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Summary

The PDZ domain containing 1 (PDZK1) is a scaffold and PDZ protein of the Na+/H +exchanger regulatory
factor (NHERF) family. PDZ proteins consist of one or more PDZ domains that recognizes specific amino acid
sequences at the C-terminus of membrane proteins such as transporters or receptors. PDZK1 harbors four PDZ
domains that organize multiprotein complexes by protein-protein interaction whereby stabilizing the targeted proteins
at the membrane and modulating their function due to the spatial organization of the interaction partners. Transporters
influenced by PDZK1 are members of the solute carrier (SLC) or the ATP binding cassette (ABC) superfamily, which
are associated to drug metabolism and to the cellular uptake or efflux of endogenous substrates of the thyroid and uric
acid homoeostasis.
Genome wide association studies (GWAS) reported an association between single nucleotide polymorphisms
(SNP) located in the promoter of scaffold protein and uric acid levels in the tested patients. Interestingly, many of the
transporters involved in the handling of the uric acid such as SLC22A12 (URAT1) or ABCC4 (MRP4) were previously
shown to directly interact with PDZK1. These data created the hypothesis of a “urate transportosome”, a network with
PDZK1 orchestrating a multi protein complex of influx and efflux transporters responsible for handling uric acid in
the proximal tubulus of the kidney. A central transcriptional factor of the proteins in a “transportosome” maybe a
possibility to synchronize a functional unit like the “urate transportosome” to achieve a coordinated secretion and
absorption of urate.
In chapter 3.1 we generated further evidence for the “urate transportosome” by reporting a correlation
between the expression of urate transporters and of PDZK1 and of the hepatocyte nuclear factor 1 a (HNF1a), a
transcription factor. Additionally, HNF1a was shown to regulate PDZK1 expression. First, we observed a
transactivation of the promoter of the scaffold protein in presence of HNF1a. Furthermore, the overexpression of the
homoebox in primary kidney cell (RPTEC) augmented the mRNA and the protein content of PDZK1. Deletion of the
most likely HNF1a binding site on the PDZK1 promoter as well as the ChIP assay verified the direct interaction of
the transcription factor with the scaffold protein,
The presence of PDZK1 is not limited to the apical membrane of the proximal tubulus cells in the kidney
although it is the tissue with the highest expression. The scaffold protein was also detected in hepatocytes. One of the
major focus concerning PDZK1 and its expression at the sinusoidal membrane of the hepatocytes is the involvement
in the reverse cholesterol transport by its influence on the Scavenger Receptor B 1 (SR-B1). SR-B1, a High-Density
Lipid protein (HDL) receptor, mediates the uptake of cholesterol from HDL particles in liver and other tissues.
Nevertheless, the treatment of mice with the TO 901317 an agonist of the central regulator of lipid homoeostasis the
liver x receptors (LXRa, NR1H3 and LXRb, NR1H2), did not affect PDZK1, but reduced the expression of SR-B1.
However, TO 901317 does not only bind to LXR but also to the nuclear receptor pregnane x receptor (PXR, NR1I2)
well known for its impact in drug metabolism.
In chapter 3.2 we investigated the role of the LXR and PXR in the regulation of PDZK1. LXR increased
while PXR reduced the promoter activity of the scaffold protein. Further, the treatment of HepG2 with a specific LXR

agonist (GW3965) increased the mRNA expression. In contrast, the exposition to TO 901317 (LXR and PXR agonist)
reduced the protein amount of PDZK1. The data of this chapter presented two new regulators of scaffold protein, LXR
a central regulator of the lipid homoeostasis and PXR involved in the protection of the organism against potential
harmful xenobiotics.
On the basis of the stabilizing effect of PDZK1 on transporters therefore increasing cellular exchange of
compounds one could assume the involvement of modulators of the metabolic rate in the transcriptional regulation of
the scaffold protein. In chapter 3.3 the thyroid hormone receptors (THRa, NR1A1 and THRb, NR1A2), which are
essential regulators of the basal metabolic rate, were reported to increase the mRNA and protein expression of PDZK1
after activation by triiodothyronine (T3) in Caco-2 cells. The binding site of THRb included one of the
abovementioned urate homoeostasis associated SNPs namely rs1967017 and the polymorphism impacted the
transactivation of the scaffold protein promoter. Additional evidence for the THRb binding site being located between
-4022bp and -4010bp of PDZK1 promoter was obtained by deletion of the binding site and a ChIP-assay.
The change of PDZK1 expression by central regulators of a gene network may indicate that other proteins
connected to this system are targeted by the scaffold protein to modulate their function. In this context regarding the
regulation of PDZK1 by thyroid hormones, the existence of PDZ binding motif at the C-terminus of the organic anion
transporting polypeptide 2B1 (OATP2B1), and the observation by Leuthold et al. that thyroxine (T4) is a substrate of
this membrane transporter, we investigated the potential modulation of OATP2B1 by the scaffold protein. The data
were summarized in chapter 3.4 showing a higher quantity of OATP2B1 at the membrane in presence of PDZK1. The
enhanced abundance of the transporter translated in a higher transporter rate (Vmax) of the canonical substrate (E1S) of
the membrane transporter. In addition, a direct interaction between both proteins was shown using the FRET method.
The importance of the PDZ binding motif of OATP2B1 for the interaction with PDZK1 was investigated by
comparison of Vmax between the wild type and OATP2B1 lacking the binding motif. The absence of PDZ binding
motif abolished the effect of PDZK1 on OATP2B1.
In chapter 3.5 we focused on the link between OATP2B1 and thyroid hormones. Previously reported data
already observed T4 as substrate of OATP2B1 and our data not only supported this finding, but also added T3 to the
compounds transported by the membrane transporter. Concerning the regulation of OATP2B1 by thyroid hormones
an increase in mRNA as well as protein expression was observed after treating Caco-2 with T3 and T4. Noteworthy
is that the regulation is likely to be cell/tissue specific since in Huh7 the presence of T3 and T4 did not affect the
mRNA and protein expression of OATP2B1.

1

Introduction

In times of personalized medicine, the understanding of mechanisms contributing to inter-individual differences
in gene expression and activity is an integral part of research in pharmacology in order to maximize the efficacy of
drugs and minimize side effects. The outcome of a therapy is influenced by changes in regulation and activity of the
involved proteins. For example, the acceleration of drug metabolism can lead to intoxication or ineffectiveness, even
if the drug was administrated in correct form and dose. Research on membrane transporters, receptors and cytosolic
proteins involved in the absorption, distribution, metabolism and elimination (ADME) of xenobiotics can improve
therapy or enable it.
A perfect drug must have ideal properties in pharmacodynamics and pharmacokinetics. Pharmacodynamics is the
understanding of biochemical and physiological modifications that occur with exposition to a certain compound and
this is crucial for a successful therapy. Equally important is the question of what happens with the drug in the organism.
The pharmacokinetics relates to the understanding of drug properties concerning ADME. Only a successful interplay
of both disciplines guaranties a positive outcome of therapies with xenobiotics, which were discovered or/and
synthesizes to improve health or to treat diseases. Disclosing the key proteins impacting on pharmacokinetics or
pharmacodynamics of drugs and their variety throughout the population is a necessity, especially concerning the high
expectation in personalized medicine.

1.1

Transmembrane transport
The cell membrane also called plasma membrane separates the intracellular compartment from the extracellular

space and is considered to act as a barrier. This barrier controls the uptake and the efflux of molecules in a passive or
active manner. The lipophilic nature of the plasma membrane primarily allows passive diffusion of small apolar
molecules, while large and hydrophilic molecules diffuse slowly through the membrane or not at all. Proteins that
facilitate the influx and the efflux of drugs which otherwise would not cross the barrier are present in the plasma
membrane.

1.2

Drug transporters
A significant quantity of drug transporters mediating transfer of drugs through the cell membrane are

representatives of two major protein families. There are multiple membrane proteins shown to be involved in
transmembrane transport. Cellular efflux is mediated by members of the ATP binding cassette (ABC) superfamily,
whereas the uptake into the cytosol is mainly accomplished by the solute carrier (SLC) family [1].
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1.2.1

ABC transporters
In detail, the family of the ABC transporters consists of 49 encoded genes divided into 7 sub-families (A to

G) and are expressed in all major organs and barriers [2]. ABC transporters have a high transport capacity and an
energy dependency through hydrolysis of ATP in common. Some members of the ABC transporters as ABCB1 (Pgp, MDR1), ABCC1 (MRP1), and ABCG2 (BCRP) are associated with multi-drug resistance (MDR) due to their
capacity to efficiently pumping chemotherapeutics out of the cancerous cells. Further they are believed to cause
therapy failure in more than 9 out of 10 metastatic cancer patients [3, 4]. Different approaches were undertaken to
solve the problem of chemotherapy resistance: 1. the development of MDR transporter inhibitors with higher
specificity, 2. Inactivation of transporters by miRNA/siRNA, 3. development antibodies targeting the efflux
transporters, and 4. research on non-MDR substrate chemotherapeutic agents [5]. Nevertheless, the same mechanisms
acting negatively in cancer therapies in turn protect the organism against toxins and their metabolites [6]. Aside from
the much-discussed role of the ABC transporters in cancer therapy the efflux transporters also impact the
pharmacokinetics of non-chemotherapeutics by lowering bioavailability (absorption [7]), prevention of accumulation
in the brain (distribution [8]), and by pumping compounds out of the body through the liver (metabolism and
elimination [9]) and the kidney (elimination [10]). In the past years many drugs such as antihypertensives, lipidlowering agents, immunosuppressors and of course anticancer drugs were described as substrates of ABC transporters.
Subsequently variations of expression or activity of the efflux transporters have a significant impact on the
pharmacokinetics of these drugs [1]. However, the pharmacokinetics of drugs is not only dependent on efflux but also
on influx transporters.

1.2.2

SLC transporters
In contrast to the efflux transporters, the SLC transporters are responsible for the uptake of compounds into

the cells and are expressed throughout the body. The SLC family with more than 300 members subdivided into 52
families, are not directly dependent on energy but facilitate the influx by passive intake or secondary co-transport [11].
While some of the members of the SLC family have been shown to control the physiologic cellular entry of amino
acids [12], glucose [13], trace elements [14], vitamins [15] and neurotransmitter uptake [16], there are also multiple
transporters involved in pharmacology. Three SLC transporter families are of special interest nowadays: SLC22,
SLC47 and SLCO (SLC21) (summarized in fig. 1 [17]). The SLC22 family summarizes organic cation transporters
(OCTs), organic zwitterion/cation transporters (OCTNs) and organic anion transporters (OATs). Substrates of these
uptake transporters are antidiabetics (metformin, e.g. OCT1), chemotherapeutics (cisplatin, e.g. OCT2), virostatics
(acyclovir, e.g. OAT1) or calcium channel blockers (verapamil, e.g. OCTN1) [18]. The second subfamily (SLC47)
consists of two transporters: the multidrug and toxin extrusion 1 (MATE1, SLC47A1) and 2 (MATE2, SLC47A2).
MATE1 and MATE2 are pH-dependent transporters and were shown to transport metformin, cisplatin and
levofloxacin [19, 20]. The third major investigated subfamily of the SLC transporters are the organic anion
transporting polypeptides (OATP) [21, 22].
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Figure 1: Illustration of the three SLC transporter families involved in
drug transport. Overview of the three major SLC families (SLC47, SLC22,
and SLCO) focused by research due to their ability to transport drugs (altered
figure from [39]).

1.2.3

Organic anion-transporting polypeptides family (OATP, SLC21, SLCO)
In humans the OATPs consist of eleven transporters with twelve transmembrane domains. They facilitate the

crossing of cell membranes without being directly dependent on energy from ATP hydrolysis nor the Na+-gradient
[22]. It is assumed that the influxed substrates are the counterparts of effluxed ion molecules such as glutathione
resulting in electroneutral exchange [23]. There is evidence for pH sensitivity, which is related to the presence of a
highly conserved amino acid in the 3rd transmembrane domain of the OATPs. The only exception is OATP1C1 that
harbors at glutamine instead of a histidine [24]. The OATP’s are expressed at the membrane of endothelial and
epithelial cells of intestine, liver, kidney, testis, blood-brain barrier and placenta (fig. 2 [21]).
Noteworthy is the restriction of some OATPs to specific organs like OATP1B1 in the liver [25-27] or OATP1C1 in
the brain and in the testis [28] while other OATPs are expressed throughout the body [21, 29]. Nevertheless,
ubiquitously expressed transporters can differ among each other in the distribution e.g. the only OATP present in
cholangiocytes is OATP1A2 [30]. In addition, the localization at the membrane can vary as it was described for
OATP1A2 and OATP2B1 in the placenta [31, 32]. As the family name suggests the OATPs are primarily transporters
of organic anions however they have also been described to transport uncharged, cationic, and zwitterion compounds
(summarized in reviews [29, 33]). OATPs are involved in the hormone, bilirubin, and bile acid homoeostasis by
transporting compounds and their conjugates relevant to the processes [29]. For instance thyroid hormones are
substrates of OATP1A2, -1B1, -1B3, -2B1 -1C1, -3A1, -4A1, -4C1, [24, 25, 28, 34-37]). In more than two decades of
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research since the isolation of the first OATP in 1995 (OATP1A2, [38]) a broad range of xenobiotics were described
to be transported by OATPs. For example: antibiotics, immune suppressants, beta blockers, HMG-CoA reductase
inhibitors (statins), antivirals, ACE-inhibitors, sartans, chemotherapeutics, and antidiabetic agents [29, 33]. The
review of Roth et al. presents an excellent overview of substrates of the OATPs [29]. However, it should be
remembered as pointed out by Kovacsics et al. [33] that most experiments were conducted in vitro with concentration
higher to those detected in vivo and therefore the results should be analyzed with caution. A second limitation is the
none distinction in several studies whether the compounds are inhibitor or substrate of the examined OATP.
Nevertheless, published data in the past years proved that the OATP-family is crucial for the pharmacokinetics of
xenobiotics.

Figure 2: Expression of organic anion transporting polypeptides
in the human body. Summary of the appearance of OATPs in
various tissues and localization at the apical or basolateral
membrane (figure from [43]).

1.2.4

Organic anion-transporting polypeptide 2B1 (SLCO2B1, OATP2B1, OATP-B)
At the turn of this millennium Tamai et al. reported on three OATPs with a broad expression profile and the

ability to transport estrone 3-sulfate (E1S) [39], namely OATP2B1, OATP3A1 and OATP4A1. OATP2B1 consists of
709 amino acids and phylogenetic analyses classified it in a new subgroup of the OATPs. In the following years
OATP2B1 was shown to be highly expressed in the liver and spleen, but also in various other tissues [39-43]. In detail,
OATP2B1 was located at the sinusoidal membrane of the hepatocytes in the liver [40], at the basolateral membrane
of syncytiotrophoblasts in the placenta [32], in the vascular endothelium of the heart [42], at the apical membrane of
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the intestinal epithelial cells of small intestine [41] and at the apical membrane of endothelial cells of the blood-brain
barrier [44]. Further OATP2B1 was located in keratinocytes [45], in the mammary gland [46], in the pars plicata and
pars plana of the ciliary body [47, 48], in human platelets [49] and in the skeletal muscle [43]. Consequently, this
ubiquitous expression of OATP2B1 suggests that this transporter plays a role in the uptake of numerous drugs and
endogenous substrates for many different tissues.
The immense quantity of described endogenous (e.g. prostaglandin E2 (PGE2, dehydroepiandrosterone-3sulfate (DEHAS), and thyroxine (T4) [39, 40]), and xenobiotic (bromosulphotphtalein (BSP), statins, antibiotics,
anticancer drugs, anti-hypertensive, and fruit juice [39, 41-43, 50]) substrates bears a high risk for drug-drug
interaction (substrates of OATP2B1 summarized [29]). Aside from all substrates also inhibitors of the transporters
must be taken into account for their interaction potential. Karlgren et al. investigated the overlapping and selectivity
of inhibitors comparing OATP2B1, OATP1B1 and OATP1B3 [51] all expressed in the main metabolic organ - the
liver. They reported specific inhibitors for OATP2B1 such as astemizole, erlotinib, flutamide, itroconazol,
levothyroxine, tetracycline and valproic acid [51]. The drug erlotinib used against lung and pancreas cancer showed
to be a highly potent and selective inhibitor of OATP2B1 (over 90% inhibition in HEK293 and liver tissue) compared
to OATP1B1 and OATP1B3 [51]. Besides the drug inhibitors, citrus juice was shown to affect the OATP2B1 transport
in vitro. This would have an impact on the intestinal absorption of OAPT2B1 substrates regarding unclear to the
expression of the membrane transporter at the membrane of enterocytes [52-54]. In an earlier study from 2007, when
patients were given glibenclamide (substrate of OATP2B1) no change in the plasma concentration of the anti-diabetic
drug after ingestion of 200 ml of grapefruit juice was reported [52, 55]. In contrast more recent studies looked into the
impact of fruit juice on plasma concentration of drugs such as aliskiren [56, 57], celiprolol [58], and fexofenadine [59,
60] investigating the drug interaction with OATPs in the intestine (review by Yu et al [61]). The data of the clinical
studies revealed a reduction of the drug absorption by co-administration of certain fruit juices (apple, orange,
grapefruit) and suggested the inhibition of the OATP2B1 due to previously reported in vitro studies [58, 59, 62-64].
Although most of the above-mentioned drugs are substrates of OATP2B1 they were also transported by OATP1A2
[65-67] and by P-gp which limits the association between the reduced plasma level and the inhibition of OATP2B1.
Nevertheless, the observed reduction seems more likely to be dependent on the inhibition of OATP2B1 reasoned by
the controversial discussion about the presence of OATP1A2 in the intestine [68-71].

1.3

Factors influencing the function of drug transporters
The information of genes is encoded in certain areas of the DNA which is transcripted to mRNA. The mRNA

then serves as template for the translation to proteins. The promoter of a gene is located upstream (5′) of the
transcriptional start. A large class of transcriptional factors, the nuclear receptors, are able to bind after activation to
specific regions (response elements) on the promoter which finally regulates the transcriptional activity. The
transcriptional regulation of every gene contributes to a major part of the later quantity and therefore activity of the
protein. Genetic differences located on the promoter or in the translated region of the gene can change the transcription
and/or the activity of the protein. Finally, the proteins can also be posttranslational modulated by interaction with other
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proteins. The posttranslational modulation referrers to an interference of other proteins after the biosynthesis of the
target protein. All these regulations effect many if not all transcribed and translated gene products including proteins
of the drug metabolism. Understanding the key factors influencing activity of drug transporters is mandatory to
comprehend the variation in the pharmacokinetics of their substrates.

1.3.1

Transcription regulation of OATP2B1
Maeda et al. characterized in 2006 the promoter of OATP2B1 finding several binding sites for transcriptional

factors [72]. Performing reporter gene assays with 5’ deletion fragments of the promotor they reported that
transcriptional activity of OATP2B1 is dependent on SP1 and not on the transcriptional factor HNF1α [72]. Further
the transcriptional regulation of OATP2B1 was described to be complex due to isoforms with different transcription
start sites [73, 74]. In detail, in the intestine the full-length isoform OATP2B1-1b (consisting of 709 amino acids) is
the predominant form compared to the shorter OATP2B1 isoforms (687 amino acids, 1d and 1e) whereas in the liver
the isoform 1e demonstrates the highest expression. Interestingly, the isoforms 1b and 1e are differently transactivated.
While OATP2B1-1e isoform has been shown to be transactivated by HNF4α, the full-length isoform 1b was not. This
suggests a tissue specific regulation of the isoforms [73, 74]. Nonetheless, the regulation of the membrane transporter
and its isoform is poorly understood.

1.3.2

Posttranslational modulation by PDZ proteins
Drug transporters are located at certain sites of the cell (fig. 3 [1]). Polarized epithelial and endothelial cells

have an apical site directed to the lumen and a basolateral site that is not connected to the lumen. This architecture of
the cells in apical and basolateral sites with different protein compositions at the membrane creates the possibility of
directed transport of compounds. In a broader pharmacological context directed transport is important for the
absorption from the intestine, distribution throughout the blood stream, metabolism in the liver and elimination from
the organism in the kidney. As abovementioned drug transporters facilitate the transfer of endogenous and xenobiotic
compounds through cellular barriers. Accordingly, the sorting of transporters to a certain cell membrane directed to
the apical or basolateral site is essential for the functionality of a barrier. Several members of the ABC- and SLC
superfamilies possess a specific amino acid sequence (PDZ ligands or PDZ binding motifs) that can be recognized by
PSD-95/Drosophila discs large/ZO-1 (PDZ) domains which is an integral part of the so called PDZ-proteins [75, 76].
These PDZ proteins such as the Na+/H+ exchanger regulatory factor (NHERF) family have no direct catalytic role, but
function as so-called scaffold protein. Scaffold proteins are involved in the arrangement of multi protein complexes,
whereby stabilizing proteins at the membrane, sorting proteins to a specific region of the membrane, facilitating the
signal transduction, and/or stimulating the transport activity [77, 78]. The PDZ domains in the PDZ proteins interact
with the mainly C-terminally located PDZ binding motif of the target proteins [79-81]. These PDZ binding motifs are
divided into three classes determined by the amino acid sequence. Class 1 PDZ binding motifs have the sequence X[S/T]-X-j where X can be any amino acid, S/T serine or threonine, and j is a hydrophobic amino acid. The class 2
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PDZ binding motif is characterized by X-j-X-j sequence and class 3 PDZ binding motif possesses the sequence [D/E]-[K/R]-X-j (D aspartate, E glutamate, K lysine, R arginine). Although there are reports of xenobiotic
transporters harboring a class 2 or 3 PDZ binding motif [76, 82, 83] the major part of drug transporters possess a class
I PDZ binding motif such as OATP1A2[84].

Figure 3: Overview of localization of transporters in different tissues. Illustration of
drug transporters in the intestine (a), liver (b), kidney (c), and brain (d). In the intestinal
epithelia(a), in hepatocytes (b), and in the kidney proximal tubulus cells (c) the apical
membrane is directed to the intestine, bile duct, and the proximal tubulus, respectively
while the basolateral membrane always faces the blood. However, in the blood-brain barrier
(d) the apical membrane is directed to blood stream while the basolateral membrane
oriented to the brain (figure from [23]).
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The NHERF family consists of four members all possessing PDZ domains. NHERF1 and NHERF2 carry two
PDZ domains and additionally an ezrin-binding domain (EBD) that interacts with the cytoskeleton, while PDZK1
(NHERF3) and NHERF4 (PDZK2) have four PDZ domains, but no EBD (fig. 4). The expression of the four NHERF
isoforms differs depending on the tissue and the localization to the apical or basolateral membrane of the cell
(summarized by the review of Walsh et al.) [75]. Although all NHERFs harbor PDZ domains the affinity to target
proteins and spectrum of interacting membrane proteins vary between the scaffold protein isoforms [85-88]. These
studies showed the complexity in the formation of multi protein complexes by the NHERF family. The creation of
tissue-dependent unique networks is the result of the NHERF family’s diverse expression and target protein affinity.
One of these networks was described in the kidney for the handling of uric acid and the scaffold protein involved in
this multi protein complex was PDZK1 [89].

Figure 4: Illustration of the four NHERF family members. In the
PDZ domains (light blue) colored purple are the core binding motif
with the amino acid sequence above. For NHERF1 and NERHF2 are
the ezrin-binding domain (EBD) indicated with a dark blue color
(figure from).

1.3.3

PDZK1 (NHERF3, CAP70, CLAMP, DIPHOR-1)
In 1997 Custer et al. isolated a new protein with the highest expression in proximal tubulus of the kidney but

also in the small intestine of rodents with a molecular weight 52kDa named diphor-1 (dietary Pi-regulated RNA-1) at
that time [90]. Diphor-1 increased the Na-Pi cotransport in oocytes and seemed to be related to NHERF1. One year
later the group of Kocher et al. reported an interaction partner of the MAP17 using a yeast two-hybrid system. The
519 amino acid large protein possessed PDZ domains and was named PDZ containing protein K1 (PDZK1) [91].
PDZK1 was detected in kidney, pancreas, liver, the gastrointestinal tract, and the adrenal cortex and was co-localized
with MAP17 in the apical membrane of the proximal tubulus in the kidney [91]. Finally, in the year 2000 a protein
with four PDZ domains named CAP70 (CFTR-Associated Proteins kDA 70) was identified interacting with the Cterminus of cystic fibrosis transmembrane conductance regulator (CFTR, ABCC7) [92]. Already at the beginning the
four PDZ domain containing scaffold protein PDZK1 (although named differently) showed broad spectrum of
interactions with proteins of different physiological areas. NaPi-IIa (SLC34A1) is linked to the phosphate
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homoeostasis [93], MAP17 (PDZK1 interacting protein 1, PDZK1IP1) a cargo protein correlating with immune
response in cancer and inflammatory disease [94] and ABCC7, a chloride channel, where mutations are related to
cystic fibrosis [95].
The first analysis of the PDZK1 promotor lead to the discovery of the first transcriptional regulator of the
scaffold protein the peroxisome proliferator-activated receptor α (PPARα), a nuclear receptor involved in the lipid
homoeostasis [96]. PDZK1 was reported to be regulated by estrogen suggesting the involvement of estrogen receptors
(ER) in the transcriptional regulation. The scaffold protein was upregulated in ER positive breast cancer [97] and in
melisma patients with hyperpigmentation, which is associated with increased estrogen levels [98]. However, the ER
did not control the transcription of PDZK1 directly[99]. A target protein of ER the insulin-like growth factor 1 receptor
(IGF-1) was shown to directly regulate the transcription of the scaffold protein [99]. Nevertheless, despite the role of
the PDZ protein PDZK1 in modulating membrane transporters and receptors the transcriptional regulation of the
scaffold protein is largely unknown.
Even though it would be interesting to give a complete insight in all areas in which PDZK1 is involved, this
would go beyond the scope of this introduction. Therefore, the following section will mainly focus on interactions
with drug transporters such as ABCC2 or OATP1A2.

1.3.4

Impact on drug transporters
One of the first drug transporters described to interact with PDZK1 was ABCC2 (MRP2) [100]. However,

the same research group investigated later the effect of the interaction in Pdzk1-/- mice showing no difference in the
localization or expression of Abcc2 in proximal tubulus cells suggesting that the scaffold protein is not involved in
sorting of the efflux transporter [101]. Nevertheless, the authors also hypothesized about the possibility that the
potential effect on MRP2 by the absence of PDZK1 may be masked by functional compensation through other
proteins. But still the question remains whether PDZK1 plays a role in the stabilization or localization of MRP2 in
liver or intestine.
In contrast the interaction of ABCC4 (MRP4) and PDZK1 is supported by in vitro and in vivo data. PDZK1
binding to the C-terminal PDZ binding motif of ABBC4 stabilizes the transporter at membranes of HEK293 cells and
proximal tubulus cells in kidney, resulting in an increased efflux of the antiviral agent adevofir [86]. In addition, Park
et al. proofed that the PDZ domain 1 of PDZK1 and the C-terminus of ABCC4 are both essential for the interaction.
Further, the data indicated that the underlying mechanism is stabilization of ABCC4 at the membrane and the
prevention of internalization by the scaffold protein [86]. The in vivo data was generated by conducting experiments
investigating the pharmacokinetics of adevofir in Pdzk1-/- mice demonstrating a reduced efflux resulting in an
increased AUC and tissue concentration of the antiviral drug [86]. This was explained by the reduced apical presence
of Mrp4 in Pdzk1-/- mice and supported by immunohistochemical methods [86].
Noteworthy at this point is the interaction of Pdzk1 with Abcg2 (Bcrp) shown in the small intestine of mice.
The scaffold protein plays an important role for the apical localization in enterocytes [83]. This discovery was rather
surprising as neither the murine nor the human orthologue of ABCG2 exhibits a canonical PDZ binding motif. The
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direct physical interaction between the PDZK1 and BCRP eliminated the possibility of indirect relation. PDZK1 not
only interacts with ABC transporters, but also with members of the SLC family. First evidence for an interaction
between PDZK1 and several members of the SLC family was provided by Kato et al. [76]. The screening of C-terminal
sequences of influx transporters for PDZ binding motif disclosed PEPT2, OCT3, OCTN1, OCTN2, OAT4, OATP1A2,
OATP1C1, OATP2B1, OATP3A1 and OATP4A1 as potential interaction partners of the NHERF proteins [76]. By
using the yeast two-hybrid method with recombinant C-terminals of the transporters they only evaluated some of the
abovementioned drug transporters likely to be modulated by PDZK1, namely PETP2, OCTN1, OCTN2, OAT4 and
OATP1A2 [76]. In the following years the evidence for a modulation by the scaffold protein increased by studies
describing an elevated transport rate and stabilization of transporters at the membrane in vitro (PEPT2, OCTN2,
OAT4, OATP1A2) and in vivo (Octn2) [82, 84, 102-104]. Nevertheless, other SLC transporters not detected as
potential partners by Kato et al. or not investigated were also shown to be interacting with PDZK1 as SLC22A11
(URAT1), Oatp1a1 or Pept1 [82, 105-107]. The impact of PDZK1 on drug transporters of the SLC and ABC
transporters family is mainly a stabilizing effect provoking an abundance that leads to a higher transporter rate[78].
However, the presence of OCTN2 at the membrane did not increase although the transport rate increased by six fold
pointing to an ability of NHERF family to influence the activity without increasing the cell surface expression [78,
102].
Interestingly, the aforementioned concept of a “urate transportosome” is a interaction of several membrane
transporters with PDZK1 all related to the urate transport at the apical membrane of the renal tubular cells [89]. Anzai
et al suggested that the handling of uric acid should be assessed by the multi protein complex with SLC (e.g.
SLC22A11) and ABC (e.g. ABCC4) transporters modulated by PDZK1 rather than by single transporter analysis [89].
Whether the concept of “transportosomes” can be extended to other tissues (e.g. in the intestinal) and to what
dimensions it impacts the drug handling (drug “transportosome”) will be clarified in future studies.
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2

Aims of this thesis

The first aim of this thesis was to study the transcriptional regulation of PDZK1 by investigating different
transcriptional factors as potential regulators of the scaffold protein. The aforementioned “urate transportosome” is a
functional unit responsible for the handling of uric acid in the kidney and PDZK1 was shown to posttranslational
modulate membrane transporter in this multi protein complex [89]. In addition, a transcriptional factor called
hepatocyte nuclear factor 1 homeobox α (HNF1α) had been previously described to regulate the gene expression of
several membrane transporter of this “urate transportosome”[108]. In chapter 3.1 we investigated the potential
involvement of the HNF1α also as transcriptional regulator of PDZK1.
The scaffold protein is not only interacting with membrane transporter facilitating the uptake or elimination
of uric acid but also with receptors of the lipid metabolism [109]. PDZK1 was reported to interplay with the HDLreceptor SR-BI (SCARB1) thereby preventing the membrane protein from degradation [110]. The liver X receptors,
LXR α (NR1H3) and LXR β (NR1H2) are nuclear receptors known for their regulation of cholesterol homoeostasis
upon activation [111]. Nevertheless, the exposition of mice to the LXR-agonist TO 901317 did not changed the protein
expression of the scaffold protein contradicting LXR as regulator of PDZK1 [112]. However, TO 901317 is also a
ligand of the nuclear receptor pregnane X receptor (PXR, NR1I2) [113] and in chapter 3.2 we analyzed the role of
both nuclear receptors in the regulation of the PDZK1.
At the beginning of chapter 3.3 we analyzed the PDZK1 promoter regarding the single nucleotide
polymorphisms (SNP) related associated to certain uric acid plasma levels phenotypes. Interestingly, the individuals
harboring a minor allele of the SNP had a trend to a lower mRNA expression of the scaffold protein. To investigate
the underlying mechanisms, we screened the promoter with different nuclear receptors discovering thyroid hormone
receptor α and b (THRα, NR1A1 and THRβ, NR1A2) as regulators of PDZK1.
The second aim of the thesis was to investigate the potential interaction of PDZK1 with OATP2B1 and to
characterize the impact of the scaffold protein on the drug transporter. OATP2B1 possesses at the C-terminus a class
1 PDZ binding domain and therefore an interplay between the membrane transporter and PDZK1 is likely and the data
was summarized in the chapter 3.4.
In the last chapter 3.5 we focused on the role of OATP2B1 as uptake transporter for thyroid hormones in the
intestine as it had been reported that thyroxine [24] is substrate and this membrane transporter is assumed to play an
important role in the absorption of the intestine [41].
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4

Conclusions

The discovery of proteins participating in absorption, distribution, metabolism and elimination of drugs and the
investigation of their mechanism of action led to a better understanding of pharmacokinetics and pharmacodynamics
[1]. Drug transporters are highly related to the kinetic of their substrates facilitating their membrane crossing.
Nevertheless, proteins do not act as single entity but are often part of a network influenced by other proteins. PDZK1,
a PDZ domain containing scaffold protein, is one of those proteins directly modulating membrane transporters and
receptors [75, 91]. Hence, PDZK1 exerts an indirect impact on the substrates of their targeted proteins by modulating
their cell surface expression and activity [82-84, 89]. Many of the proteins modulated by PDZK1 are members of the
SLC and ABC superfamily, two transporter families linked to drug pharmacokinetic [78, 86].
As a result, the transcriptional regulation of PDZK1 itself came into focus of the pharmacological research. Genome
wide association studies (GWAS) showed a link between the uric acid levels and single nucleotide polymorphism
(SNPs) located in the promoter of PDZK1(rs1967017 -4017 bp, rs1471633 -3923 bp, rs12129861 -1976 bp) [114117]. This association of PDZK1 with the uric acid levels and several studies showing the modulation of urate
transporters by the scaffold protein generated the idea of the “urate transportosome” [86, 89, 105, 118, 119] . In this
context we reported that upon activation the thyroid hormone receptor beta (THRb) increases the mRNA and protein
expression of the PDZK1 and that the binding site of THRb included the SNP rs1967017 (-4017 bp) linked to the
urate acid homoeostasis. The exchange of thymine to cytosine (SNP rs1967017) reduced the promoter activity by
nearly 30% of the scaffold protein. Interestingly, the experiments were performed in Caco2 cells, a widely accepted
cellular model for intestinal transport, expanding the regulation of PDZK1 by THRb to other tissues than the kidney
or the liver where THRb is assumed to be predominant [120, 121]. In addition, stabilized transporters as a result of an
increased expression of PDZK1 and therefore augmented in- and efflux could be hypothesized as one of the
mechanisms behind the hypermetabolic effect by excess of thyroid hormones.
A transporter of SLCO family that interacts with PDZK1 is the Organic anion transporting polypeptide 2B1
(OATP2B1). OATP2B1 inherits a PDZ binding motif at C-terminus and therefore an interplay between the membrane
transporter and PDZ proteins seemed likely. We investigated impact of PDZK1 on OATP2B1 showing an increased
membrane presence of the membrane transporter resulting in emerged maximal transport velocity (Vmax) for the
prototypical substrate estrone 3-sulfate (E1S). Also, PDZK1 binds directly to OATP2B1 and the impact of the scaffold
protein could be abolished by deletion of the PDZ binding motif at the C-terminus of membrane transporter.
Furthermore, we located in the kidney OATP2B1 at apical membrane of proximal tubulus and at the basolateral
membrane of distal tubulus.
PDZK1 and OATP2B1 share more than just the interaction between them also both proteins are linked to the
thyroid homoeostasis. PDZK1 is regulated by the thyroid hormone receptors and Leuthold et al. showed that thyroxin
(T4) is a substrate of OATP2B1 [24]. The questions remained whether OATP2B1 transports other thyroid hormones
than T4 and if it is regulated like the scaffold protein by the thyroid hormones. Indeed, triiodothyronine (T3) is a
substrate of OATP2B1 and the mRNA as well as the protein expression are increased in Caco2 by the presence of T3
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and T4. In combination with the direct regulation of PDZK1 by thyroid hormones receptors and the interaction of the
scaffold protein with OATP2B1 may indicate that both proteins are part of the thyroid homoeostasis.
The first described transcriptional regulator of PDZK1 was the peroxisome proliferator-activated receptor α
(PPARα) [96]. PPARα exhibits an important role in the lipid metabolism and is targeted by drugs of the fibrate family
to treated hypercholesteremia. Interestingly, in one of our studies a second nuclear receptor involved in the lipid
metabolism (Liver X receptor; LXR [111]) was shown to transcriptionally modulated PDZK1. However, the activation
of PPARα results in a higher HDL plasma level while the augmentation of PDZK1 expression lowers the plasma HDL
cholesterol as it was described in different studies with knockout mice [110, 122, 123]. The scaffold protein influences
the HDL cholesterol plasma level by its crucial role in stabilizing the HDL receptor (SR-B1) at membrane, that is
essential for the uptake of the HDL particles[124, 125]. In the same study reporting LXR as regulator of PDZK1 we
further showed that pregnane X receptor (PXR), a well-described regulator of drug metabolism and lipid
homoeostasis[126-129], upon ligand-activation reduces the promoter activity and protein expression of the scaffold
protein. Therefore, three nuclear receptors of the lipid homoeostasis are linked to PDZK1. However, dependent on the
activated nuclear receptor the clinical outcome varies, as e.g. PXR induces the accumulation of triglycerides in the
liver while no such effect was observed for LXR [130, 131]. In addition, PPARα elevated HDL plasma concentration
whereas LXRα regulates several genes involved in the reverse cholesterol transport resulting in a reduced HDL plasma
level [132]. Nevertheless, in which extend the PDZK1 regulation by these nuclear factors impacts the lipid
homoeostasis in vivo remains to be clarified.
Unlike the direct interaction of LXR with PDZK1 we were not able to specify if the regulation by PXR is of
direct or indirect nature. A possible hypothesis for the underlying mechanism, in case of an indirect regulation, is the
involvement of the transcription factor hepatocyte nuclear factor 1 homeobox A (HNF1α). We reported HNF1α as a
new regulator of PDZK1 and therefore of the “urate transportosome” in the kidney [133]. The presence of
transcriptional factor HNF1α increased the mRNA as protein expression of the PDZK1 in renal proximal tubule
epithelial cells (RPTEC). Furthermore, we showed a correlation of the mRNA expression of the homeobox with
several transporters at apical and basolateral membrane of the proximal tubulus cells indicating HNF1α as a regulator
of the “urate transportosome”.
Taken together, our studies discovered new transcriptional regulators of PDZK1 that are involved in the
thyroid homoeostasis, urate handling, lipid metabolism and pharmacokinetics of drugs (THR, HNF1α, LXR and PXR).
In addition, we also described an interplay between the scaffold protein and the membrane transporter OATP2B1, a
member of the SLCO family, which is also regulated by thyroid hormones. As indicated in the introduction the concept
of “urate transportosomes” could possibly be applied for a lipid, a thyroid, or a drug “transportosomes” including
PDZK1 (and to some extend OATP2B1). The evaluation of pharmacokinetics on the basis of transporters, receptors,
and scaffold protein complexes seems to be a promising approach to a better understanding of ADME of xenobiotic
and also endogenous substances. One may have the impression that this simplification to a functional unit would
reduce the relevance of single proteins what would be a false conclusion. The research on each participant of a
multiprotein complex will not be less relevant but rather the way to understand the inter-individual differences, which

104

will also have an influence on the “transportosomes”. Further studies on the topic of PDZK1, other scaffold proteins
and the interaction partners will help to provide improved insight into the pharmacokinetics of drugs.
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