3–1B7 is expressed
in the smooth endoplasmic reticulum (SER) of hepatocytes and
enterocytes, and we hypothesize that it influences the access to
metabolizing enzymes in the SER, as recently shown in the
context of ezetimibe glucuronidation (15). The SLCO1B3-
SLCO1B7 readthrough mRNA extends the number of variants
associated with the SLCO1B3 gene locus (24, 27). In terms of
splice variants, SLCO1B3 has also been reported to encode for
multiple NH2 terminally truncated versions (28), of which the
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cancer-specific OATP1B3 is studied the most. This particular
variant lacks the first NH2-terminal 28 amino acids, or, more
precisely, it does not include the first exon of SLCO1B3 and is
exclusive for malignant cells (20, 27).

Taking into account that the SLCO1B3 part of SLCO1B3-
SLCO1B7 readthrough (NCBI no. AY257470) includes exon 1
and that the transporter is expressed in healthy tissue, we
assumed that transcriptional regulation of this splice variant
might be regulated by similar mechanisms as those known for
OATP1B3. Expression of the latter is controlled by multiple
transcription factors, including the hepatocyte nuclear factor
homeobox A (T cell factor 1), the forkhead box protein A2
(also known as hepatocyte nuclear factor 3�), and the farnesoid
X receptor (FXR; nuclear receptor subfamily 1 group G mem-
ber 4) (21). FXR binds directly to an inverted hexanucleotide
repeat motif (IR-1 element) located 70–82 bp upstream of the
transcriptional start site at exon 1 (11) and is ligand activated
as it senses the intracellular levels of bile acids (14). Once
activated, FXR translocates into the nucleus, in which it binds
to FXR response elements, thereby modulating the transcrip-
tion of its target genes (21). In general, the gene network
modulated by FXR is involved in the regulation of bile acids
(18). It is assumed that the overall function of the regulated
genes is the protection of the organism, or at least the hepato-
cytes, from excessive bile acid exposure (30). In accordance
are findings showing that activation of FXR directly increases
the expression of the canalicular located efflux transporters bile
salt export pump [ATP-binding cassette subfamily B member
11 (ABCB11)] and the multidrug resistance-associated protein
2 (ABCC2), both are efficiently excreting conjugated bile acids
into the bile (10). Additionally, the expression of organic solute
transporter � [OST�; solute carrier (SLC) 51A] and � (OST�;
SLC51B), which facilitate bidirectional transport of bile acids
at the sinusoidal/basolateral membrane of hepatic, intestinal,
and renal cells, is also induced by FXR (3, 4). However, with
the differential regulation of hepatic uptake transporters of bile
acids by FXR, the complexity of the gene network is revealed.
Indeed, exposure to FXR activators has been shown to increase
expression of OATP1B3 (11) and OATP1B1 (19) while reduc-
ing that of the Na�-taurocholate cotransporting polypeptide
(NTCP; SLC10A1) (7). NTCP is the most efficient bile acid
uptake mechanism in human hepatocytes (18), and its suppres-
sion by FXR is indirect via the small heterodimer partner 1
[SHP; nuclear receptor subfamily 0 group B member 2
(NR0B2)] (10). This exceptional member of the family of
nuclear receptors does not exhibit a DNA-binding site but
efficiently represses genes by direct interaction with other
transcription factors, finally resulting in lower transcription
(23). SHP is a target of FXR and mediator of the restricted de
novo formation of bile acids by cytochrome P450 7A1, which
is the rate-limiting enzyme in bile acid synthesis (8).

Taken together, FXR is a major regulator of bile acid
homeostasis and a known modulator of SLCO1B3 transcrip-
tion. Considering that OATP1B3–1B7 partially originates from
SLCO1B3, we hypothesized that OATP1B3–1B7 could also be
part of this gene network contributing to the SER handling of
bile acids. We treated the hepatoma cell lines Huh-7 and
HepaRG with the FXR agonists chenodeoxycholic acid
(CDCA) (11) and GW4064 (32) and quantified the expression
of OATP1B3–1B7 and known FXR target genes. Moreover,
we treated the Huh-7 cells with the FXR antagonist DY268 and

measured alteration in gene expression of OATP1B3–1B7
(31). Additionally, we assessed whether OATP1B3–1B7 func-
tions as bile acid transporter.

MATERIALS AND METHODS

Materials. Unless stated otherwise, all substances were purchased
from Sigma-Aldrich, Buchs, Switzerland.

Rapid amplification of the 5= untranslated region of SLCO1B3-
SLCO1B7 readthrough. Amplification of the 5= untranslated region
(5=UTR) was performed using the SMARTer rapid amplification of
cDNA ends (RACE) 5=/3= kit, and Human Liver Marathon-Ready
cDNA both obtained from Takara Bio Europe (Saint-Germain-en-
Laye, France), and the primer RACE 5=-CACCAGCACGGAATAT-
GAGGTAAGTCC-=3 (Microsynth, Balgach, Switzerland) located in
position 1,651 bp to 1,677 bp of the SLCO1B3-SLCO1B7 read-
through reference sequence (NCBI no. AY257470). The PCR prod-
ucts were visualized by agarose gel electrophoresis, isolated, and
subcloned into pDrive (Qiagen, Hombrechtikon, Switzerland). After
transformation in Escherichia coli, plasmids were isolated using the
NucleoSpin Plasmid Kit (Macherey-Nagel, Oensingen, Switzerland)
according to the manufacturer’s instruction. After sequencing using
the T7 or M13R primers (Microsynth), the obtained information was
first analyzed by a database search using the open access software
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), followed by se-
quence alignment using the software Clone Manager 8 (Scientific &
Educational Software).

Cell culture. Huh-7 cells (Japanese Collection of Research Biore-
sources Cell Bank), HepG2 cells (American Type Culture Collection,
HB8065), and HeLa cells (American Type Culture Collection, CCL2)
were cultivated in DMEM supplemented with 10% FCS (Amimed,
Allschwil, Switzerland) and 1% stable glutamine (BioConcept,
Allschwil, Switzerland). HepaRG (6) cells kindly provided by Prof. S.
Krähenbühl (Clinical Pharmacology and Toxicology, University Hos-
pital of Basel), were cultivated in Eagle’s medium (Invitrogen, Carls-
bad) in which 10% FCS, 2 mM glutamine (Bioconcept), 100 �g/mL
penicillin-streptomycin (Bioconcept), 5 �g/mL human insulin, and 50
�M hydrocortisone hemisuccinate were added. In all experiments, the
HepaRG cells were nondifferentiated: treatment of them was always
started 4 h after seeding, as recommended by the supplier Thermo
Fisher Scientific (Reinach, Switzerland). All cells were cultivated in a
humidified atmosphere at 37°C and 5% CO2. Before experimentation,
all cell lines were tested for contamination with mycoplasma using the
PCR Mycoplasma Test Kit I/C (Promokine, Heidelberg, Germany).

Quantification of mRNA expression by real-time PCR. To analyze
endogenous expression, Huh-7, HepG2, and HeLa cells were seeded
at a density of 2.6 � 104 cells/cm2 and HepaRG cells at a density of
1.8 � 106cells/cm2. For characterization of endogenous OATP1B3–
1B7 expression in human liver, we used RNA isolated from three
individuals (BioChain, Newark, CA). Cells were treated with 100 �M
CDCA, 10 �M GW4064 (32), 1 �M DY268 (Tocris, Bristol, UK)
(31), or DMSO 24 h (Huh-7) or 4 h (HepaRG) after seeding. RNA
was isolated after 24 h (Huh-7) or 18 h (HepaRG) with peqGOLD
(VWR, Dietikon, Switzerland) following the manufacturer’s instruc-
tions. A volume corresponding to 1 �g RNA was treated with the
DNase I kit from Thermo Fisher Scientific to avoid genomic DNA
contamination. For reverse transcription, the High-Capacity cDNA
Reverse Transcription Kit was applied. Quantitative real-time PCR
was performed with an RNA-equivalent of 20 ng, the Viia 7 (Thermo
Fisher Scientific), TaqMan Gene Expression Master Mix, and Taq-
Man gene expression assays for SLCO1B7 (Hs00991170_m1),
SLCO1B3 (Hs00251986_m1), SLCO1B1 (Hs00251986_m1), NR0B2
(Hs0022267_m1), ABCB11 (Hs00994811), OATP1B3–1B7-pre-mRNA
(Hs03825569_s1) and eukaryotic 18s rRNA (Hs99999901_s1) from
Thermo Fisher Scientific. To quantify the amount of the 5=UTR of
SLCO1B3, the SYBR green Master Mix (Thermo Fisher Scientific)
and the primers 5=UTR-forward (5=GAAGAGGTACATATGC-
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TATGTGATCATTTCAAACC=3) and 5=UTR-reverse (5=ATGTTG-
GTCCATTATTAAACTACAGATACCAAGTG=3), both from Mi-
crosynth, were used. Expression of the target genes was calculated
applying the 2-��Ct method in which the Ct value was normalized to
18s rRNA (�Ct) and then to the indicated control (��Ct).

siRNA transfection. Knockdown of SLCO1B3 with Silencer siRNA
(ID 27960, Ambion, Thermo Fisher Scientific) targeting exon 4 was
performed by reverse transfection using Lipofectamine RNAiMAX
transfection reagent (Thermo Fisher Scientific). In brief, 10 pmol of
each siRNA was mixed with 3 �L of Lipofectamine RNAiMAX both
diluted in Opti-Mem I Reduced Serum Medium (Gibco, Thermo
Fisher Scientific). After incubation for 5 min at room temperature
(RT), the mixture was added to each well of a 12-well plate and
incubated for a further 30 min at RT before seeding of Huh-7 cells on
top at a density of 4.5 � 105 cells/cm2. The medium was changed 24
h after transfection. For positive or negative control, cells were
transfected with Silencer Select GAPDH siRNA (AM4605) or Si-
lencer Negative Control No. 1 siRNA (4611G), respectively. After 48
h, total RNA was extracted. Then, the RNA was reversely transcribed
and cDNA was applied to quantitative real-time PCR.

Transport assays with Huh-7 and HepaRG cells. One day or 4 h
after seeding of Huh-7 (2.6 � 104 cells/cm2) or HepaRG (1.8 � 106

cells/cm2), respectively, cells were treated with CDCA (100 �M) or
GW4064 (1 �M) for 24 h or 18 h for the Huh-7 cells or HepaRG cells,
respectively. After treatment, cells were washed and incubated with
nonradiolabeled 0.1 nM E2G or 0.1 nM DHEAS diluted in Hanks’
balanced salt solution (HBSS, Sigma-Aldrich) supplemented with the
respective tritiated tracer (100,000 disintegrations/min/well; [3H]E2G:
specific activity 52.9 Ci/mmol, ART 1320, Hartmann Analytic,
Braunschweig, Germany; [3H]DHEAS: specific activity 81.3 Ci/
mmol, NET860250UC, PerkinElmer, Schwerzenbach, Switzerland).
After incubation for 10 min at 37°C, cells were washed twice with
ice-cold phosphate-buffered saline solution (PBS) and lysed in 0.2%
SDS-5 mM EDTA. Five volume percent of each sample were used for
protein determination by bicinchoninic acid assay (Pierce BCA Pro-
tein Assay Kit, Thermo Scientific). The remaining lysate was dis-
solved in Rotiszint eco plus (Carl Roth, Arlesheim, Switzerland), and
accumulation of each compound was measured with the liquid scin-
tillation counter Tri-Carb 2900TR (TopLab, Rickenbach, Switzer-
land).

Estimation of the inhibitory potency of bile acids. HeLa cells were
seeded at a density of 1.2 � 105 cells/cm2. One day after seeding, cells
were transfected with 400 ng/well of OATP1B3–1B7-pEF6 or pEF6-
control, as described elsewhere (16). After 16 h in culture, cells were
exposed to 0.1 nM of nonradiolabeled DHEAS diluted in HBSS
supplemented with the tritiated compound ([3H]DHEAS, 100,000
disintegrations·min�1·well�1) in the presence of each bile acid [100
�M; lithocholic acid (LCA); CDCA; ursodeoxycholic acid (UDCA);
and taurocholic acid (TCA)]. For determination of the half-maximal
inhibitory concentrations (IC50s) values, cells were incubated with
nonradiolabeled 0.1 nM DHEAS diluted in HBSS supplemented with
[3H]DHEAS (100,000 disintegrations·min�1·well�1) in the presence
of an ascending concentration series of each bile acid. Here, it is
important to mention that transiently transfected HeLa cells partially
sort OATP1B3–1B7 to the cytoplasm membrane (15). Subsequently,
the amount of DHEAS was quantified processing the cells as de-
scribed above.

Estimation of transport kinetics. For determination of TCA trans-
port kinetics by OATP1B3–1B7, HeLa cells were seeded and
transfected as described elsewhere (16). Before incubation with
TCA, the transfected cells were incubated with 1 �M albumin
fraction V (Carl Roth) diluted in HBSS for 10 min. Cells were then
exposed to nonradiolabeled TCA supplemented with 100,000
disintegrations·min�1·well�1 of the tritiated tracer ([3H]TCA, spe-
cific activity 8 ci/mmol, ART 1368, Hartmann Analytic) diluted in
1 �M albumin fraction V-HBSS. Transport kinetics were deter-
mined by the use of ascending concentrations of TCA. Accumu-

lation of TCA was measured by liquid scintillation counting. For
analysis, the amount of TCA detected in control cells was sub-
tracted from that obtained in OATP1B3–1B7 uptake. Net uptake of
accumulated radiolabeled TCA was related to the protein content
of each sample (calculated as pmol·mg�1·min�1).

Uptake of LCA. Transport of LCA was determined in suspended
transfected HeLa cells to reduce unspecific binding of LCA. For this,
8 � 105 cells were seeded in 6-cm dishes and transfected as described
above using 3.6 �g/dish of each plasmid and 21.2 �L/dish of Lipo-
fectin. Sixteen hours after transfection, cells were detached using
trypsin-EDTA solution, and then trypsin was quenched with culture
medium. For each measurement, 1 � 105 cells suspended in 80 �L
culture medium were transferred into 1.5 mL Eppendorf tubes (Ep-
pendorf, Schönenbuch, Switzerland). Transport reaction was started
by adding 1 nM of LCA diluted in Tris-sucrose buffer (Tris 50 mM,
0.25 M sucrose, pH 7.5) supplemented with [3H]LCA (100,000
disintegrations·min�1·well�1, specific activity 30–60 Ci/mmol, ART
1263, Hartmann Analytic) to the cells. The mixture was incubated for
10 min at 37°C and 620 revolutions/min using an MS-100 Thermo-
Shaker (Labgene Scientific SA, Châtel-Saint-Denis, Switzerland). The
mixture was then filtered through Millipore Durapore filters (pore size
of 0.22 �m; Millipore, Zug, Switzerland), and collected cells were
washed with 3 mL ice-cold PBS. The filters were transferred into
scintillation fluid, and accumulated radioactivity was measured by liquid
scintillation counting with the Tri-Carb 2900TR.

Fig. 1. Principle of rapid amplification of cDNA ends (RACE) and selection of
a suitable cell model. A: scheme of 5=RACE of SLCO1B3-SLCO1B7 read-
through showing the binding site of the reverse primer in exon 10 of the gene
SLCO1B7. B: expression of SLCO1B3 and SLCO1B7 mRNA was determined
by quantitative real-time PCR in human liver and the human hepatoma-derived
cell lines Huh-7, HepaRG, and HepG2. Relative expression was quantified
using the 2-��Ct method, in which the expression was normalized to liver. Data
are shown as means 	 SD (n 
 3). FXRRE, farnesoid X receptor response
element.
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Microsome transport. Corning UltraPool (Thermo Scientific) mi-
crosomes (enriched SER of liver tissue) were used for microsomal
uptake assays. For each experiment, 40 �g of microsomes were
diluted in ice-cold Tris-sucrose buffer (Tris 50 mM, 0.25 M sucrose,
pH 7.5) to a final volume of 30 �L. Precisely, before incubation with
0.1 nM TCA or 0.1 nM LCA supplemented with the respective
radiolabeled tracer ([3H]TCA or [3H]LCA, 100,000 disintegrations·
min�1·well�1), the samples were prewarmed in a thermomixer (Labgene,
620 revolutions/min, 37°C) and the TCA- or LCA-Tris-sucrose solution
was added to the samples. After 10 min of incubation, the reaction mix
was applied onto a Millipore Durapore filter (Millipore, Merck, Darm-
stadt, Germany) and then washed once with 3 mL of ice-cold PBS.
Dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments,
Malvern, UK) quantified a diameter of 0.28 �m for the microsomes,
suggesting that the majority of the microsomes would be retained by the
filter. After filtration, the membranes were recovered and placed into
scintillation vials filled with 3 mL Rotiszint eco plus (Carl Roth). The
samples were shaken for 30 min at RT and then measured using the
Tri-Carb 2900TR. Bromsulphthalein (BSP; 100 �M) was used as an
OATP1B3–1B7 inhibitor.

Statistical analysis. Results were considered to be statistically
significant with a P value below 0.05. All statistical analyses were
performed with Prism 6 (GraphPad, La Jolla, CA).

RESULTS

Analysis of 5=RACE products. At first, we evaluated the
5=UTR of SLCO1B3-SLCO1B7 readthrough by performing a
5=RACE. The fragments were amplified from human liver
cDNA using a primer binding to a sequence in OATP1B3–1B7
that originates from SLCO1B7 (see Fig. 1A). The obtained PCR
amplicons were subcloned into pDrive and sequenced. Analy-
sis of the sequences of 7 clones containing a fragment of
expected size showed not only the presence of the first exons

of SLCO1B3 but also parts of the 5=UTR of SLCO1B3, thereby
suggesting that formation of the readthrough transcript may
indeed be controlled by the promoter of SLCO1B3.

Selection of an appropriate cell model to determine tran-
scriptional regulation of OATP1B3–1B7. To investigate the
transcriptional regulation of OATP1B3–1B7, a cell system
expressing OATP1B3 and OATP1B3–1B7 was needed. Three
commonly used human hepatoma-derived cell lines, Huh-7,
HepG2, and HepaRG, were assessed for presence of
SLCO1B3 and SLCO1B7-derived transcripts by real-time
PCR. As depicted in Fig. 1B, the highest expression of
SLCO1B7 was detected in HepaRG when compared with
human total liver (mean transcription normalized to liver 	
SD; 12,384.0 	 211.6), followed by a strong expression in
Huh-7 (171.9 	 268.3), whereas HepG2 cells exhibited the
lowest amount of SLCO1B7 (142.7 	 245.5). Similar findings
were obtained for SLCO1B3 in the analysis (Fig. 1B; mean
SLCO1B3 transcription normalized to liver 	 SD, HepaRG:
429.9 	 148.0; Huh-7: 100.8 	 49.7; HepG2: 0.05 	 0.10).
Accordingly, we chose Huh-7 and HepaRG cells for our
further studies.

Silencing of SLCO1B3 transcription influences amount of
SLCO1B7 expression. As we assumed that the transcription of
OATP1B3–1B7 is linked to the SLCO1B3 promoter, we ex-
pected that silencing of exon 4 of SLCO1B3, which is part of
both transcripts SLCO1B3-SLCO1B7 readthrough and of
SLCO1B3, would lead to the diminished transcription of both.
Accordingly, we silenced exon 4 of SLCO1B3 in Huh-7 cells
and assessed the effect on the transcription using an SLCO1B7
probe that recognizes the transcript encoding for OATP1B3–
1B7 but also other SLCO1B7 transcripts. The localization of

Fig. 2. Effects of silencing exon 4 of SLCO1B3. A:
scheme showing the binding site (X) of the siRNA
(48 h) used for silencing. C–F: influence of siRNA
on endogenous mRNA expression was analyzed by
quantitative real-time PCR. F: specificity of the
siRNA was validated by quantification of SLCO1B1
mRNA. B: siRNA directed against GAPDH served
as experimental control. Relative expression was
quantified using the 2���Ct method, in which the
expression was normalized to control siRNA. Data
are shown as means 	 SD (n 
 4, Kruskal-Wallis
with Dunn’s multiple comparison test, *P � 0.05).
SLCO, solute carrier organic anion transporter;
UTR, untranslated region.
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the siRNA binding site is schematically depicted in Fig. 2A.
The SLCO1B3 siRNA reduced the amount of SLCO1B3 and
5=UTR SLCO1B3 mRNA significantly (Fig. 2, C and D).
Importantly, the same siRNA significantly reduced transcrip-
tion of SLCO1B7 (Fig. 2E; means 	 SD, silencer negative

control 1.00 	 1.80 vs. SLCO1B3 siRNA 0.50 	 0.18). No
such reduction was observed when we quantified the expres-
sion of SLCO1B1 (Fig. 2F). A siRNA silencing GAPDH was
used as quality control for the reverse transfection protocol
(Fig. 2B).

Fig. 3. Expression change in Huh-7 cells when
treated with farnesoid X receptor (FXR) ago-
nists [chenodeoxycholic acid (CDCA) 100
�M and GW4064 10 �M] or antagonist
(DY268 1 �M). Relative expression of target
transcripts was normalized to the study mean
(average of �ct-DMSO and �ct-treatment).
Significant induction was determined with
the Mann-Whitney nonparametric test (n �
4, *P � 0.05). Data are presented as
means 	 SD. ABCB11, ATP-binding cas-
sette subfamily B member 11. NR0B2, nu-
clear receptor subfamily 0 group B member
2. SLCO, solute carrier organic anion trans-
porter; UTR, untranslated region.
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Influence of known FXR agonists/antagonists on the expres-
sion of SLCO1B3-SLCO1B7 readthrough. OATP1B3 is tran-
scriptionally regulated by FXR (11). To provide evidence for
the assumption that transcription of SLCO1B3-SLCO1B7
readthrough is also controlled by the promoter of SLCO1B3,
we assessed the impact of the known FXR activators CDCA
(14), and GW4064 (32) or the FXR inhibitor DY268 (31) on
the transcription of SLCO1B3 and SLCO1B3-SLCO1B7 read-
through in Huh-7 cells. As OATP1B3 and SLCO1B3-
SLCO1B7 readthrough have a high similarity, we measured
SLCO1B3-SLCO1B7 readthrough expression with the exonic

SLCO1B7 assay, which could potentially also detect other
SLCO1B7 transcripts, and the intronic OATP1B3–1B7-pre-
mRNA that is specific for SLCO1B3-SLCO1B7 readthrough,
even if it is not as stable as mRNA (22).

As shown in Fig. 3, the transcription of SLCO1B7,
OATP1B3–1B7-pre-mRNA, SLCO1B3, and 5=UTR SLCO1B3
increased significantly after treatment with 100 �M CDCA and
10 �M GW4064. Significant induction of transcription was
determined using the nonparametric Mann-Whitney test, in
which the expression of the target gene was normalized to the
study mean (n � 5). Importantly, the treatment with the FXR

Fig. 4. Expression change in HepaRG cells
when treated with farnesoid X receptor (FXR)
agonists [chenodeoxycholic acid (CDCA) 100
�M and GW4064 10 �M]. Relative expres-
sion of target transcripts was normalized to the
study mean (average of �ct-DMSO and �ct-
treatment). Significant induction was deter-
mined with the Mann-Whitney nonparametric
test (n � 4; *P � 0.05). Data are presented as
means 	 SD. NR0B2, nuclear receptor sub-
family 0 group B member 2; OATP, organic
anion transporting polypeptide; SLCO, solute
carrier organic anion transporter; UTR, un-
translated region.
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agonists resulted in a statistically significant induction of the
known FXR target genes NR0B2 and ABCB11.

After treatment with 1 �M of the FXR inhibitor DY268, the
expression of the target genes decreased significantly for
SLCO1B7 (control 	 SD vs. DY268 	 SD; 1.57 	 0.28 vs.
0.60 	 0.17, n 
 7, Mann-Whitney test, P � 0.05), SLCO1B3
(control 	 SD vs. DY268 	 SD; 1.36 	 0.50 vs. 0.73 	 0.34,
n 
 7, Mann-Whitney test, P � 0.05), 5=UTR SLCO1B3
(control 	 SD vs. DY268 	 SD; 1.23 	 0.35 vs. 0.76 	 0.28,
n 
 7, Mann-Whitney test, P � 0.05), ABCB11 (control 	 SD
vs. DY268 	 SD; 1.73 	 0.45 vs. 0.56 	 0.22, n 
 7, Mann-
Whitney test, P � 0.05), and NR0B2 (control 	 SD vs.
DY268 	 SD; 1.30 	 0.20 vs. 0.70 	 0.19, n 
 8, Mann-
Whitney test, P � 0.05) when compared with the study mean
control. However, for OATP1B3–1B7 pre-mRNA, the inhibi-
tion was not statistically significant (control 	 SD vs. DY268 	
SD; 1.01 	 0.56 vs. 1.47 	 1.14, n 
 7, Mann-Whitney test,
P 
 0.70).

Additionally, we tested the impact of CDCA (100 �M) and
GW4064 (10 �M) on the expression of the same transcripts in the
HepaRG cell line (Fig. 4). Also, in HepaRG cells, we observed the
increase in transcription of SLCO1B7, OATP1B3–1B7 pre-
mRNA, SLCO1B3, 5=UTR SLCO1B3, and NR0B2. Interest-
ingly, the effect was more pronounced in GW4064 than in
CDCA-treated cells. CDCA and GW4064 had a positive effect
on SLCO1B3, SLCO1B7, 5=UTR SLCO1B3 and NR0B2 tran-
scription. For the OATP1B3–1B7 pre-mRNA (Fig. 4B), we
observed a trend for induction when treated with CDCA (P 

0.22), and a statistically significant increase in expression after
treatment with GW4064. Statistically significant induction was

confirmed using a nonparametric Mann-Whitney test (n � 4).
We did not assess ABCB11 expression in HepaRG cells, as its
mRNA was not validly detectable.

Influence of FXR activators on cellular accumulation of
DHEAS and E2G in hepatoma cells. We tested whether FXR
activators influence the cellular accumulation capacities of
DHEAS and E2G in Huh-7 and HepaRG cells (Fig. 5). Nota-
bly, DHEAS and E2G are both substrates of OATP1B3–1B7
and other transporters. In Huh-7 cells (Fig. 5A), we observed a
trend toward enhanced accumulation of DHEAS in cells treated
with CDCA in comparison with control cells treated with DMSO
(control vs. CDCA; 0.0208 pmol·mg�1·min�1 vs. 0.0256
pmol·mg�1·min�1, n 
 5, paired Student’s t test, P 
 0.32).
However, in cells treated with GW4064, the uptake of DHEAS
was significantly augmented (0.0275 pmol·mg�1·min�1 vs.
0.0335 pmol·mg�1·min�1, n 
 6, paired Student’s t test, P �
0.05). Assessing the uptake of E2G in Huh-7 cells (Fig. 5C), we
observed significantly increased accumulation upon treatment
with either CDCA (control vs. CDCA; 0.0138 pmol·mg�1·min�1

vs. 0.0284 pmol·mg�1·min�1, n 
 5, paired Student’s t test, P �
0.05) or GW4064 (control vs. GW4064; 0.0131 pmol·mg�1·
min�1 vs. 0.0151 pmol·mg�1·min�1, n 
 6, paired Student’s t
test, P � 0.05).

Similar results were obtained in HepaRG cells (Fig. 5B).
Uptake of DHEAS was significantly increased in CDCA-
treated cells (control vs. CDCA; 0.0107 pmol·mg�1·min�1 vs.
0.0125 pmol·mg�1 min�1, n 
 6, paired Student’s t test, P �
0.05), whereas there was a trend for increased uptake upon
treatment with GW4064 (control vs. GW4064; 0.0107
pmol·mg�1·min�1 vs. 0.0148 pmol·mg�1·min�1, n 
 6, paired

Fig. 5. Influence of chenodeoxycholic acid
activation on cellular dehydroepiandrosterone
sulfate (DHEAS) and estradiol 17 �-D-gluc-
uronide uptake. Uptake of 0.1 nM DHEAS
([3H]DHEAS, 100,000 disintegrations/min) (A
and B) and 0.1 nM estradiol 17 �-D-glucuro-
nide ([3H]E2G, 100,000 disintegrations/min)
was assessed in Huh-7 or HepaRG cells treated
with chenodeoxycholic acid (CDCA) 100 �M
or GW4064 10 �M (C and D). Treatment time
was 24 or 18 h for Huh-7 or HepaRG cells,
respectively. Data are shown as means 	 SD
(n 
 5, paired Student’s t test, *P � 0.05).
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Student’s t test, P 
 0.13). Uptake of E2G (Fig. 5D) was
significant in both CDCA (control vs. CDCA; 0.0055
pmol·mg�1·min�1 vs. 0.0066 pmol·mg�1·min�1, n 
 6, paired
Student’s t test, P � 0.05) and GW4064 (control vs. GW4064;
0.0055 pmol·mg�1·min�1 vs. 0.0065 pmol·mg�1·min�1, n 

6, paired Student’s t test, P � 0.05) treated cells.

Bile acid interaction with OATP1B3–1B7. As mentioned
before, FXR is a major regulator of bile acid homeostasis.
Considering that OATP1B3–1B7 could be possibly regulated
by FXR, we hypothesized that this transporter might be in-
volved in bile acid homeostasis. Accordingly, we assayed
whether bile acids interact with OATP1B3–1B7 by screening
primary and secondary bile acids for their impact on
OATP1B3–1B7-mediated uptake of DHEAS in transiently
transfected HeLa cells. As in this assay the uptake of the
tritiated DHEAS is measured, the concomitant addition of an
inhibitor or substrate of OATP1B3–1B7 would result in a
lowered DHEAS accumulation (see Fig. 6A). In the screening,
all selected bile acids significantly inhibited DHEAS accumu-
lation, as calculated by a one-sample t test in three independent

experiments, each performed in triplicates (Fig. 6A). Subse-
quently, we determined the inhibitory potency assessing the
IC50 values of these four bile acids by a log (inhibitor) versus
normalized response fit with a fixed slope of �1. LCA was
identified as the most potent inhibitor (IC50 1.0 �M), followed
by CDCA (9.0 �M) and UDCA (77.6 �M; see Fig. 6, C–F).
However, even if 100 �M TCA significantly inhibited DHEAS
accumulation, testing a concentration series of TCA did not
yield a sigmoidal inhibition curve. Thus, we did not conduct an
estimation of the IC50 value based on our data (Fig. 6F).
Although we did not estimate the inhibitory potency, we tested
whether OATP1B3–1B7 recognizes the primary bile acid TCA
as a substrate. As we were able to show significantly increased
accumulation in preliminary experiments (Fig. 7A), we deter-
mined the OATP1B3–1B7 transport kinetics for TCA. Using a
concentration series of TCA ranging from 1 to 50 �M and
applying a Michaelis-Menten fit for the estimation, we observed a
maximal transport rate of 17.38 	 3.20 pmol·mg�1·min�1

(Vmax 	 SD) and an affinity of 15.99 	 7.44 �M (Km 	 SD)
(Fig. 7B). Furthermore, we were able to show enhanced cellular

Fig. 6. Interaction of bile acids with OATP1B3–
1B7 activity. A: substances that compete with
dehydroepiandrosterone sulfate (DHEAS) up-
take by OATP1B3–1B7 will lower the uptake
of [3H]DHEAS into the cell. B: impact of bile
acids (100 �M) on uptake of 0.1 nM DHEAS
([3H]DHEAS, 100,000 disintegrations/min)
was quantified in HeLa cells heterologously
expressing OATP1B3–1B7. Data are shown as
means 	 SD as percentage of DMSO control
(n 
 3, one-sample t test, *P � 0.05). B–D:
HeLa cells overexpressing OATP1B3–1B7
were incubated with a concentration series of
each bile acid and uptake of DHEAS was
quantified. IC50 values were estimated with a
log (inhibitor) vs. normalized response fit with
a fixed slope of �1 using Prism 6. Data are
shown as means 	 SD as percentage of
DMSO control (n � 3). CDCA, chenodeoxy-
cholic acid; CI, confidence interval; IC50, half-
maximal inhibitory concentration; LCA, litho-
cholic acid; TCA, taurocholic acid; UDCA,
ursodeoxycholic acid.
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accumulation of the secondary bile acid LCA (1 nM) in
OATP1B3–1B7 overexpressing HeLa cells (Fig. 7C). Because
of the extraordinarily high variability in experimental repli-
cates, we did not perform studies on the concentration depen-
dence to estimate parameters of the transport kinetics.

Uptake of bile acids into liver microsomes. We have previ-
ously shown that liver microsomes, which represent the enriched
endoplasmic reticulum of liver tissue, express OATP1B3–1B7
(15). To test whether bile acid uptake into the SER may at least in
part be attributable to OATP1B3–1B7, we investigated whether
inhibition of OATP1B3–1B7 with the previously published
OATP1B3–1B7 inhibitor BSP (15) would alter microsomal up-
take of TCA and LCA. As shown in Fig. 8A, the uptake of TCA
into liver microsomes was significantly reduced in the presence of
BSP (uptake 	 SD, 0.063 	 0.021 pmol·mg�1·min�1 vs. BSP
treated 0.021 	 0.005 pmol·mg�1·min�1, n 
 4, Student’s t test,
P � 0.05). Similar results were obtained for LCA (Fig. 8B;
uptake 	 SD, 0.704 	 0.377 pmol·mg�1·min�1 vs. BSP treated
0.071 	 0.046 pmol·mg�1·min�1, n 
 3, Student’s t test, P �
0.05).

DISCUSSION

Considering our finding that the SLCO1B3-SLCO1B7 read-
through is a splice variant of SLCO1B3, we hypothesized that
the SLCO1B3-SLCO1B7 readthrough shares a promoter
with SLCO1B3. This assumption is now supported by our
results, showing that SLCO1B3-SLCO1B7 readthrough ex-
hibits the same 5=UTR as SLCO1B3. Moreover, we demon-
strated that silencing of exon 4 of SLCO1B3 results in a
decrease of SLCO1B3, 5=UTR SLCO1B3, and SLCO1B7 tran-
scripts. Although the decrease of 5=UTR SLCO1B3 could also

be due to increased breakdown of the SLCO1B3 transcript, the
decrease in SLCO1B7 transcripts can only be explained by our
assumption that SLCO1B7 uses the OATP1B3 promoter for
transcription. However, further experiments are necessary to
ultimately prove this hypothesis.

Another way to further validate the hypothesis of SLCO1B3-
SLCO1B7 readthrough being transcriptionally controlled by the
SLCO1B3 promoter is to test whether the ligand-activated
nuclear receptor FXR, which has previously been shown to
induce transcription of OATP1B3 in hepatocyte-like cells, also
increases formation of the SLCO1B3-SLCO1B7 readthrough
transcript (11). By replicating this experiment with the two
FXR agonists CDCA and GW4064 in two different hepatoma-
derived cell lines, we were able to confirm that treatment with
FXR agonists induces SLCO1B3 transcription and, more im-
portantly, the transcription of SLCO1B3-SLCO1B7 read-
through mRNA (measured with the SLCO1B7 or OATP1B3–
1B7 pre-mRNA assays). For the Huh-7 cells, we could show
the statistically significant increase of SLCO1B7 and
OATP1B3–1B7 pre-mRNA for both FXR agonists. For the
HepaRG cells, we observed a statistically significant increase
for SLCO1B7 transcription when treated with both agonists.
The increase in OATP1B3–1B7 pre-mRNA transcription was,
however, only statistically significant when treated with
GW4064. It seems noteworthy that pre-mRNAs are not as
stable as mRNAs, which increases variability (22) and might
have affected our results. Given that FXR is to some extent
perpetually activated by the FCS in the culturing media, we
have also conducted inhibition studies with the FXR antagonist
DY268 in Huh-7 cells. Importantly, we were able to report that
inhibition of FXR by DY268 led to decreased transcription for
all investigated targets, except for the OATP1B3–1B7 pre-
mRNA. In summary, our data support the hypothesis that
OATP1B3–1B7 is regulated by FXR. However, further evi-
dence is needed to corroborate this hypothesis.

To assess the effect of FXR stimulation on cellular function,
we compared the handling of previously reported substrates of
OATP1B3–1B7 after FXR activation. For this, we have sub-
jected CDCA or GW4064-treated Huh-7 or HepaRG cells to
the OATP1B substrates E2G and DHEAS. For both cell types
and both agonists, we observed significantly higher cellular
accumulation of E2G. However, when subjected to DHEAS,
Huh-7 cells only demonstrated significant uptake when treated
with GW4064. HepaRG cells only showed significant uptake
of DHEAS when treated with CDCA.

Notably, E2G is substrate of multiple transporters, including
the uptake transporters OATP1B1 and OATP1B3 (25). How-
ever, DHEAS is preferentially transported by OATP1B1 (5).
The limited effect of the FXR activation on DHEAS presum-
ably finds its explanation in multiple factors, including the lack
of affinity toward OATP1B3 and the interplay of multiple
transporters (uptake and efflux) in cellular handling. Our find-
ings show that FXR activation increased the entry or changed
the cellular distribution of E2G. As our previous findings in
human liver showed that OATP1B3–1B7 was expressed in the
SER (16), transport by OATP1B1 and OATP1B3 would be a
prerequisite for the interaction with the intracellularly located
OATP1B3–1B7. However, because of the herein described
coordinated transcriptional regulation by a shared promoter,
we assume that there is a functional interdependence between
OATP1B3 and OATP1B3–1B7. This assumption is specula-

Fig. 7. Transport of taurocholic acid (TCA) and lithocholic acid (LCA). A:
uptake of TCA (50 nM) was quantified in HeLa cells heterologously express-
ing OATP1B3–1B7. Data are shown as means 	 SD as percentage of pEF6
control (n 
 5, Student’s t test, *P � 0.05). B: applying the same cellular
system, Vmax and Km of TCA transport were determined with a Michaelis-
Menten fit using Prism 6. Data are shown as means 	 SD (n 
 3). C:
intracellular accumulation of LCA (1 nM) was quantified in OATP1B3–1B7
expressing HeLa cells. Data are shown as means 	 SD as percentage of pEF6
control (n 
 4, Student’s t test, *P � 0.05).
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tive, as posttranslational modifications influence the function-
ality of the OATP1B transporters as well (1). However, the
observed differential effect for E2G and DHEAS supports our
notion.

Bile acids exert a manifold of functions in the human
organism, such as solubilizing lipids, cholesterol, and lipo-
philic vitamins in the small intestine. However, excessive
levels of circulating bile acids are associated with toxicity
because of their detergent properties (30). As mentioned be-
fore, the tuning of bile acid levels in the body is complex and
involves various enzymes and transporters of whom the tran-
scription is orchestrated by FXR (18). Accounting for the fact
that FXR is a major regulator of bile acid homeostasis (18) and
that our findings suggested enhanced transcription and function
of OATP1B transporters upon treatment with CDCA, we tested
the interaction of bile acids with OATP1B3–1B7. These ex-
periments were performed with a heterologous expression
system in which OATP1B3–1B7 is localized not only intracel-
lularly but also at the plasma membrane (16). For our first
screening, we selected two primary (CDCA and TCA) and two
secondary bile acids (UDCA and LCA) and observed signifi-
cant inhibition of OATP1B3–1B7-mediated DHEAS transport
for all tested molecules. Evaluation of the inhibitory potency
revealed LCA as the most potent modulator of DHEAS uptake,
followed by CDCA, UDCA, and TCA. After having proven
that bile acids do interact with OATP1B3–1B7 activity, TCA
and LCA were identified to be substrates of OATP1B3–1B7.
For the primary bile acid, TCA, we estimated a maximum
transport rate (Vmax 	 SE) of 17.38 	 3.28 pmol·mg�1·min�1

and an affinity (Km 	 SE) of 15.99 	 7.44 �M. Compared
with other TCA transporters, such as NTCP (12), OST-�/
OST-� (2), OATP1B1 (26), or OATP1B3 (26), OATP1B3–
1B7 exhibits the lowest affinity but a very high capacity for
TCA. However, even though we were able to show statistically
significant uptake of LCA in OATP1B3–1B7-transfected HeLa
cells, we refrained from estimating transport kinetics from the
data obtained because of high experimental variability.

As OATP1B3–1B7 is mainly expressed in the SER, in
which it may govern access to microsomal enzymes, we further
investigated whether inhibition of OATP1B3–1B7 would have
an effect on the microsomal uptake of TCA and LCA. Given
that Matern et al. (17) demonstrated that bile acids are prone to
glucuronidation catalyzed by UDP-glucuronosyltransferases
that reside in the SER, the access of bile acids to the luminal
site of the SER could be the rate-limiting step for their
glucuronidation. Thus, we determined the influence of BSP, a
potent inhibitor of OATP1B3–1B7, on the cellular accumula-
tion of TCA and LCA. As the accumulation of TCA and LCA
could be significantly inhibited by BSP, we hypothesize that
OATP1B3–1B7 may contribute to bile acid metabolism func-
tioning as a doorway between SER and cytosol, thereby fos-
tering glucuronidation. In the context of glucuronidation, we
recently reported that inhibition of OATP1B3–1B7 influences
glucuronidation of ezetimibe, a drug substrate of OATP1B3–
1B7 (15). Thus, it could be that the same mechanism plays a
role in bile acid glucuronidation; however, this needs to be
validated in further studies. As schematically depicted in Fig.
8C, we propose that OATP1B3–1B7 is a mechanism influenc-

Fig. 8. Taurocholic acid (TCA) and lithocholic acid (LCA)
uptake into liver microsomes. A and B: enriched liver
microsomes were incubated either with TCA (0.1 nM, n 

4) or LCA (0.1 nM, n 
 3) in presence or absence of
bromsulphthalein (BSP; 100 �M). Data are shown as
means 	 SD (Student’s t test, *P � 0.05). C: scheme of the
putative function of OATP1B3–1B7 in a hepatocyte. Acti-
vated farnesoid X receptor (FXR) initiates transcription of
OATP1B3–1B7. Increased abundance of OATP1B3–1B7
protein expression facilitates smooth endoplasmic reticu-
lum access for bile acids that are glucuronidated by UDP-
glucuronosyltransferases. Glucuronidation makes the bile
acids more likely to be secreted into the bile by efflux
transporters, such as bile salt export pump (BSEP). NTCP,
Na�-taurocholate cotransporting polypeptide. SHP, small
heterodimer partner 1.
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ing SER accumulation. Briefly, FXR activation not only leads
to NTCP downregulation via SHP to protect the cells from
toxic exposure but also increases expression of the uptake
transporters OATP1B1 and OATP1B3 at the plasma mem-
brane. Their increased expression ensures bile acid influx,
thereby allowing continuous sensing of the levels by FXR (19).
This allows contact to OATP1B3–1B7, which opens the pos-
sibility to expose bile acids to UDP-glucuronosyltransferases
located in the metabolically active SER, thereby contributing
to the reduction of bile acid levels and thereby the protection of
the organism from their detergent properties.
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3.4 Atorvastatin accumulation 
Unless stated otherwise, all chemicals were purchased from Sigma Aldrich, Buchs, 
Switzerland. 

Assessment of atorvastatin uptake was performed in heterologously transfected HeLa cells. To 

this end, 4 x 104 HeLa cells per well were seeded in 12-well plates. One day after seeding, cells 

were transfected with 400 ng/ well OATP1B3-1B7-pEF6 or pEF6-control using the 

Lipofectin® Transfection Reagent (0.5 µl/well, Thermo Fisher Scientific, Reinach, 

Switzerland). In this system, expression is driven by a T7 RNA-polymerase that is introduced 

into the cells by infection with the vTF7-3 virus (ATCC No. VR-2153) (Fuerst et al., 1986). 

After 16 h in culture, cells were exposed to 0.1 nM atorvastatin diluted in Hank’s Balanced salt 

(Sigma Aldrich) supplemented with tritiated 3[H]-atorvastatin (Hartmann Analytik, 

Braunscheig, Germany, ART 1376, specific activity 50 Ci/mmol,). Accumulation of 

atorvastatin after 5 min of incubation was measured with the Tri-Carb 2900TR (Toplab, 

Rickenbach, Switzerland). Uptake of accumulated radiolabeled atorvastatin was related to the 

protein content of each sample and normalized to the uptake of the control-transfected cells. 

1 0 0

1 1 0

1 2 0

1 3 0

1 4 0

1 5 0

0 .1 nM

a
to

rv
a

s
ta

ti
n

 a
c

c
u

m
u

la
ti

o
n

[%
] 

c
o

n
tr

o
l

*

Figure 4. Cellular accumulation of atorvastatin. Atorvastatin accumaltion is significantly higher in OATP1B3-1B7 
transfected cells compared to the control cells. Three independent experiments were performed in triplicate; data 
are presented as mean % of pEF6-control ± SD (one sample t-test,* p<0.05).

Atorvastatin is a substrate of OATP1B3-1B7. The mean accumulation ± SD of atorvastatin 

compared to the pEF-6 control is 125.9 ± 10.3% (see Figure 4). Three independent experiments 
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were performed in biological triplicates and statistically significant uptake was determined with 

the one sample t-test (*p<0.05). 
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4.0 Conclusion 
The overall effectiveness of a drug is affected by its pharmacodynamic and pharmacokinetic 

properties (Wilson and Walker, 2010). The pharmacodynamic properties describe the drug-

target relationship, whereas the pharmacokinetic properties summarize all the processes exerted 

on the drug during its journey through the organism until it is eventually eliminated (Herdegen 

et al., 2010). One mechanism that has an impact on the pharmacokinetic properties of a drug is 

its passage through cellular plasma membranes. This process is fueled by passive diffusion, 

facilitated diffusion, and active transport (Herdegen et al., 2010). The latter is executed by 

membrane spanning proteins, so called transporters. Of these, the families of the ABC 

transporters and the SLC transporters have a prominent impact on the pharmacokinetics of 

drugs (Liang et al., 2015).  

One subfamily of the SLC transporters are OATP1B transporters, which are expressed in 

hepatocytes where they facilitate entry into the cytosol (Meyer zu Schwabedissen and Kim, 

2009). Thereby they have an influence on the access of drugs to intracellular metabolizing 

enzymes, such as CYP P450s and UGTs, which are highly expressed inside hepatocytes 

(Drozdzik et al., 2018; Rouleau et al., 2016). Besides their impact on drug metabolism, 

OATP1Bs are also involved in the hepatocellular uptake of endogenous compounds such as 

bilirubin (Briz et al., 2003; Cui et al., 2001), coproporphyrins (Bednarczyk and Boiselle, 2016), 

and bile acids (Suga et al., 2017). The genes that encode OATP1B3 (SLCO1B3) and OATP1B1 

(SLCO1B1) are located on chromosome 12p12 (Hagenbuch and Meier, 2003). Between these 

two genes lies another gene named SLCO1B7, which has been deemed to be a pseudogene as 

no function has been discovered for it (Stieger and Hagenbuch, 2014). However, two 

transcripts, LST-3TM12 (NCBI#, AY257470) and LST-3b (NCBI#, AY442325), that are 

highly similar to SLCO1B7 were published by Mizutamari H. and Abe T. By aligning LST-

3TM12 and LST-3b, it became apparent that LST-3TM12 and LST-3b have the same coding 

sequence. The difference between the two sequences is only that LST-3b also encompasses the 
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5’ and 3’ untranslated regions. Because of this, we have focused our further investigations on 

LST-3TM12. In a next step, we aligned the transcripts of LST-3TM12, SLCO1B3 (NCBI#, 

NM_019844), and the predicted exonic sequence of SLCO1B7 (NCBI#, NM_001009562) and 

found that the LST-3TM12 sequence appears to originate from the genes SLCO1B3 and 

SLCO1B7, whereby the first five exons are identical to the SLCO1B3 transcript and afterwards 

the sequence is identical to SLCO1B7 from its third exon on. This brought us to the first 

conclusion that the gene SLCO1B7 can be transcribed in the form of LST-3TM12. Given that, 

LST-3TM12 derives from SLCO1B3 and SLCO1B7 its translational product was named 

OATP1B3-1B7 and thus for the sake of simplicity we will refer to LST-3TM12 as OATP1B3-

1B7 mRNA.  

To get an idea of the structure of the OATP1B3-1B7 protein we predicted its 3D-model based 

on homology modeling with the iTASSER structure-prediction-platform (Zhang, 2008). 

Simultaneously, we calculated the 3D-structure of OATP1B3 and the putative OATP1B7, 

whereby the putative OATP1B7 sequence is derived from the predicted exonic sequence from 

SLCO1B7. The computed homology models for OATP1B3-1B7 and OATP1B3 predicted that 

these proteins contain twelve transmembrane domains. Which is a structural property that is 

conserved over all other functional SLCO-transporters (Stieger and Hagenbuch, 2014). 

However, OATP1B7 was predicted to have eleven transmembrane domains only, which 

indicated that OATP1B7 might not be functional. This finding was also confirmed by in vitro 

experiments with heterologously expressed OATP1B7 for which no transport activity could be 

detected in our experimental setup and for the substrates tested. OATP1B3-1B7, however, was 

shown to transport DHEAS, E2G, TCA, LCA, ezetimibe, and atorvastatin.  

After demonstrating that the genes SLCO1B3 and SLCO1B7 encode together for the functional 

transporter OATP1B3-1B7, it was essential to investigate in what organs of the human body 

this transporter is expressed. By assaying several total mRNA samples of organs by real-time 
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PCR, we confirmed expression of SLCO1B7 transcripts in the liver and duodenum. Moreover, 

we were able to show that the OATP1B3-1B7 transcript is present in the liver by qualitative 

PCR. Most importantly, we also demonstrated the presence of OATP1B3-1B7 in the liver and 

duodenum. Thus, it can be assumed that OATP1B3-1B7 is also translated endogenously.  

It is important to note that it is not possible to discriminate between OATP1B7 and OATP1B3-

1B7 mRNA or protein by real-time PCR or with antibody based methods, respectively. This is 

due to the high similarity of the sequences. In the case of real-time PCR, we often measured the 

expression of OATP1B3-1B7 pre-mRNA as well, which cannot be confounded with other 

SLCO1B7 transcripts (see Results section 3.3 for more details). For the sake of simplification, 

we addressed the mRNA and protein as OATP1B3-1B7 as it appears to be the functional 

transcript of SLCO1B7. Nevertheless, there is the possibility that OATP1B7 was also detected. 

To assess the cellular localization of OATP1B3-1B7 we performed immunohistological 

stainings against OATP1B3-1B7 in liver slices and duodenal tissue. Strikingly, OATP1B3-1B7 

is not located in the plasma membrane like OATP1B1 and OATP1B3, but in the SER. A 

representative overview of the differences and similarities of OATP1B3-1B7, OATP1B1 and 

OATP1B3 can be found in Table 1. The localization of OATP1B3-1B7 in the SER was 

unprecedented and motivated us to investigate what function a drug transporter could serve in 

the SER.  
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Table 1. Overview of OATP1B characteristics. Comparison of a representative selection of endogenous 
substrates (Bednarczyk and Boiselle, 2016; Hagenbuch and Gui, 2008), exogenous substrates (Hagenbuch and 
Gui, 2008; Oswald et al., 2008), tissue expression (Abe et al., 1999; Abe et al., 2001; Briz et al., 2003; Lockhart et 
al., 2008; Meyer zu Schwabedissen et al., 2014), and cellular localization of the OATP1Bs (Konig et al., 2000a; 
Konig et al., 2000b)

OATP1B1 OATP1B3 OATP1B3-1B7 
endogenous 
substrates 

estrone-3 sulfate, 
 estradiol β-D-
glucuronide, 
dehydroepiandrosterone 
sulfate, taurocholic 
acid, bilirubin, 
leukotrienes, thyroid 
hormones, 
coproporphyrins 

estrone-3 sulfate, 
estradiol β-D-
glucuronide, bilirubin, 
taurocholic acid, 
cholecystokinin 
octapepetide, 
leukotrienes, thyroid 
hormones 
coproporphyrins 

estradiol β-D-
glucuronide, 
dehydroepiandrosterone 
sulfate, taurocholic 
acid, lithocholic acid 

exogenous 
substrates 

statins (e.g., 
atorvastatin), sartans, 
angiotensinogen 
converting enzyme 
(ACE) inhibitors, 
glinide, ezetimibe β-D-
glucuronide 

statins, sartans, 
angiotensinogen 
converting enzyme 
(ACE) inhibitors, 
glinides 

ezetimibe, atorvastatin 

tissue liver liver, placenta, 
colorectal tumors, 
pancreas 

liver, small intestine 

cellular 
localization 

basolateral/sinusoidal basolateral/sinusoidal smooth endoplasmic 
reticulum 

As the SER of hepatocytes and enterocytes contains an abundance of metabolizing enzymes of 

the cytochrome P450 and UGT families (Drozdzik et al., 2018; Rouleau et al., 2016), we 

hypothesized that the physiological role of OATP1B3-1B7 could be related to the high 

metabolic activity of these specialized SERs. More precisely, OATP1B3-1B7 could act as a 

gateway for exogenous and endogenous compounds to the SER lumen. This function could be 

essential for the metabolism of compounds that undergo glucuronidation as the active site of 

UGTs faces the lumen of the SER (Coleman, 2010). Hitherto, it is assumed that UGT substrates 

(which are often lipophilic) diffuse through the plasma membrane of the SER, reach the active 

site of the UGTs, become glucuronidated, and the hydrophilic metabolites are then released into 

the SER lumen (Coleman, 2010). In this model, it remains unknown how the glucuronidated 

metabolites exit the SER as their hydrophilic character does not allow them to cross the SER 
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membrane (Petzinger and Geyer, 2006; Yang et al., 2017). Therefore, a SER transporter with a 

broad substrate spectrum like OATP1B3-1B7 could provide the missing function by facilitating 

the entry and exit of compounds from the SER lumen. We addressed this hypothesis in the 

example of the OATP1B3-1B7 substrate ezetimibe, which is extensively glucuronidated in 

hepatocytes and enterocytes (Ghosal et al., 2004). We subjected enriched SER (known as 

microsomes) to a non-glucuronidated OATP1B3-1B7 inhibitor and found that the maximal 

glucuronidation rate of ezetimibe dropped significantly, which suggests that OATP1B3-1B7 

fosters the glucuronidation of ezetimibe. Figure 5 summarizes how OATP1B3-1B7 could 

participate in the metabolism of a substrate drug. Firstly, the drug enters the hepatocyte by one 

of the many influx transporters on the sinusoidal membrane, OATP1B3-1B7 gates the entry of 

the drug to the SER lumen, the drug is glucuronidated, exits the SER, and is then excreted into 

the bile by an efflux transporter. 
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Figure 5. Putative role of OATP1B3-1B7 in drug metabolism. 1. Presumably, drug influx is executed by organic 
anion transporting polypeptides (OATPs). Other possible influx transporters are OAT2, OAT7, NTCP, OCT1 and 
OTs-α/Ost-β. 2. OATP1B3-1B7 functions as a gateway to the smooth endoplasmic reticulum (SER) lumen. 3. In 
the SER, drugs are glucuronidated by uridine 5'-diphospho-glucuronosyltransferases (UGTs). 4. SER exit is 
mediated by OATP1B3-1B7. 5. The majority of the glucuronidated drug is excreted into the canaliculi to reach the 
gallbladder. Excretion into the bile is executed by ABCB1, ABCG2, ABCC2, and MATE1. 6. A portion of the drug 
can also reenter systemic circulation by ABCC3, ABCC4, and ABCC6. Illustration adapted from Doring and 
Petzinger, 2014 (Doring and Petzinger, 2014).

Besides their role in drug metabolism, OATP1B1 and OATP1B3 also transport endogenous 

substances such as bile acids (Suga et al., 2017). These have detergent–like properties and they 

are secreted into the intestinal tract by the gall bladder to solubilize cholesterol and liposoluble 

vitamins (Moschetta, 2008). Like its subfamily members, OATP1B3-1B7 interacts with several 

bile acids. Of these, TCA and LCA are also substrates of OATP1B3-1B7. Similar to ezetimibe, 

the role of OATP1B3-1B7 in bile acid metabolism could be one of mediating access of bile 

acids to the SER as several bile acids are glucuronidated in order to be excreted (e.g., LCA, 

chenodeoxycholic acid, deoxycholic acid, and ursodeoxycholic acid) (Matern et al., 1984). 
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Given that excessive concentrations of bile acids in the blood are toxic, bile acid levels are 

tightly regulated (Chiang, 2013). One central regulator of bile acid levels is the bile acid sensor 

FXR (Matsubara et al., 2013). Upon binding to bile acids, the sensor dimerizes with RXR and 

binds to the promoter regions of the OATP1B genes, which stimulates their transcription (Jung 

et al., 2002; Meyer zu Schwabedissen et al., 2010). As the first five exons of the OATP1B3-

1B7 mRNA originate from SLCO1B3, it seemed likely that the transcription of OATP1B3-1B7 

mRNA is regulated by the SLCO1B3 promoter. As the SLCO1B3 transcription is positively 

activated by FXR, we evaluated whether OATP1B3-1B7 mRNA expression can be modulated 

by FXR activation or inhibition. To this end, we treated hepatoma cell lines with FXR agonists 

or antagonists and determined whether they increased or hindered OATP1B3-1B7 mRNA 

expression, respectively. Indeed, the result of these experiments shows that transcription of 

OATP1B3-1B7 mRNA can be modulated by FXR agonists or antagonists. Thus, we concluded 

that OATP1B3-1B7 is part of the FXR modulated gene network. 

The FXR gene network is an ingenious system that modulates the expression of several proteins 

involved in bile acid homeostasis. Besides the OATP1B transporters, the sinusoidal 

bidirectional transporter Ostα/β, and the canalicular bile acid efflux transporters ABCB11 and 

ABCC2 are also positively controlled by FXR (see Figure 6) (Ballatori et al., 2009; Halilbasic 

et al., 2013). Moreover, FXR shuts down bile acid synthesis by inducing the expression of the 

transcription suppressor small heterodimer partner 1 (SHP1, NR0B2) (Zhang et al., 2015). The 

same pathway is used for downregulating the main hepatocellular bile acid influx transporter 

NTCP (SLC10A1) (Halilbasic et al., 2013). At first, it appears inconsequential that the major 

bile acid influx transporter is downregulated and the moderate OATP1Bs influx transporters 

are upregulated. However, it is assumed that the OATP1Bs ensure a steady and moderate influx 

of bile acid, which warrants continuous FXR activation without damaging the hepatocytes 

(Meyer zu Schwabedissen et al., 2010). To give an overview of the FXR network, Figure 6 

summarizes the effect of FXR on several bile acid transporters. In this figure, we also included 

69



the flipase ABCB4, which does not directly transport bile acids. Instead, it functions as a 

phospholipid phosphatidylcholine flipase that secretes phospholipids into the canaliculi which 

aids in solubilizing bile acids (Sundaram and Sokol, 2007). 

Figure 6. Effect of the farnesoid X receptor on the transcription of hepatic transporters. A “+” indicates 
enhancement of transcription and a “–“indicates the suppression of transcription. 1. The farnesoid X receptor (FXR) 
is activated by bile acids. 2. FXR induces the transcription of the bile acid influx transporters OATP2B1, OATP1B1, 
and OATP1B3. The transcription of the major bile acid influx transporter NTCP is indirectly suppressed by FXR. 3.  
OATP1B3-1B7 transcription is induced by FXR and might foster bile acid metabolism via glucuronidation. 4. The 
canalicular efflux transporters ABCC2 and ABCB11 are induced as well and mediate the elimination of 
glucuronidated bile acids. ABCB4 aids in the solubilization of the excreted bile acids. 5. A part of the glucuronidated 
bile acids enters systemic circulation by ABCC3 and ABCC4. Abbreviations: SER, smooth endoplasmic reticulum; 
UGT, uridine 5'-diphospho-glucuronosyltransferase. Illustration adapted from Doring and Petzinger, 2014 (Doring 
and Petzinger, 2014).

The fact that FXR regulates OATP1B3-1B7 mRNA transcription suggests that OATP1B3-1B7 

expression is indeed regulated by the SLCO1B3 promoter. We have further corroborated this 
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hypothesis by showing that OATP1B3-1B7 mRNA and OATP1B3 have the same 

5’untranslated region and that silencing of exon 4 of OATP1B3 (which is also used in the 

OATP1B3-1B7 mRNA) results in diminished mRNA amounts of OATP1B3 and OATP1B3-

1B7.  

In order to achieve the transcription of OATP1B3-1B7 mRNA, SLCO1B3 needs to be fully 

transcribed. However, instead of ending transcription at the SLCO1B3 stop codon, transcription 

would continue until it reached the end of SLCO1B7. Thereby an alternative pre-mRNA 

containing the SLCO1B3 and SLCO1B7 sequence is created that can be spliced into the 

OATP1B3-1B7 mRNA (see Figure 7). By probing this pre-mRNA in real-time PCR 

experiments, we could show that its transcription increases when FXR is activated, which is the 

same effect we observed for OATP1B3 and OATP1B3-1B7 mRNA.  

Figure 7. Origin of the OATP1B3-1B7 mRNA. A) The gene region on chromosome 12.12 encodes for SLCO1B3 
and SLCO1B7. B) Depiction of the OATP1B3-1B7 pre-mRNA, which is a combination of the SLCO1B3 gene (green) 
and the SLCO1B7 gene (red). C) After alternative splicing and post transcriptional processing OATP1B3-1B7 is 
created. Abbreviations: UTR, untranslated region.

The non-canonical splicing of a gene transcript is a process called alternative splicing (Xing 

and Lee, 2006). By alternative splicing, often a variant mRNA with slightly altered functions 

to the original is created (Stamm et al., 2005). Thereby information for various proteins with 

similar functions can be condensed onto a relatively short gene region or a single gene (Gilbert, 
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1978), which is precisely what OATP1B3-1B7 appears to be - a transporter with slightly altered 

functions compared to OATP1B3. On the one hand, its substrate range is similar to OATP1B3. 

On the other hand, the function of OATP1B3-1B7 is presumably closer to phase II metabolism 

than OATP1B3, as it is located in the SER where many phase II enzymes reside. 

Moreover, evolution and thus adaption to new environmental challenges is fueled by alternative 

splicing (Black, 2003). Considering that the OATP1B transporters are involved in the 

metabolism of several xenobiotics (Hagenbuch and Gui, 2008), it could be speculated that they 

have to constantly adapt their function to new environmental challenges. Thus, alternative 

splicing could be one such tool with which these transporters could be adapted to varying 

environmental conditions. 

In this PhD thesis, it was demonstrated that the transcripts OATP1B7-1B3 mRNA/LST-3TM12 

and LST-3b encode for the functional transporter OATP1B3-1B7. Identified OATP1B3-1B7 

substrates are DHEAS, E2G, TCA, LCA, ezetimibe, and atorvastatin. OATP1B3-1B7 is an 

outstanding transporter as it is located in the SER where its function could be to facilitate access 

to metabolizing SER-enzymes. Moreover, the transcription of OATP1B3-1B7 mRNA is 

regulated by the SLCO1B3 promoter, the consequence of which is that OATP1B3-1B7 mRNA 

expression can be modulated by FXR activation/inhibition.  

5.0 Outlook
As mentioned before, the SNP rs4149056s in the gene region of SLCO1B1 can be predictive 

for the occurrence of myopathic incidents during statin treatment (Brunham et al., 2012; 

Donnelly et al., 2011; Link et al., 2008; Puccetti et al., 2010; Voora et al., 2009). Importantly, 

this SNP codes for an impaired function OATP1B1 variant, which mechanistically explains 

why the adverse event during statin treatment occur (Tirona et al., 2001). It would thus be 

interesting to know if the genes encoding for OATP1B3-1B7 contain SNPs that alter the 

function of OATP1B3-1B7 and if these lead to physiological consequences.  
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Indeed, during our research on OATP1B3-1B7, Meyer zu Schwabedissen et al. identified 

several SNPs that encoded for OATP1B3-1B7 variants with attenuated transport function. 

Namely the variants containing the SNPs rs1546308, rs11045681, and rs188817665 had 

significantly lower transport function compared to wild type OATP1B3-1B7 (submitted 

manuscript). Interestingly, the rs1546308 was already associated with adverse events during 

clozapine treatment by Legge et al. (Legge et al., 2016). As clozapine is highly metabolized 

and also glucuronidated (Schaber et al., 2001) the most obvious connection between a non-

functional OATP1B3-1B7 and adverse events caused by clozapine could be explained by the 

fact that clozapine elimination is hindered due to delayed metabolism by glucuronidation. 

However, evidence suggests that the incidence of neutropenia during clozapine treatment is not 

correlated with the plasma levels of clozapine but with the plasma levels of its metabolite N-

desmethylclozapine (also known as norclozapine) (Legare et al., 2013). This is in accordance 

with our findings, which showed that there is only a small interaction between clozapine and 

OATP1B3-1B7 transport function (see section 3.2 for more details). Desmethylclozapine 

however, can either be directly eliminated by the kidney or subjected to phase II metabolism. 

One of the possible phase II reactions involves the glucuronidation of desmethylclozapine 

(Schaber et al., 2001). Thus, we speculate that OATP1B3-1B7 might foster the glucuronidation 

of desmethylclozapine by mediating SER access. This assumption would need to be 

functionally verified by assessing whether desmethylclozapine is an OATP1B3-1B7 substrate. 

Moreover, it would need to be assessed whether OATP1B3-1B7 inhibition attenuates the 

glucuronidation rate of desmethylclozapine. Eventually a patient based study could investigate 

whether the metabolism of clozapine in carriers of the rs1546308 is attenuated compared to 

carriers of the wild type OATP1B3-1B7. 

In general, the discovery of the non-functional polymorphisms offers a means to investigate the 

physiological relevance of OATP1B3-1B7. As OATP1B3-1B7 exhibits transport affinities 

towards DHEAS, E2G and bile acids, it would be interesting to investigate whether carriers of 
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non-functional OATP1B3-1B7 polymorphisms exhibit altered serum/plasma concentrations of 

these substances. As OATP1B3-1B7 also transports ezetimibe and atorvastatin, it is apparent 

that it would be of major interest to determine the pharmacokinetics in carriers of a non-

functional polymorphism. 

Given that OATP1B3-1B7 interacts with marketed drugs, an in vitro model that allows for the 

prediction of drug interaction is needed. As OATP1B3-1B7 is deemed to mediate access to the 

UGTs, an ideal in vitro model would express OATP1B3-1B7 and functional UGTs. These two 

criteria are fulfilled by the HepaRG cell line (Darnell et al., 2012). The impact of OATP1B3-

1B7 on glucuronidation could be estimated by the creation of an OATP1B3-1B7 knock out cell-

line. The UGT-activity of the knock out cell-line could be compared to the wild type and 

eventually the generated data could be used to create an interaction prediction system. 

The more we understand about the pharmacokinetic processes that affect a drug, the better we 

can predict and eventually avoid adverse events. There is still very little knowledge on how 

drugs reach intracellular drug targets or their respective metabolizing enzymes. In the case of 

SER access, there are only a couple of reviews suggesting that intracellular drug transport is 

necessary for drug metabolism, (Csala et al., 2007; Petzinger and Geyer, 2006). The reason for 

this lack of research could be due to the fact that conducting robust experiments investigating 

intracellular drug transport is quite difficult or indirect (an issue we have experienced 

ourselves). Nevertheless, it seems very unlikely that drugs just diffuse to their metabolizing 

enzymes or to their excretion transporters. Therefore, it seems essential that more research 

should focus on intracellular drug transport. 
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