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INTRODUCTION
The kidneys play a fundamental role in maintaining whole body homeostasis. Renal 

physiological and regulatory functions include hormone production, the regulation of 

blood pressure by controlling extracellular fluid volume, safeguarding physiological pH, 

keeping appropriate electrolyte balance and systemic waste and xenobiotics removal [1, 

2]. For these purposes, the kidneys evolved into complex organs in which the nephron 

is the structural and functional unit with a complex architecture, where blood vessels 

converge into a filtering compartment, the glomerulus, and adjacent tubular structures 

produce and collect urine [3]. The breakdown of normal renal functions, leading to 

kidney disease has an immense impact on the life of those affected and is a major 

healthcare concern. The overall global prevalence of kidney diseases is now estimated 

to be 11-13% of the population [4, 5]. Improving and developing novel strategies to 

cope with kidney disease is a recognized priority with a central role for fundamental 

research in drug development and regenerative medicine. This chapter offers an overview 

on kidney disease and on kidney tubular function in particular. Furthermore, details on 

cellular models available for kidney-related research are described [6, 7].

KIDNEY DISEASE AND RENAL FUNCTION 
Kidney diseases often disrupt kidney function and structure [8]. The primary causes 

of kidney disease are diabetes and hypertension, where blood vessel damage (e.g. 

atherosclerosis) prevents proper blood filtering, leading to systemic waste and fluid 

accumulation, increasing blood pressure, in a spiral leading to the disease progression. 

Other factors include inflammation, infections and disruptions of the urinary and 

urogenital apparatus, autoimmune diseases, nephrotoxicity and genetic pre-disposition, 

although less common [9, 10]. 

Chronic kidney disease (CKD) is a progressive loss of kidney function over a prolonged 

period of time. There are five recognized stages of CKD, based on the traditional method 

of measuring glomerular filtration rate (GFR), accounting for age, gender, race and 

creatinine blood levels. Stages one and two represent a slight and mild renal damage, 

stage three and four account for moderate to severe damage and stage five implies kidney 

failure or end stage renal disease (ESRD) [11]. Early stages of CKD can be therapeutically 

managed when diagnosed on time, however current treatment options for patients with 

ESRD are limited, and replacement therapy is inevitable [12]. 

A kidney transplant can offer a permanent solution for kidney failure; nonetheless 

it carries risks, depends on organ availability and requires permanent monitoring. As an 

end of the line solution, transplants are preceded by dialysis, most often hemodialysis 

[13]. Developed and introduced in the 1940’s by Willem Kolff, dialysis is based on 

the physical processes of diffusion and ultrafiltration, and can remove fluid and solutes 

within a range of molecular weights from the blood. Despite a breakthrough in ESRD 

treatment, traditional dialysis only covers a fraction of the physiological renal function 

and its efficiency in waste removal is incomplete, only offering a temporary solution [14]. 
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In recent years, kidney disease prevalence has increased worldwide. Arguably, this 

trend can be the reflection of an aging population in developed countries or the result 

of better diagnosis and screening of renal diseases in human populations [15]. Surveys 

pointed out that 1 out of 10 people suffer from CKD (http://www.worldkidneyday.org/) 

and that half of the population above seventy-five years of age manifests some form 

of renal disease. With such numbers, kidney disease is a major healthcare concern [5]. 

Treatment options are limited at advanced stages, while early diagnosis and subsequent 

treatments result in a better prognosis. CKD diminishes the quality of life, and despite 

its obvious consequences for patients with increased morbidity and mortality, it is also 

a burden for society with rising costs for healthcare systems and caregivers [16]. As renal 

disease is now recognized as a major and increasing healthcare concern, research towards 

a better understanding of the molecular mechanisms behind kidney function, physiology 

and disease progression in order to improve the efficacy of current treatments and to 

develop new or alternative therapies to tackle kidney disease is warranted.

RENAL TUBULAR FUNCTION
After glomerular filtration, the proximal tubules are responsible for reabsorbing essential 

components from the ultra-filtrate, but also for additional removal of a great variety 

of solutes and wastes from the blood. Its lumen is convoluted where the apical side of 

proximal tubule epithelial cells (PTEC) is organized into dense microvilli forming a brush 

border, with an increased surface area to enhance the reabsorption process. Active 

membrane transport at the basolateral side also facilitates the removal of compounds 

potentially bound to plasma proteins in the blood. A great variety of endogenous solutes, 

their metabolites and exogenous compounds and their metabolites, such as drugs, are 

transported in the blood stream coupled to plasma proteins such as albumin, and can 

only be removed from the circulation by active secretion, shifting the protein-bound to 

the free fraction.

To this end, PTEC are equipped with a highly specialized molecular machinery to 

meet this requirement (Figure 1). These polarized cells act as a barrier for compounds in 

the basolateral (capillary side) and apical side (pre-urine). To a great extent, the functional 

characteristics of PTEC are associated with the presence of multiple energy dependent 

membrane transporters that mediate the transport of ions, small molecules, nucleotides, 

xenobiotics and other substances. These carrier proteins can move solutes against 

steep concentration gradients, and give the cells their barrier-specific selectivity and 

high excretion capacity. Transporters in PTEC membranes can be unidirectional efflux 

pumps, co-transporters, facilitated diffusion carriers and exchangers, belonging to either 

the Adenosine triphosphate-ATP binding cassette (ABC) [17] superfamily or the Solute 

carrier family (SLC; www.slc.bioparadigms.org) of proteins [18]. ABC transporter 

function requires ATP hydrolysis, a feature that needs an increased mitochondrial activity 

to meet the energy demand. Activity of SLC transporters involves co-transport driven 
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by a membrane potential, established by the basolaterally expressed Na,K-ATPase. 

Basolateral and apical transporters are usually complementary in substrate specificities to 

enable compounds that are taken up by the cells to be excreted subsequently [19]. 

 The most prominent uptake transporters are the organic anion transporter 1 (OAT1/

SLC22A6), organic anion transporter 3 (OAT3/SLC22A8)[20] and the organic cation 

transporter 2 (OCT2/SLC22A2) [21]. The predominant efflux transporters are breast cancer 

resistance protein (BCRP/ABCG2) [22], P-glycoprotein (P-gp/ABCB1) and the multidrug 

resistance proteins 2 and 4 (MRP2/4; ABCC2/4) [23]. Other carriers, such as the transporter 

organic anion transporter polypeptide (OATP4C1/SLCO4C1) and the multidrug and 

toxin extrusion 1 and 2 transporters (MATE1/2K; SLC47A1/2K) are also present at PTEC 

[24]. These transporters can share common regulatory pathways that modulate their 

activity. A comprehensive depiction of all major PTEC transporters is presented in figure 

1. Intracellularly, PTEC can also metabolize drugs and compounds via phase I and II 

enzymes, in a process that can increase the excretory efficacy of certain compounds that 

undergo hydrolysis or glucuronidation [25]. Furthermore, both transcriptional and post-

transcriptional regulation of all transporters have been described [26, 27]. 

Multiple SLC and ABC carriers (among others) show affinity for the same solutes, 

leading to promiscuity in substrate specificity [28]. This phenomenon can be explained 

by the high degree of homology within transporters families. Further, certain cytochrome 

P450 enzymes (CYP) share similar substrate profiles with P-gp and in a similar fashion, 

substrate glucuronidation, by the action of UDP-glucuronosyltransferases (UGT), increases 

affinity for MRP transporters [29, 30][17]. This transporter-enzyme crosstalk is an example 

of co-evolution, where separate cellular mechanisms articulate to enhance xenobiotic 

metabolism and excretion. Both enzyme systems are present in PTEC, which adds another 

layer of complexity to drug clearance, since the process involves uptake, metabolism  

and efflux. 

In addition to xenobiotic excretion, PTEC also play an extensive role in the reabsorption 

of nutrients and ions back from the glomerular filtrate into the blood stream, a process 

taking place at the apical (luminal) side (Figure 1). An important active reabsorption 

mechanism is receptor-mediated endocytosis, in which proteins with different sizes (e.g. 

albumin, transferrin, ferritin) that initially pass the glomerular membranes, are carried 

from the filtrate to the circulation. This transport is mediated by three receptors expressed 

at the apical membrane: megalin, cubilin and amnionless [31]. A number of key ions is 

also reabsorbed, although this process is not exclusive to PTEC, taking place along other 

segments of the nephron, and can occur passively with the enormous amount of water 

that diffuses back to the circulation or via a number of membrane carriers that handle e.g. 

potassium (K+), magnesium (Mg2+), calcium (Ca2+), phosphate (PO4
3−) [32, 33]. In addition, 

glucose is reabsorbed exclusively by PTEC via both Na2+-dependent co-transporters 

(SLC5A family) and facilitated glucose transporters (SLC2A family) [34, 35]. Aminoacids 

are also recovered via a Na2+-dependent transporters belonging to the SLC6A family [36]. 
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Throughout the nephron, water reabsorption is facilitated by selective water channels 

known as aquaporins (AQP), with different channels expressed in the proximal tubules, 

loop of Henle and collecting duct [37]. Though renal function derives from the actions of 

the different nephron segments, PTEC are key in drug elimination and its activity accounts 

for a significant part of the renal function in terms of xenobiotic excretion. 

As a comprehensive picture of the compounds handled by PTEC came to light, it 

became evident that a variety of small protein-bound molecules are not being removed by 

dialysis [38]. A class of substances tied to the progression of kidney diseases is the so-called 

uremic retention solutes, also known as uremic toxins. Composed of different solutes with 

various physical and chemical properties [39], uremic solutes share that they accumulate 

in patients with CKD as a result of deficient renal clearance. The systemic build-up of 

these substances, that are often bi-products of metabolic processes, is known to cause 

pathological effects in multiple organs, lead to disease progression and further aggravate 

kidney failure [40, 41]. In health, the solutes are efficiently cleared by the proximal 

tubules [42] and, although traditional dialysis is able to remove small water-soluble toxins, 

the protein-bound solutes can only be eliminated via the kidney through active biological 

processes inherent to PTEC [38]. This illustrates the limitations of current therapies/

technologies available as renal replacement therapy, and it also highlights the importance 

of our knowledge on renal physiology in order to improve and develop new treatments. 

Figure 1. Schematic presentation of the major basolateral and apical membrane transport systems in 
renal proximal tubule cells. Reabsorption mechanisms are represented in grey and drug transporters 
are represented in dark blue. 
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RENAL TUBULE CELL MODELS IN RESEARCH
Renal cells can perform and regulate, with extreme efficiency, highly complex and specific 

chemical and physical processes simultaneously. Harnessing and exploiting cells to study 

renal physiology is central to kidney research. Nowadays a variety of renal-derived cell 

types are available, from different sources and used in fundamental bioengineered kidney 

research. A fundamental aspect of culturing cells in vitro is assuring that the cells retain 

a phenotype that closely resembles the in vivo situation. Cells can drastically change their 

properties while being in culture, due to the artificial environment. Cellular plasticity 

allows cells to change their gene and protein expressions as well as their metabolic 

activity when confronted with an artificial environment. Traditionally, cells are grown on 

flat plastic surfaces, fed with a cocktail of nutrients and factors (culture medium) and 

maintained in a humidified environment at physiological temperature, while in vivo cells 

are arranged in three-dimensional structures often containing multiple cell types that 

cross-talk and are nourished from the blood stream. Culture medium composition can be 

tailored to maintain tissue specific phenotypes, however, the addition of growth factor 

and serum, often required to maintain proliferation, can influence chromosome stability 

and can lead to gene mutations, affecting the phenotype of the cells [43]. To monitor that 

cells maintain their phenotype, an array of assays and techniques has to be performed. 

When growing PTEC in vitro it is key to determine whether the specific molecular 

machinery of this cell type is expressed at the gene and protein levels. It is also important 

to determine the proper morphology, capability of the cells to polarize, tight monolayer 

formation, generation of the appropriate membrane potential and selective barrier 

function. Subsequently, it is crucial to evaluate the functional activity of the cells, ensuring 

recapitulation of the activities of native PTEC. 

Primary cells
Primary cells are directly derived from renal tissue or urine, collected from healthy donors 

(either through a biopsy or from a discarded kidney transplant). The renal tissue is then 

disaggregated into a heterogeneous cell suspension that is purified further via flow 

cytometry or magnetic beads, making use of membrane markers in order to isolate PTEC 

from other cell types. Afterwards, cells can be cultured and characterized to confirm 

the cell phenotype. These primary cells retain only temporarily the PTEC phenotype, 

losing their epithelial characteristics with each population doubling in culture, and their 

use is limited to the availability of donors [44]. Due to these limitations, primary cells 

are not a preferred source for long-term applications and are mostly used for cellular 

and molecular research into the inner works of PTEC, as well as for drug efficacy and 

safety testing. An alternative source of PTEC cells also explored is urine [45, 46]. Being 

easily accessible, urine is an abundant source of cells and incidentally PTEC are shed in 

reasonable numbers.
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Stem cells
Another primary cell source are stem or progenitor cells for which cells can be derived 

also from other tissues than the kidney. Stem cells are undifferentiated cells that can, in 

one hand, self-regenerate and, on the other, give rise to various terminally differentiated 

cell types [47]. These cells are found in developing embryos, being pluripotent (able to 

generate any lineage) at earlier stages. As embryonic development progresses, stem cells 

differentiate into particular tissue lineages and gradually occupy specific niches. Stem cells 

can be isolated using specific membrane markers and cultured under defined conditions, 

they can be expanded without losing their properties, or differentiate upon specific 

inducers [48]. As with primary cells, stem cells are also limited by donor availability. They 

can be collected from embryos, which is directly associated with the additional challenge 

of being a highly controversial ethical issue and quite limited source. Alternatively, stem 

cells can be derived from adults, mainly from blood, bone marrow and adipose tissue. 

The latter source is the least invasive and relatively abundant. However, the biggest 

bottleneck in the use of these cells is the differentiation in vitro, which is a time and 

resource consuming process for which adequate PTEC phenotype still needs to be 

demonstrated. Nonetheless, stem cells have the promise of providing an autologous 

cell source for biomedical research applications and can potentially be expanded in  

large quantities. 

Induced pluripotent stem cells
A cell type that was introduced less than a decade ago are induced pluripotent stem cells 

(iPS), that now make their way to the spotlight of cellular research. The technique to 

produce this new type of cells, bypasses the issues with limited sources since they can be 

derived from somatic cells [49]. Furthermore, the cells can differentiate into virtually any 

cell type in the body, hence subscribing their pluripotency. These iPS cells are generated 

by exposing adult cells (terminally differentiated) to the defined factors Klf4 (Kruppel-like 

factor 4) and c-Myc [50], that will trigger the cells to re-arrange their genetic program 

and change their phenotype into undifferentiated stem-like cells, in a process labeled 

trans-differentiation. New factors, Oct4 (octamer binding transpiration factors 4) and 

SOX2 (sex determining region Y-box2) have been shown to induce PTEC into iPS [51]. 

Human iPS cells have been obtained from fibroblasts and other sources, and kidney 

organoids grown from such cells formed functional PTEC [52]. iPS cells are a potential 

source of autologous cells, however their use and generation are still a laborious process. 

Cells trans-differentiated using viral vectors may not be appropriate for clinical use, 

therefore novel delivery vectors, including piggyBac transposons and synthetic mRNA, 

have been explored [53, 54]. The use of ectopic transcription factors can be potentially 

tumorigenic and an incomplete re-programing compromises the cells pluripotency [55, 

56]. As renal derived iPS cells become a reality, comprehensive validation is needed to 

confirm the cells function and determine the correct phenotype [57]. 
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Cell lines
Cell lines are also a prominent source of renal cells that usually originate from a primary 

cell culture that is transformed to enable prolonged culturing while maintaining 

the cell-type specific phenotypical properties. These cells are widely used in research and 

can be obtained commercially or generated in an adequate facility, both for research or 

commercial uses. Drug screening and fundamental research into kidney pharmacology 

and physiology are important applications for kidney-derived cell lines. Two commonly 

used kidney cell lines, and examples of early developments in this area, are the Human 

embryonic kidney 293 (HEK293) and the Human kidney 2 (HK-2) cells. HEK293 cells 

are derived from primary cultures of human embryonic kidney cells and exposed to 

adenovirus in order to achieve sustainable cell growth in vitro [58]. Although originally 

derived from human renal tissue, these cells show abnormal chromosomes and lack 

a defined phenotype (namely the transport machinery characteristic of PTEC), while 

culture conditions for optimal proliferation are well established [59]. HEK293 cells are 

easy to transfect, stimulating their use in cellular research study protein expression on 

a molecular level. HK-2 are derived from human primary PTEC cultures transfected with 

the human papilloma virus 16 E6/E7 genes (HPV) in order to obtain a stable cell line 

[60]. These cells express several enzymes present in primary PTEC along with certain 

functional aspects, such as glucose uptake. However, the HK-2 cells do not entirely 

resemble a PTEC phenotype and show, at most, residual active transport activity of 

xenobiotics [59, 61]. These early generations of renal cell lines underline the problems with 

generating a cell that is well-defined in terms of phenotype and that retains key features  

of differentiated cells. 

Non-human cells lines, isolated from mammals are also widely applied. The Madin-

Darby canine kidney (MDCK) cells retain a strong epithelial phenotype and are simple to 

culture [62]. Pig derived LLC-PK1 cells also possess a well characterized PTEC phenotype 

[63]. Nevertheless, these cells have contributed to elucidate the cellular and molecular 

mechanisms involved in renal physiology and pathophysiology and also paved the way to 

more advanced and complex in vitro models that are becoming of increasingly importance.

Conditionally immortalized cells 
In recent years, the amount of cell lines generated has increased as a consequence of 

improved molecular techniques, the need for more representative and well-defined cells 

and also in an attempt for refining or replacing the use of animals in research. A hand-full 

of cell lines has been developed relying on immortalization tools that reduce genetic 

variability and thereby improve the stability of the cells, largely for purposes of renal in 

vitro pathophysiology and drug safety testing. The renal PTEC line (RPTEC) and NKi-2 

cell line were generated by overexpressing the human telomerase reverse transcriptase 

(hTERT) via viral transfection. This transformation allows the cells to maintain their intact 

chromosomes after every doubling, resulting in stable lines [64-66]. Functionally, the cells 
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express metabolic enzymes, including esterase and glucuronidase [67], and are used as an 

in vitro model for kidney toxicity studies with emphasis on drug screening [68]. These cells 

were non-invasively harvested, and can be cultured in vitro. Subsequently, the cells are 

transformed to grow in a sustained way and characterized to confirm a PTEC phenotype. 

Conditionally immortalized human proximal tubule cells (ciPTEC) are a type of PTEC cells 

generated by overexpressing the simian virus 40 large T tsA58 antigen (SV40T) together 

with hTERT [45]. These transformations enable the cells to proliferate at a temperature of 

33 °C and subsequently mature at 37 °C, inactivating the large T antigen and acquiring 

a differentiated PTEC phenotype. CiPTEC can be derived both from urine or adult 

renal tissue [45, 46] and functionally express OCT2, BCRP, P-gp and MRP4, key drug 

transporters that are native to PTEC. Consequently, the cells are sensitive to nephrotoxic 

drugs and can extrude protein-bound uremic toxins [42, 69]. These cells can be grown 

abundantly and are functional after high population doublings. Arguably, cells derived 

from urine are different from cells derived from tissue; the fact they were shed from 

the proximal tubule epithelium can indicate a loss in functionality. Nonetheless, ciPTEC 

derived from both urine and kidney biopsies, and immortalized according to the same 

procedure, show similar gene expressions, membrane transport functions and enzyme 

activities, supporting the validity of urine derived PTEC [46]. 

Table 1. Sources of PTEC used in kidney research 

Cell Source Type PTEC phenotype Availability References

MDCK Dog Cell line Limited High [62, 70-72]
LCC-PK1 Pig Primary Limited High [63, 70, 73]

HK-2 Human Cell line Intermediate High [59-61]
Primary Human Primary Strong Low [74-77]
RPTEC Human Cell line Strong High [64, 78]
NKi-2 Human Cell line Strong High [65, 66]
ciPTEC Human Cell line Strong High [45, 79, 80]

Stem cells Human Primary Intermediate Low [48, 81, 82]
iPS Human Primary Intermediate Reasonable [49, 83]

Membrane transporters kinetic studies have been conventionally conducted using 

overexpression systems, like HEK and MDCK cell lines, and membrane vesicles, derived 

from such models. Though important to determine the activity of isolated transporters, 

these systems lack the complexity of the interactions present under normal physiological 

conditions. Research into proximal tubule transport activity and physiology has benefited 

from the introduction of cell models as ciPTEC, cells that endogenously express both 

the metabolic enzymes CYP and UGT as well as the main efflux membrane transporters 

present in PTEC [67]. FDA guidelines for drug interaction studies require that in vitro 

assays should be used to determine drug metabolism by phase I/II metabolic enzymes 
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(CYPs and UGTs, respectively). Also, drugs under investigation must be studied for their 

affinity to OAT1, OAT3, OCT2, BCRP and P-gp, as well the role of active secretion in 

their renal clearance [84]. Prominent pharmacological interactions can be studied in vitro. 

The nature of the interactions can be direct, where different drugs can compete for 

the binding site of a transporter or enzyme. Indirect interactions occur when the actions 

of a drug leads to physiological changes (e.g. enzyme or transport activity inhibition) 

that subsequently alter the effects of other drugs. Furthermore, research into cellular 

regulatory mechanisms is becoming increasingly relevant in drug interaction studies, as 

new targets emerge and the mechanisms of action of a variety of clinically available drugs 

require better understanding.

SCOPE AND OUTLINE OF THIS THESIS 
In recent years the research paradigms governing biomedical sciences began to 
shift towards what is now commonly known as translational research. The ultimate 
goal of this approach is to find clinical solutions based on fundamental research. 
Therefore, an increasing number of studies in the renal field look into the onset and 
progression of kidney disease. Since the recent introduction of guidelines for drug 
transporter interactions in the development of novel drugs by regulatory bodies, 
the implementation of reliable models representative of human physiology received 
a great incentive [18, 84]. Given the fact that proximal tubules are a transporter-
rich environment and many drugs are excreted via the kidneys, PTEC have gained 
notoriety in renal research. Drug transporters are at the heart of renal excretion. 

The aim of this thesis was to investigate the function and regulation of renal drug 

transporters in the proximal tubule in vitro, using reliable methodology in human cells 

representative of renal physiology. Following this introductory note, chapter 2 reviews 

renal drug handling with an emphasis on the BCRP activity as this transporter is often 

overlooked in reviews on renal drug transporters. The impact of genetic variants, gender 

and cellular regulation of this transporter is discussed in depth. A detailed perspective 

on drug excretion is presented by analyzing drug interactions of renally cleared drugs. 

Furthermore, the role of BCRP in cancer drug resistance and how the effects of 

chemotherapeutical agents influence its activity is being discussed. In chapter 3 we 

studied apical transport activity in proximal tubules, looking at the combined activities 

of BCRP, P-gp and MRP4, prominent efflux transporters in the human renal cell line 

ciPTEC. To determine the transporter function and their contribution to renal clearance, 

an array of high-throughput assays that exploit transporter inhibition and the retention 

of fluorescent substrates were developed. Building on methodology suited to determine 

solutes retention and transporters activity, in chapter 4 the cellular responses to 

the endogenous p-cresyl metabolites was investigated. ciPTEC were exposed to the uremic 

solutes p-cresyl sulfate and glucuronide to determine the apical transporters responsible 

for their handling. Furthermore, their impact on cellular physiology, with respect to 
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transporters expression and activity and the integrity of the epithelial phenotype were 

studied. Further exploiting proximal tubule cell physiology in ciPTEC, in chapter 5 we 

look into the complex pharmacological interaction between anticancer drugs. Cetuximab 

is a monoclonal antibody that displays a synergistic effect with more conventional 

anticancer drugs. To determine if these interactions impact PTEC function, as well as 

to uncover their mechanistic root, transporter activity and toxicity were investigated in 

ciPTEC upon exposure to cetuximab, and methotrexate or cisplatin, both anticancer drugs 

with significant renal clearance. 

Continuing the emphasis in drug transporters function and activity, chapter 6 
describes how the transporters expression and consequent function can be used to 

investigate the differentiation potential of human kidney progenitor cells, derived from 

human fetal tissue. In a shift from adult renal cells, the activity of immature cells under 

different culture conditions was determined using the same experimental approach as 

described before. Chapter 7 offers an up to date perspective on the findings illustrated 

in this thesis, providing a comprehensive discussion considering the current developments 

and trends in the fields of drug transporters and renal research. To conclude chapter 8 
presents a summary of the work in hand.
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ABSTRACT
The relevance of membrane transporters gained momentum in recent years and 

it is now widely recognized that transporters are key players in drug disposition and 

chemoresistance. As such, the kidneys harbor a variety of drug transporters and are 

one of the main routes for xenobiotic excretion. The breast cancer resistance protein 

(BCRP/ABCG2) is widely accepted as a key mediator of anticancer drug resistance and is 

a prominent renal drug transporter. Here, we review the role of BCRP in both processes 

and present a multitude of variables that can influence its activity. An increasing number 

of renally cleared chemotherapeutics, including tyrosine kinase inhibitors, described as 

BCRP substrates can modulate its activity via transcription factors and cellular signaling 

pathways, such as the phosphoinositide 3-kinase (PI3K) pathway. In addition to 

pharmacological actions, genetic variations, as well as differences between species and 

gender can affect BCRP function, which are also discussed. Furthermore, the role of BCRP 

in light of cancer treatments and the implications for novel therapeutic interventions that 

take into account renal function will be discussed. 
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INTRODUCTION
Transporters are key players in drug disposition, with active roles in excretion, drug-drug 

and other pharmacologically relevant interactions, such as drug-nutrient or drug-

toxicant interactions, thereby influencing the drug’s concentration at active sites [1]. Our 

understanding of the role played by transporters and their contribution to physiological 

processes has gone beyond the classical view where these mechanisms were merely 

responsible for translocating substrates from the cytoplasm to extracellular compartments 

and vice versa [2]. Xenobiotic transporters are implicated in many processes, including 

intestinal absorption, maintenance of blood-organ barriers – including the brain, testis and 

placenta, - bile secretion in the liver, as well as in renal function, where the overwhelming 

majority of xenobiotics and metabolic bi-products are excreted via active membrane 

transport [1, 3].

The kidneys are responsible for a variety of key regulatory functions that are tightly 

associated with other physiological processes. These include regulation of physiological 

pH by maintaining appropriate acid-base homeostasis, generation of hormones 

responsible for stimulating the production of red blood cells and regulation of blood 

pressure by controlling fluid volume in the body. The kidneys are also responsible for 

nutrient reabsorption and the hallmark of renal function is their excretory role of endo- 

and xenobiotics from the peritubular capillaries into the pro-urine. [4]. The properties that 

enable renal transporters to mediate drug excretion are also key in chemotherapeutic 

resistance. Although physiologically distinct, cancer drug resistance and renal excretion 

both rely on active (i.e. ATP-driven) membrane transport, namely by multidrug resistance 

efflux transporters of the ABC superfamily.

A myriad of factors contribute to chemoresistance, as cancers are inherently 

heterogeneous, and their genetic instability  are also [5-10]. Cell survival mechanisms 

can be hijacked, growth pathways permanently activated, or the DNA repair machinery 

enhanced, thereby reducing cellular sensitivity to DNA damage [11]. Programmed cell 

death cascades can become altered or silenced, rendering cancer cells resistant to toxic 

stress. Further, metabolic processes and enzymatic activities are upregulated to cope with 

high bioenergetics demands stemming from accelerated growth [8, 12]. Chemotherapy 

by itself can promote or enhance drug resistance phenotypes. This phenomenon arises 

when cancer cells alter their homeostasis by modifying gene expression or re-routing 

signaling pathways as a response to drugs targeting particular cellular processes. Drugs 

can also exert selective pressure in the cancer microenvironment, favoring the growth 

of subpopulations with constitutive resistance genes or that adapt to harness such 

mutations [13]. This plasticity, derived from their genomic instability, is a major enabler of  

cancer chemoresistance.

On top of these effects, multidrug efflux pumps expel a wide spectrum of structurally 

and mechanistically distinct chemotherapeutic agents from tumors, hence limiting their 

cytotoxic potential. Given the plethora of factors contributing to cancer chemoresistance 
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[5, 6, 8, 9, 12, 14], multidrug efflux transporters are just  a piece of a fairly large array 

of mechanisms of chemoresistance. Nonetheless, since the original description of 

a multidrug resistance (MDR) protein, P-glycoprotein (P-gp, ABCB1), the body of evidence 

validating the role of membrane transporters in poor cancer drug response has markedly 

expanded [15]. The additional depiction of P-gp in adult organs, including the kidneys, 

and the discovery of a myriad of other drug transporters cemented the role of these 

transporter proteins in drug resistance and excretion. The breast cancer resistance protein 

(BCRP/ABCG2), has been increasingly implicated in the handling of renal clearance of 

metabolites and relevant therapeutic drugs, including many chemotherapeutic agents. 

In the kidneys BCRP is apically expressed along with other MDR efflux transporters, 

including P-gp, with great substrate promiscuity between them and consequent functional 

redundancy in urinary excretion. In the current review, we present the role of BCRP in 

both kidney function and cancer MDR.

RENAL TRANSPORTERS AND DRUG EXCRETION 
In the process of removing solutes from the systemic circulation, following glomerular 

filtration, water, nutrients and salts are reabsorbed to prevent losses, whereas xenobiotics 

such as drugs and environmental toxicants, as well as metabolic bi-products, endogenous 

wastes, must be removed from the blood stream and concentrated in the urine. This 

latter process takes predominantly place at the proximal tubule epithelium (PTE), which 

expresses multiple membrane transporters, as well as an array of phase I and phase II 

metabolism enzymes. Together, these elements render the PTE cells (PTEC) crucial for 

disposition of xenobiotics. PTEC are highly polarized and specialized cells that consist 

of two surfaces, one exposed to the interstitium thus, surrounded by a network of 

capillaries, and another exposed to the tubular lumen and covered with microvilli, forming 

a brush-border membrane with a large surface area (Figure 1). This polarization of cells 

enables them to act as a selective barrier, where solutes, ions, drugs, metabolites and 

other compounds can be shuttled unidirectionally either back to the circulation or into 

the pre-urine. Membrane-bound carrier proteins are responsible for the selective nature 

of transport in PTE, by binding substrates in order to relocate them. These proteins can 

be divided into ion channels, solute carriers, aquaporins or efflux pumps. With regard to 

drug excretion, efflux pumps belonging to two families are pivotal to the process.

The Human genome organization (HUGO; http://www.genenames.org) reports 

a highly diverse group of membrane transport proteins that include over 300 entries, 

viz. the solute carrier (SLC) family. A number of these carriers are expressed in the PTE, 

providing specificity for different classes of drugs, as well as metabolites and nutrients; 

these transporters are involved in both excretion and reabsorption of solutes. SLC 

transporters facilitate the uptake of xenobiotics from the interstitium and a range of 

substrates including negatively charged solutes handled by organic anion transporters 1 

and 3 (OAT1, SLC22A6 and OAT3, SLC22A8, respectively), as well as the organic anion 
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transporter polypeptide 4C1 (solute carrier organic anion transporter family member 4A1; 

SLCO4C1)[16]. Alongside, the organic cation transporter 2 (OCT2; SLC22A1) handles 

positively charged solutes. The apical side of PTEC faces the lumen of the nephron and 

a set of transporters present at this side extrude solutes, drugs, metabolic bi-products 

and other compounds into the ultra-filtrate, a process which concentrates xenobiotics 

and metabolic waste compounds in the urine. Present at this side are the multidrug and 

toxin extrusion protein 1 and 2 (MATE1 (SLC47A1) and MATE2K (SLC47A2), respectively), 

both of which share cationic substrates. Bi-directional SLC transporters are also present 

at the apical side, like the urate transporter (URAT1, SLC22A12) that exchanges anions 

by urate, regulating its plasma levels. The organic anion transporter 4 (OAT4, SLC22A11) 

is responsible for the reabsorption of anionic solutes and the carnitine transporters 1 

and 2 (OCTN1, SLC22A4 and OCTN2, SLC22A5; respectively) reabsorb this essential  

amino acid.

The most prominent apical efflux transporters in the PT belong to the ABC superfamily 

and handle the bulk of renally excreted compounds. This transporter family is highly 

conserved with diverse classes of trans-membrane transporter proteins, sometimes 

translocating substrates against steep concentration gradients, harnessing energy from 

ATP hydrolysis [17]. The HUGO lists 51 human ABC transporters encoding genes that have 

been identified and divided into 7 families (ABC – A through G), according to their divergent 

evolution (http://www.genenames.org). Members of the ABC superfamily display broad 

substrate specificities and are involved in the transport of endogenous compounds like 

Figure 1. Drug transporters in the proximal tubule. Influx transporters facing the blood side: organic 
anion transporter protein 4C1 (OATP4C1), organic anion transporter 1 and 3 (OAT1 and -3) and 
organic cation transporter 2 (OCT2). Efflux carriers- expressed at the apical membrane – urate anion 
exchanger 1 (URAT1), OAT4, multidrug resistance protein 2 and 4 (MRP2 and -4), P-glycoprotein 
(P-gp). Breast cancer resistance protein (BCRP), multidrug and toxin extrusion protein 1 and 2K 
(MATE1 and -2K) and the organic carnitine transporter 1 and 2 (OCTN1 and -2). Solute carrier 
transporter (SLC) are depicted as 

   

 

, and ATP binding cassette (ABC) transporters as 

   

 

.
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inorganic anions, metal ions, amino acids, hormones, fatty-acids, peptides, sugars and 

metabolic bi-products, as well as exogenous substrates such as drugs and environmental 

toxicants. The signature feature of this transporter superfamily is a nucleotide-binding 

domain (NBD), shared by all superfamily members. Traditionally, ABC transporters have 

been tightly associated with cancer MDR, one of the most widely studied membrane 

transport-related mechanisms, from which several transporters derive their namesakes 

[13]. ABC transporters present in the PTE include the multidrug resistance proteins 2 and 

4 (MRP2, ABCC2 and MRP4, ABCC4, respectively), P-gp and the breast cancer resistance 

protein (BCRP; ABCG2), the role of which in renal function has gained momentum in 

recent years, but has often been overlooked in comprehensive reviews [3, 18].

BCRP, FROM DRUG RESISTANCE TO RENAL EXCRETION
Since its fortuitous initial description in 1998 by Doyle et al in a naive MDR human breast 

cancer cell line [19], BCRP has been implicated in physiological processes way beyond 

drug-resistance and identified in several cell types and tissues. Different expression levels 

of BCRP have been reported in the brain and central nervous system, liver, placenta, 

uterus, mammary glands, prostate, testis, stomach, intestine, colon, lung and the kidney 

[15, 20]. This widespread presence is indicative of a mechanism of tissue-defense against 

xenobiotics, and the pool of substrates handled by BCRP confirms this role. Furthermore, 

the affinity of endogenous substrates such as steroid hormones and small metabolites for 

BCRP indicates that this transporter may also play a regulatory function. Moreover, a large 

number of chemotherapeutics and other drugs known to be substrates of both P-gp and 

MRP are also BCRP substrates [21].

Human BCRP is a protein roughly half the size of most members of the ABC 

superfamily, with 665 amino acids and a molecular mass of 72KDa, and is, encoded 

by a gene residing on chromosome 4, band 22 (4q22). BCRP and other members of 

the ABCG family are, in essence, distinct from other prominent ABC transporters such as 

P-gp and MRPs, which are present in their active assembled forms in the membrane. BCRP 

is designated a remove “half-transporter”, since it requires two identical monomers to 

form a functional homodimer. Like all ABC transporters, BCRP is an ATP-driven extrusion 

pump which transports its substrates from the intracellular space as well as from lipid 

bilayer to the extracellular milieu [22, 23]. BCRP is highly expressed in lactating mammary 

epithelium where it secretes its substrates into the milk including the vitamin B2 riboflavin 

[24, 25]. This transporter is also highly expressed on the Side Population (SP) of primitive 

stem cells [26]. Although its exact function in these cells is still unclear, BCRP likely 

fulfills a protective function by pumping out toxicants and harmful products of oxidative  

stress [27].
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RENAL BCRP FUNCTION, WHY SHOULD WE CARE?
In general, the organic anion transport system constitutes the key mechanism in renal 

transport and, indisputably, the bulk of solutes removed via the PTEC is in fact transported 

into PTEC by OAT1 and OAT3. However, there is another side to renal transport, the one 

moving substances from PTEC into the lumen, and it is here that BCRP plays its role. 

Since its functional presence was reported in human PT by Huls et al. in 2008 [20], our 

understanding of BCRP in the kidney has expanded and its active excretory contribution 

is currently recognized. Basal BCRP expression levels in human PTEC are lower than those 

of other ABC transporters (i.e. P-gp and MRP4), nonetheless, its functional activities are 

comparable [28]. 

The list of established BCRP substrates is ever increasing. Table 1 lists a number 

of clinically approved drugs known to be excreted via the renal route that are BCRP 

substrates. As overlapping substrate specificities among the xenobiotics transporters 

are apparent, we depicted other renal transporters involved as well. In addition, 

known drug-drug interactions that result in altered plasma levels of a drug are 

described. This information was retrieved from the open-access database drug bank  

(http://www.drugbank.ca/) [29] using a comprehensive search of all approved drugs 

listed as interacting with BCRP/ABCG2, while described to be excreted by the kidney to 

any given extent. It is evident that majority substantial fraction are chemotherapeutics 

(25–50%) and also that a considerable substrate specificity overlap exists between 

BCRP and other members of the ABC superfamily. We identified thirty-two drugs being 

common transport substrates of BCRP and P-gp, seventeen drugs that share specificities 

for BCRP and MRP2 and eight drugs that are common substrates for MRP4 and BCRP. 

Given the amount of drugs and drug-interactions observed, it is evident that BCRP, 

together with its ABC counterparts, does play a prominent role in xenobiotic excretion 

in PTEC. The importance of these interactions becomes relevant when considering that 

the wide use of co-medication, combination therapies and concomitant use of different 

medicines [30]. This can give rise to an imbalance and interference in renal excretion and 

consequent systemic accumulation of drugs with unintended consequences. 

Beyond its role in drug excretion, BCRP is also implicated in the excretion of a class 

of endogenous metabolites that particularly reflect kidney function, the so-called uremic 

solutes [4]. These solutes are often derived from metabolic processes and, under normal 

conditions, efficiently excreted by the kidneys. Their systemic retention can be a direct 

cause of a renal clearance deficit as in acute kidney injury (AKI) or chronic kidney diseases 

(CKD), or indirectly through competitive interactions at the transporters level as a number 

of uremic solutes have been identified as substrates [16]. Thus far, BCRP has been 

associated with the handling of several uremic solutes [31], including urate, hippuric 

acid, indoxyl sulfate, kynurenic acid and p-cresyl sulfate and p-cresyl-glucuronide [32-34].
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Table 1. List of FDA approved drugs that are eliminated via the renal route and have been described 
as substrates for BCRP

Drug Class
Renal 

clearance

Substrate for1

Known interactionsbasolateral apical

Apixaban Anticoagulant 27% n/d P-gp
Imatinib*, Idelalisib*, 

Dabrafenib**

Buprenorphine Analgesic 10-30% n/d P-gp
Dabrafenib**, 

Idelalisib*

Carboplatin
Chemotherapeutical 

agent
100% n/d MRP2 Topotecan, Paclitaxel

Cisplatin
Chemotherapeutical 

agent
100% OCT2

hMATE I, 
hMATE II

Docetaxel, Paclitaxel, 
Topotecan

Clofarabine
Chemotherapeutical 

agent
49-60% n/d n/d n/d

Cyclosporine Immunosuppressant 6% OAT1
P-gp, 
MRP2

Dabrafenib**, 
Doxorubicin, 

Etoposide, Glyburide, 
Imatinib*, Idelalisib*, 

Ezetimibe*, 
Methotrexate*, 
Mycophenolate 

mofetil, Rosuvastatin, 
Pravastatin, 
Pitavastatin, 
Topotecan, 

Testosterone

Daclatasvir Antiviral 6.6% n/d P-gp

Dabrafenib*, 
Doxorubicin, 
Pitavastatin, 
Pravastatin, 

Topotecan, Verapamil

Dabrafenib
Chemotherapeutical 

agent
23% OAT1 P-gp

Vandetanib, 
Teniposide, Apixaban, 

Buprenorphine, 
Cyclosporine, 
Doxorubicin, 

Estradiol, Etoposide, 
Imatinib, Idelalisib*, 
Topotecan, Sunitinib, 

Teniposide,
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Table 1. (continued)

Drug Class
Renal 

clearance

Substrate for1

Known interactionsbasolateral apical

Daunorubicin
Chemotherapeutical 

agent
25% OCT2

P-gp, 
MRP2

Verapamil*, 
Paclitaxel,

Docetaxel
Chemotherapeutical 

agent
6% n/d

P-gp, 
MRP2

Cisplatin, 
Dabrafenib*, 
Sorafenib*, 
Verapamil*

Doxorubicin
Chemotherapeutical 

agent
5-12% n/d

P-gp, 
MRP2

Cyclosporine*, 
Daclatasvir*, 

Idelalisib*, Paclitaxel, 
Zidovudine, 
Sofosbuvir*, 

Sorafenib*, Sunitinib, 
Vandetanib*

Dronabinol Psychoactive drug n/d n/d P-gp
Fluorouracil*, 

Imatinib*

Erlotinib
Chemotherapeutical 

agent
8% n/d P-gp

Dabrafenib*, 
Idelalisib*, 

Omeprazole*, 
Rabeprazole*

Estradiol Steroid hormone n/d
OCT2, 
OAT3

P-gp

Dabrafenib**, 
Glyburide, 

Teriflunomide**, 
Verapamil*

Etoposide
Chemotherapeutical 

agent
56% n/d

P-gp, 
MRP2

Cyclosporine, 
Idelalisib*,  

Dabrafenib**, 
Verapamil*

Ezetimibe
Statin (anti-
cholesterol)

11% n/d
P-gp, 
MRP2

Cyclosporine

Fluorouracil
Chemotherapeutical 

agent
20-90% n/d MRP4 Dronabinol

Glyburide
Anti-hyperglycemic 

agent
n/d OAT1

P-gp, 
MRP2

Cyclosporine, 
Dabrafenib, Estradiol, 

Hydrocortisone, 
Sunitinib, 

Testosterone
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Table 1. (continued)

Drug Class
Renal 

clearance

Substrate for1

Known interactionsbasolateral apical

Hydrocortisone
Anti-inflammatory 

agent
n/d n/d P-gp

Glyburide, 
Testosterone, 
Verapamil*

Idelalisib
Chemotherapeutical 

agent
14% n/d P-gp

Apixaban, 
Buprenorphine, 
Cyclosporine, 
Dabrafenib, 
Doxorubicin, 

Docetaxel, Etoposide, 
Erlotinib, Imatinib, 

Irinotecan, Sunitinib, 
Vincristine, 
Verapamil, 

Teniposide, Sorafenib

Imatinib
Chemotherapeutical 

agent
5-13% OCT2

Cyclosporine, 
Dronabinol, 

Idelalisib*, Apixaban, 
Dabrafenib*, 
Doxorubicin, 
Topotecan

Irinotecan
Chemotherapeutical 

agent
25-50% n/d

P-gp, 
MRP4

Dabrafenib*, 
Erlotinib*, Idelalisib*,  

Lenvatinib*, 
Regorafenib*, 

Verapamil*

Lamivudine Antiviral 5%
OCT2, 
OAT1

P-gp n/d

Lansoprazole
Proton pump 

inhibitor
33% n/d P-gp

Dabrafenib**, 
Imatinib, 

Methotrexate, 
Mycophenolate, 

mofetil

Lenvatinib
Chemotherapeutical 

agent
25% n/d P-gp Irinotecan

Methotrexate
Chemotherapeutical 

agent
80-90%

OAT1, 
OAT3

MRP2, 
MRP4

Cyclosporine*, 
Lansoprazole*, 
Pantaprazol*, 

Teriflunomide*,  
Verapamil*
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Table 1. (continued)

Drug Class
Renal 

clearance

Substrate for1

Known interactionsbasolateral apical

Mycophenolate 
mofetil

Immunosuppressive 
agent

93% n/d
P-gp, 
MRP2

Cyclosporine**, 
Lansoprazole*, 
Pantaprazol*, 
Omeprazole*, 
Teriflunomide*

Omeprazole
Proton pump 

inhibitor
77% n/d P-gp

Cyclosporine, 
Erlotinib, 

Dabrafenib**, 
Mycophenolate 

mofetil

Oxaliplatin
Chemotherapeutical 

agent
54% OCT2 MRP2 Paclitaxel, Topotecan

Paclitaxel
Chemotherapeutical 

agent
14% n/d

P-gp, 
MRP2

Cisplatin, 
Carboplatin, 
Oxaliplatin, 

Daunorubicin, 
Dabrafenib**, 
Doxorubicin, 
Verapamil*

Pantaprazol
Proton pump 

inhibitor
71% n/d P-gp

Erlotinib, 
Methotrexate, 

Mycophenolate 
mofetil,Topotecan

Pitavastatin
Statin (anti-
cholesterol)

15% n/d
P-gp, 
MRP2

Cyclosporine*, 
Daclatasvir*, 

Teriflunomide*

Pravastatin
Statin (anti-
cholesterol)

47%
OAT1, 
OAT3

P-gp, 
MRP2

Cyclosporine*, 
Daclatasvir*, 

Teriflunomide*

Rabeprazole
Proton pump 

inhibitor
90% n/d n/d

Dabrafenib**, 
Erlotinib

Regorafenib
Chemotherapeutical 

agent
19% n/d P-gp

Dabrafenib**, 
Irinotecan, Verapamil

Rosuvastatin
Statin (anti-
cholesterol)

28% n/d MRP4 Cyclosporine*
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Table 1. (continued)

Drug Class
Renal 

clearance

Substrate for1

Known interactionsbasolateral apical

Sofosbuvir Antiviral 80% n/d P-gp
Doxorubicin, 
Vincristine**, 
Verapamil*

Sorafenib
Chemotherapeutical 

agent
19% n/d

P-gp, 
MRP2, 
MRP4

Carboplatin, 
Docetaxel, 

Doxorubicin, 
Idelalisib*, Paclitaxel

Sunitinib
Chemotherapeutical 

agent
16% n/d MRP4

Testosterone, 
Topotecan, 
Idelalisib*, 

Doxorubicin, 
Verapamil

Teniposide
Chemotherapeutical 

agent
4-12% n/d n/d

Idelalisib*, 
Verapamil*

Teriflunomide
Immunomodulatory 

agent
23% n/d n/d

Estradiol, 
Methotrexate, 

Mycophenolate 
mofetil, Pitavastatin, 

Pravastatin, 
Topotecan, 
Zidovudine

Testosterone Steroid hormone 90% OAT3 P-gp

Cyclosporine, 
Glyburide,  

Hydrocortisone, 
Sunitinib

Topotecan
Chemotherapeutical 

agent
73% n/d P-gp

Cisplatin, 
Carboplatin, 

Cyclosporine*, 
Daclatasvir*, 

Imatinib*, 
Pantaprazol*, 
Oxaliplatin, 

Teriflunomide*, 
Vandetanib*

Vandetanib
Chemotherapeutical 

agent
25% n/d n/d

Doxorubicin, 
Topotecan, Verapamil
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Table 1. (continued)

Drug Class
Renal 

clearance

Substrate for1

Known interactionsbasolateral apical

Verapamil
Anti-arrhythmia 

agent
70% OCTN2

P-gp, 
MRP4

Apixaban, 
Cyclosporine, 

Idelalisib*, 
Daclatasvir*, 
Doxorubicin, 

Etoposide, Estradiol, 
Imatinib, Irinotecan, 

Methotrexate, 
Vincristine, 

Vandetanib*, 
Sunitinib*

Vincristine
Chemotherapeutical 

agent
10-20% OCT3 MRP2

Cyclosporine*, 
Idelalisib*, 

Dabrafenib*, 
Sunitinib*, 
Verapamil*

Vismodegib
Chemotherapeutical 

agent
4% n/d P-gp n/d

Zidovudine Antiviral 29%
OCT2, 
OAT1, 
OAT3

P-gp, 
MRP4

Doxorubicin, 
Teriflunomide*

Most of these 49 compounds are also substrates for other transporters expressed in the kidney, being 
P-gp the most common and chemotherapeutical agents are the majority, with 25 substrates. Any known 
pharmacological interactions between these substrates and BCRP are also listed in the table (known 
interactions). The majority of the described interactions involve changes in the of plasma levels of 
a given substrate when co-administrated, the compounds marked with * increase in plasma levels, while 
compounds marked with ** decrease in plasma levels. Unknown parameters are designated not defined 
(n/d). Data retrieved from drugbank.ca. 
1Substrates for this transporters in addition to BCRP.

Chemotherapeutic agents influence BCRP activity 
Prior to being recognized as a renal transporter, and since its identification, BCRP has 

held  a place as a major contributor to the chemoresistance of several cancers [35]. 

The presence of BCRP in multiple tumor types has been correlated to diminish therapeutic 

outcomes and to reduce chemotherapeutics retention and efficacy. This is consistent with 

its tissue protective function under physiological conditions. As highlighted in Table 1, 

a wealth of anticancer drugs that are BCRP substrates are cleared via the kidneys. In 

the current review we explore some of the most pronounced effects on BCRP activity by 

these chemotherapeutic agents, studied in cancer models.
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In recent years, the so-called tyrosine kinase inhibitors (TKI) have gained ground 

as the frontline treatment for several cancers. By suppressing proliferation-related 

mechanisms in cancer cells, TKI can be administered in combination with other antitumor 

agents in order to boost their cytotoxic effects. Imatinib is an example of a TKI that is 

both substrate and a modulator of BCRP. It can suppress its expression in BCR-ABL+ cells, 

a hallmark genetic alteration that enables permanent tyrosine kinase activation hence 

conferring upon chronic myelogenous leukemia its aggressive phenotype [36]. Head 

and neck carcinomas show particular upregulated kinase activity, and here too imatinib 

decreased BCRP efflux activity resulting in enhanced doxorubicin cytotoxicity, when 

combined. In this case, BCRP protein levels were intact, and determined to be inactive 

in the cytoplasm, a tell-tail sign of post-transcriptional regulation [37]. Consistently, in 

MCF7 tumor spheres exposed to both lapatinib and doxorubicin, BCRP expression was 

found to be reduced while intracellular accumulation of doxorubicin was enhanced 

[38]. Similarly, by inhibiting the epidermal growth factor receptor (EGFR) in lung cancer 

cells, erlotinib reduced the expression of BCRP in a time-dependent manner. Further, 

using MDCK-BCRP cells, Pick et al., demonstrated that imatinib and erlotinib can reduce 

the membrane expression and transport activity of BCRP [39]. Moreover, an overexpression 

of ErB2 – EGFR2 in MCF7 cells affected BCRP levels and conferred resistance to etoposide, 

mitoxantrone, 5-fluorouracil, paclitaxel and cisplatin [40]. Since their approval, and 

besides their proven clinical efficacy, TKI have been instrumental to unravel the molecular 

mechanisms underlying drug resistance, by shedding light on ubiquitous regulatory 

pathways. A better understanding of the action mechanisms of this class of drugs and 

how they affect BCRP activity can improve strategies to tackle BCRP-dependent drug 

resistance. TKI appear to harbour the potential to influence transport activity not only by 

direct interacting with BCRP, but also by negatively regulating its expression and function. 

EGFR/ErB expression is not transversal to all tumors and its expression can significantly 

vary within the type of cancer and within the patient population; therefore, the clinical 

impact of TKI-mediated BCRP regulation is still unknown and clear evidence confirming 

this aspect is currently absent. 

BCRP is also known to play an active role in cancer resistance to several conventional 

anti-cancer drugs.  Mimicking cytotoxic bolus drug treatment through 12- to 24-hour 

pulse exposure of ABCG2-silenced leukemia cells, using clinically relevant concentrations 

of the chemotherapeutic agents daunorubicin and mitoxantrone, resulted in a marked 

transcriptional up-regulation of ABCG2 [41]. Hence, antitumor drug-induced epigenetic 

reactivation of ABCG2 gene expression in cancer cells appears to be an early molecular 

event leading to MDR. These findings have important implications for the emergence, 

clonal selection, and expansion of malignant cells with the MDR phenotype  

during chemotherapy.

The well-known nephrotoxic agent, cisplatin, is widely used in the treatment of 

a variety of cancers, and nephrotoxicity is often a limiting factor in its use [42]. Although 

several transporters are involved in cisplatin handling, it has been shown in vitro that 

BCRP expression in colon cancer cells can be enhanced by cisplatin exposure [43], 



BCRP in renal drug excretion and chemoresistance

43

2

demonstrating the inducible nature of BCRP in chemoresistance. In myeloid leukemia 

clofarabine, cytotoxicity is hampered by BCRP, an effect that is attenuated upon clofarabine 

phosphorylation by deoxycytidine kinase. The addition of a phosphate group to this drug 

reduces its affinity for BCRP [44]. This coupled force highlights the modulatory effects that 

enzyme activity can exert on transporter function as well as tissue specificity of metabolic 

processes, whereas in tissues lacking this enzyme, BCRP activity towards clofarabine will 

likely not be reduced. Taken together, these interactions show that the role of BCRP in 

chemoresistance is far more advanced than its mere presence in tumors, hence underlining 

the complexity of the cellular processes involved.

CELLULAR BCRP REGULATION INFLUENCES RENAL DRUG 
EXCRETION 
So far, regulatory mechanisms that are implicated in stress responses, xenobiotic and 

toxin sensing and cellular homeostasis have been linked to the activation and suppression 

of functional BCRP activity, as summarized in Figure 2. Most of the evidence regarding 

BCRP regulation originates from animal models and tumor-derived cell lines. Arguably, 

regulatory pathways between humans and rodents may not be conserved whereas cancer 

cell lines are transformed and their physiology is altered, and therefore not representative 

of physiological conditions. Nonetheless, the mechanisms described are ubiquitous and 

active in several other organs, including the kidneys. Furthermore, many of the drugs 

that modulate/inhibit such regulatory pathways are substrates for BCRP itself [45] 

a characteristic that emphasizes the stress-related activation of BCRP upon xenobiotic 

exposure. The cellular machinery behind the activation, expression and transcription of 

membrane transporters has been subject of active research, and recently several studies 

have revealed factors responsible for their regulation. 

Diverse studies implicated nuclear factor erythroid-derived 2 (Nrf2), a transcription 

factor that regulates the expression of stress and inflammation related genes, in BCRP 

regulation. In rats, Nrf2 stimulation by sulforaphane induced expression and function 

of BCRP in brain capillaries, an effect absent in Nrf2-null mice [46]. In line with these 

findings, Nrf2 knockdown with siRNA in both prostate and lung cancer cell lines 

reduced BCRP gene and protein expression [47]. In contrast, Hyuk-Sang Jeong et al., 

demonstrated that suppression of  Kelch-like ECH-associated protein 1 (KEAP1), down-

regulates Nrf2, which led to increases in BCRP expression in human renal kidney (HK-2) 

cells [48]. Furthermore, this nuclear factor is also implicated in drug resistance, linked to 

the activation of metabolic enzymes and enhanced efflux activity in tumors [49].

Another transcription factor implicated in BCRP modulation is the ligand-activated 

aryl hydrocarbon receptor (Ahr), which acts as a sensor of environmental toxins, drugs 

and other xenobiotics, triggering the expression of metabolizing enzymes [50]. It was 

shown that BCRP can be affected by environmental toxins, such as polycyclic aromatic 

hydrocarbons (PAH), that activate Ahr and upregulate BCRP expression [51]. Furthermore, 

the uremic solute p-cresyl glucuronide can functionally induce BCRP through a yet 
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unknown mechanism [33]. In terms of endogenous factors, steroid hormones such as 

progesterone and estradiol have been described to downregulate BCRP [52]. In isolated 

rat and mouse brain capillaries exposure to 17-estradiol (E2) reduced the expression and 

efflux activity of BCRP, and furthermore E2 decreased active a-serine-threonine protein 

kinase (Akt) as well as phosphoinositide 3-kinase (PI3K) [53]. 

The role of protein kinase activity has also been associated with BCRP modulation, 

particularly in drug-resistance studies, where the inhibition of the PI3K/Akt signaling 

pathway by LY294002 reduced BCRP expression and function in both MCF7 and 

MDCK-BCRP cells [54]. Furthermore, PI3K/Akt inhibition blocked the targeting of BCRP 

to extracellular vesicles, hence overcoming MDR in breast cancer cells [55]. The use of 

gefitinib, a TKI used as a chemotherapeutic agent, decreased BCRP expression and activity 

in advanced non-small lung cancer patient cells [56]. Further studies have confirmed 

the role of tyrosine kinase-dependent signaling in BCRP regulation. Downstream inhibition 

of the constitutive EGFR pathway downregulates BCRP expression in in vitro [39], 

implicating Akt activity in BCRP gene expression. Other factors such as the peroxisome 

proliferator-activated receptor α (PPARα), a steroid hormone receptor that mediates lipid 

homeostasis, was shown to increase BCRP efflux activity in human cerebral microvascular 

endothelial cells - hCMEC/D3 [57]. The pro-inflammatory cytokines interleukin 1-β and 6 

Figure 2. Proposed BCRP regulatory mechanisms. The estrogen (ER) and aryl hydrocarbon (Ahr) 
are intra-cellular receptor that sense exogenous stimuli that can trigger a transcriptional response, 
via the serine-threonine protein kinase (Akt) and further the Kelch-like ECH-associated protein 1 
(KEAP1) and nuclear factor erythroid-derived 2 (Nrf2), which is  known to positively regulate BCRP 
expression. Epidermal growth factor receptor (EGFR/HERB) dependent signaling can be inhibited up- 
or down- stream of the receptor, modulating the Akt cascade and resulting in BCRP suppression or 
activation. Gaps persist in the understanding of the full mechanism/path involved in lipid-dependent 
regulation, where the peroxisome proliferator-activated receptor (Pparα) receptor is involved, as 
well as how cytokines influence activity, acting via chemokine receptors (CR). 
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(IL-1β and IL-6, respectively) together with the tumor necrosis factor α (TNF-α) can also 

reduce the expression an activity of BCRP in these cells [58]. 

Plasma membrane components, such as lipids and cholesterol, have been linked to 

the post-transactional regulation of BCRP. This suggests that BCRP is sensitive to the lipid 

nature of its surroundings [59] as is its MDR efflux transporter counterpart, P-gp [60-62]. 

Further evidence implicating lipids in regulation of BCRP activity emerges from clinical 

studies, where patients with familial hypercholesterolemia undergoing statin therapy 

showed reduced BCRP expression and transport activity [63]. Pharmacokinetics studies 

have correlated the ABCG2 421C>A polymorphism with increased low-density lipoprotein 

cholesterol in response to rosuvastatin, a BCRP transport substrate, suggesting that 

cellular BCRP regulation can be influenced by its own substrate [63]. In vitro cholesterol 

membrane content was shown to have a significant impact on BCRP activity, where 

cholesterol loading has a positive impact in transport activity, and sterol-sensing motifs 

have been identified in the BCRP structure [64]. Furthermore, ex vivo cholesterol depletion 

was also shown to decrease BCRP expression and activity [63].

In a chronic kidney disease model, where 5/6 nephrectomy was performed in male 

rats, renal BCRP expression decreased and correlated with both injury severity and 

cytokine increase, an effect that is absent in female rats [65]. This initial evidence suggests 

a prominent role for BCRP in kidney disease. Adding to the complexity of BCRP regulation, 

a study by Martín et al., showed that increased melatonin levels leads to BCRP promoter 

methylation and subsequent silencing of the BCRP gene and the function of its gene product. 

Moreover, the epigenetic alterations that occur in cancer cells may well be a hallmark in 

the development of transporter-mediated multidrug resistance [66]. Another aspect of 

BCRP regulation is related to the fact that the pathways now implicated in its activity are 

also responsible for the regulation of other ABC transporters that are co-expressed along 

with BCRP in numerous tissues [50]. These findings strongly suggest that members of 

the ABC superfamily that share similar substrates, and therefore similar functions, may 

also share the same regulatory pathways. This holds true in the blood brain barrier where 

BCRP and P-gp activation have common denominators, such as cytokines, Ahr and Nrf2 

[50], and in tumor cell lines where TKI also inhibit both ABC transporters. Furthermore, 

the mechanisms that promote upregulation of BCRP may well be independent, where 

different stimuli led to the same result, either initiated by an exogenous source, like 

a toxicant triggering Ahr or by a more intrinsic mechanism, like cytokines which activate  

the PI3K/Akt pathway (Figure 2). The clinical implications of these cellular regulatory 

mechanisms, not only implicating BCRP, and how they can govern the renal clearance 

of drugs, is in large part yet to be resolved. EGFR signaling plays a considerable role in 

maintaining physiological processes, and despite the fact that current TKI seem to lack 

a nephrotoxic potential often observed with conventional chemotherapeutics [67], little 

if any clinical evidence exists concerning the effects of combination therapies in drug 

disposition and nephrotoxicity, where several drugs are BCRP transport substrates. This 
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illustrates where both renal and cancer research can overlap and highlights the need for 

novel and concise research that takes into account the complexity of the mechanisms 

underlying pharmacological drug interactions in the kidney.

THE PHARMACOGENOMICS PROFILE ALTERS BCRP-MEDIATED 
TRANSPORT 
As many drugs compete for similar binding sites of transporters, drug-drug interactions 

might occur upon co-administration. Consequently, drug concentrations will rise thereby 

leading to a nephrotoxic event [68-70]. In addition, the administration of a compound 

with an intrinsic toxicity, like the antibiotic gentamicin or the immunosuppressive drug 

cyclosporine A, may directly result in drug-induced kidney injury [71]. These effects 

may be more pronounced in patients with genetic variants of BCRP, as described for  

uric acid. The role of pharmacogenomics has become evident over the past years and 

emerges as relevant for predicting the safety and efficacy of therapies [72] as well as 

for personalized medicine [73, 74]. To date, over 60 SNPs have been characterized in 

the coding sequence of BCRP, both missense and nonsense variants, two SNPs of which, 

namely Q141K and V12M, display a relatively high allele frequency of 12% and 16% 

in the global population, respectively. Interestingly, the frequency is distributed among 

the five known super-populations (Figure 3). Both variants are most abundantly present 

in the East Asian population with a frequency of about 30% for both polymorphisms. 

In addition to disturbed xenobiotic handling, there is a clear genome-wide association 

between BCRP-Q141K and gout manifestation. Gout is characterized by elevated 

plasma urate levels which consequently lead to the formation of crystals within joints 

[75-78]. Urate is derived from purine nucleotide catabolism following dietary intake and 

endogenous biosynthesis of purine nucleotides. In healthy subjects, urate is cleared by 

the gastrointestinal tract for approximately one-third, whereas two-thirds are secreted via 

the kidneys by glomerular filtration and active tubular secretion involving BCRP [32, 79]. 

The Q141K variant contributes to the development of hyperuricemia as the clearance 

into the pro-urine is impaired [76], leading to increased plasma urate levels and onset 

of gout. Next to the Q141K variant, the Q126X variant has also been associated with 

gout [80], although this variant is less common as it has an average allele frequency 

in the general population only 0.1% in the general population. Next to gout, elevated 

urate levels have been associated with the progression of CKD [32, 81]. Dankers et al., 

showed that uric acid inhibited BCRP-mediated transport in a competitive manner in vitro. 

Moreover, in hyperuremic mice, levels of L-kynurenine and kynurenic acid, both of which 

are metabolites of tryptophan metabolism, were retained in plasma. These metabolites 

are known substrates for BCRP and their elimination is hampered by elevated uric acid 

levels through competition with the same efflux transporter [31, 32, 34]. Elevated levels 

of uric acid, L-kynurenine and kynurenic acid are known to exert negative effects on many 

biological systems within the body, e.g. on vasculature endothelial cells [81]. As BCRP is 
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Figure 3. Distribution of the ABCG2 Q141K and V12M allele frequencies in five super populations. 
EUR: European, SAS: South Asian, AFR: African, AMR: Ad Mixed American, EAS: East Asian.

known to mediate transport of multiple uremic toxins, as previously described [31, 34], 

hyperuricemia might have a significant impact on the removal of these metabolites and 

therefore will contribute to the pathology of CKD.

The Q141K genotype is also linked to altered BCRP function in terms of 

pharmacokinetics hence consequently influencing xenobiotic disposition beyond urate 

[82]. For example, the plasma levels of the TKI sunitinib were found to be significantly 

higher in human renal cell carcinoma patients with a homo- and heterozygous genotype 

as compared to wild type BCRP [83, 84]. Consistently, in abcg2-/- mice the values of 

sunitinib Cmax were found to be significantly higher when compared to wild type mice 

[84]. Furthermore, elevated plasma levels of the topoisomerase I inhibitor diflomotecan 

were found in heterozygous Q141K patients [85]. This may also account for numerous 

other anticancer agents resulting in elevated drug plasma levels and increased toxicity 

risk to various organs including the kidney [82]. Nevertheless, this is not seen for all 

drugs, as the antifolate methotrexate, which is predominantly cleared by the kidneys and 

associated with intrinsic renal toxicity [86], did not exhibit an altered pharmacokinetic 

profile in Q141K variants [87]. The BCRP-R482G and -R482T variants, on the other hand, 

may result in altered methotrexate pharmacokinetics as suggested by in vitro studies 

using Human Embryonic Kidney (HEK)-293 cells overexpressing these transporter variants 

[22, 88]. Molecular pharmacological studies demonstrated that this may be caused by 

reduced substrate transport and ATP turnover but most likely not due to changes in 

substrate binding per se [89]. Interestingly, recent studies showed the complex role 

of various BCRP residues on impaired drug export function via processes like altered 

posttranslational modifications, attenuated protein trafficking towards the plasma 

membrane and alterations in the drug binding site in vitro [90]. However, many of these 

residues, like BCRP-R482, have a very low prevalence in the population and are not yet 

identified in altered clinical pharmacokinetics. 

The BCRP-Q141K mutant transporter is also associated with reduced the transport of 

the antidiabetic drug of the sulfonylureas class, glyburide, influencing diabetic treatment 
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[91]. Both the apparent transport Kt and Vmax values of glyburide were significantly higher 

in the Q141K variant as compared to the wild type BCRP. Concurrently, the exact molecular 

mechanism underlying BCRP-Q141K dysfunction remains elusive as some studies showed 

a similar plasma membrane expression of BCRP of the wild type and mutant transporters 

[92, 93], whereas others detected reduced expression levels of  BCRP [94, 95]. In addition, 

a decreased ATPase activity has been detected in Q141K BCRP mutants which might 

explain the less efficient BCRP-mediated glyburide export [92, 96].  

To date, the knowledge on the effects of BCRP-V12M on (renal) pharmacokinetics are 

less pronounced and more controversial [82]. As shown by Imai et al., in vitro, the transport 

function of BCRP-V12M was not impaired as compared to wild type BCRP as determined 

by topotecan accumulation, a known anticancer drug substrate of BCRP[94]. In contrast, 

Mizuarai et al., showed that BCRP-V12M cells were more sensitive to topotecan treatment 

due to the accumulation of this cytotoxic compound [96]. These discrepancies might be 

related to the different species origin of cells applied in these studies. Mizuarai et al., 

used BCRP-transfected porcine renal cells (LLC-PK1) for functional testing whereas Imai et 

al., performed functional experiments in mice fibroblasts (PA317) cells. BCRP physiology 

might vary fundamentally among cell models in terms of processing from gene to protein 

to function, and this might explain the different study outcomes [97]. A more reliable 

approach would be to perform CRISPR-Cas gene editing to implement polymorphisms 

in human renal epithelial cell models which constitute an endogenous BCRP expression 

system [97, 98]. This would allow to study the effect of BCRP-V12M on BCRP function in 

a more physiologically relevant manner. 

Interestingly, the V12M SNP has been associated with alternative splicing of BCRP 

exon 2 in liver cells from human Hispanic origin and reduced BCRP liver expression was 

detected [99], potentially pointing towards alterations in drug disposition in these subjects. 

However, the impact on the functional level remains elusive as Chinese patients harboring 

acute leukemia which express the wild type BCRP genotype display a longer disease-free 

survival and overall less mortality as compared to BCRP hetero- or homozygous leukemia 

patients [26]. BCRP mRNA expression levels in these patients were solely detected in 

peripheral blood cells. It would have been of interest to investigate the renal BCRP 

mRNA expression in this population, as this could further elucidate the possible role 

of the V12M polymorphism in the kidney. Nonetheless, a full picture of the role of this 

BCRP polymorphism in drug clearance could be more complete with the protein’s renal 

expression levels.

SEX, SPECIES AND GENDER DIFFERENCES INFLUENCE BCRP 
FUNCTION
BCRP expression has been shown to be sex and species-specific, which is in part related to 

the fact that its expression is regulated by hormones like estradiol and testosterone [100]. 

As such, humans often respond differently to drugs than predicted from preclinical data 

obtained in animal studies because the pharmacokinetic and pharmacodynamics profiles 
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are distinct [101]. Focusing on differences in renal BCRP expression in rodents, Dankers 

et al., showed that the BCRP gene expression in kidneys isolated from female Friend 

Leukemia virus B strain (FVB) mice was significantly lower as compared to male FVB mice 

[52]. Consistently, in a study performed by Tanaka et al., renal BCRP expression in female 

C57BL/6J mice tended to be lower as compared to male mice, though not statistically 

significant [100]. In the same study, Sprague-Dawley female rats showed significantly less 

BCRP gene expression as compared to male rats. Interestingly, renal BCRP expression in 

female rats was found to be significantly lower as compared to female C57BL/6J mice 

[100]. In general, it is well accepted that female animals display a lower renal BCRP 

expression than males, most likely due to the suppressive effect of estradiol as compared 

to males in which testosterone has an inductive effect though clear interspecies differences 

are observed between sexes [102, 103]. In translation to humans, Huls et al., showed that 

kidneys of male FVB mice and rats (strain not reported, but communicated to be Wistar 

Hanover) exhibited a much higher renal BCRP gene and protein expression as compared 

to human kidneys [20]. These data emphasize that translating animal pharmacokinetics 

data to human requires caution, particularly when interpreting BCRP transport substrates. 

This observation is in line with the finding that many drugs fail in clinical studies due 

to adverse toxic events, simply explained by the inaccuracy of animal models to reflect 

the genuine pharmacokinetics profile in humans [104]. In addition, significant differences 

in postnatal nephron development and maturation may exist between sexes, as well as 

between species. The ontogeny of drugs transporters in the kidney was recently reviewed 

[18], however, the amount of information available is scarce, in particular for human. 

Allegaert et al., [105] demonstrated that the renal excretion of drugs is commonly slow 

in neonates and dominated by glomerular filtration, which is in line with postnatal 

development and the harmful effects that drugs can have when used during pregnancy 

and in preterm-born infants, leading to renal mal-development and congenital anomalies 

of the kidney and urinary tract [106]. 

Importantly, next to sex, gender differences have been also shown to influence 

preclinical studies [107]. Gender is characterized by the socio-cultural environment that 

influences biology. For example it has been shown that housing animals in groups instead 

of single animals affects data variability [108]. Moreover, researcher gender is associated 

with handling and attitude towards male and female animals [107]. As such, animals 

handled by male researchers demonstrated higher stress levels as compared to animals 

treated by female scientists [109]. Interestingly, this researcher gender effect can be 

translated to BCRP function as induced stress levels can influence plasma testosterone 

levels [110-112]. Subsequently, this could potentially alter renal BCRP expression and 

function as testosterone is known to regulate BCRP [52, 100]. 

Thus far, these compelling findings lack thus far validation/translation at the clinical 

setting. It is well established that renal and malignant disease incidence and prevalence 

can vary greatly with age and gender. Survival rates for female patients undergoing dialysis 

are lower [113] and overall cancer mortality is higher among males [114]. Nonetheless, 
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our understanding of the role played by gender differences in transport activity in disease 

and drug treatments, remains insufficient.

CONCLUSIONS AND PERSPECTIVES
A substancial fraction of cancer drugs cleared by the kidneys are BCRP substrates. Despite 

its functional presence in the kidney, little is known about the impact of renal disease on 

the disposition of such drugs [115, 116]. On the other hand, renal function is a major 

concern in chemotherapy. For example, for cisplatin, an integral frontline treatment for 

several of the most common malignancies, nephrotoxicity is often a dose-limiting factor. 

Moreover, most cancer patients fall in the age group at risk of kidney disease. For safer 

therapy, a better understanding of both nephrotoxic mechanisms and kidney disease in 

cancer chemotherapy is warranted.  In depth knowledge on the limitations of the renal 

function of cancer patients can contribute to better drug regimens design. Furthermore, 

the impact of cancer drugs on the renal contribution of BCRP is largely unknown. The same 

regulatory mechanisms governing drug resistance induced by drugs such as TKIs, namely 

imatinib, lapatinib and erlotinib, are also present in the kidneys. Despite studies reporting 

the relative safety of TKI’s with respect to nephrotoxicity [67], virtually nothing is known 

on how these modulatory drugs may affect renal excretion.

AKI and CKD are a global health problem with significant morbidity and mortality, 

which affects 5–7% of the world population. The number of these patients continues to 

rise as a consequence of the increasing incidence of diabetes mellitus, the prevalence of 

insufficiently treated hypertension, and the aging population with its related progressive 

decline in renal function [117, 118]. The total medical care expenditure for CKD was 

nearly $58 billion in 2012 (U.S. Renal Data System, 2013). For both social and economic 

reasons, optimizing resources and finding novel strategies to tackle kidney disease  

is imperative.

Genetic factors, such as polymorphisms and differences between species, with respect 

to BCRP distribution and expression are recognized as important variables when it comes 

to drug absorption and distribution. On the other hand,  the influence of sex and in 

particular of gender is often neglected. As such, raising awareness for the importance 

of sex and gender as a biological variable in biomedical research is key for future  

translational medicine. 

The advent of personalized medicine holds the potential to both elucidating 

the mechanisms underlying drug resistance as well as in improving the clinical outcomes 

of cancer treatment [8]. The meta-data obtained by various “Omics” analyses can 

simultaneously provide information about genetic variants expression, cellular pathway 

activation, transporter expression and, together with the knowledge on drugs handled 

by BCRP as described in this manuscript, could significantly improve patient survival, with 

BCRP as a therapeutic target. However, this approach is still limited to pre-clinical setups, 

whereas clinical trials making a slow debut into clinical practice must be enhanced and 
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accelerated. On the other hand, knowledge on renal abundance of BCRP in humans is 

emerging, as recently reported using quantitative proteomics [118], and new approaches 

quantifying both apical and basolateral renal transporters distributions [119]. Hence, 

BCRP’s role in renal drug excretion is becoming increasingly acknowledged.

Nephropharmacology is the discipline that studies the connection between clinical 

pharmacology and nephrology [119]. A better understanding of the role of drug 

transporters and their regulation in the kidney will aid in the development of safe drug 

therapies. The relevance of BCRP in the disposition of clinically relevant drugs in addition 

to its established role in chemoresistance, is now widely recognized by regulatory bodies, 

including the US Food and Drug Administration (FDA). Their guidelines include BCRP 

testing for relevant drug interactions studies [2]. Several reports, including those from 

the International Transporter Consortium (ITC) - http://www.ascpt.org - have identified 

BCRP as a prominent player in drug-interactions in the intestine, liver and blood-brain 

barrier, in both adult and developing human organs [18, 120]. We strongly advocate 

the inclusion of BCRP in studying drug interactions at the level of the kidney.

 Towards this end. innovative, humanized, preclinical models that aid in drug screening 

during development and reliably predict drug disposition and clinical performance are 

needed. Recent approaches in renal cell biology focus on the generation of 3-dimensional 

cell culture models due to the more advanced features that these models offer by being 

more closely related to physiological conditions [121]. This can even be enhanced 

with the implementation of flow in the culture conditions. Furthermore, downscaling 

the size with microfluidics towards a so-called ‘kidney-on-a-chip’ using human or patient-

derived cells has great potential for drug screenings [68]. In addition, stem cell-derived 

kidney organoids have been developed to understand kidney regeneration but also to 

present a platform that can be used for drug screening and disease modeling [122-124]. 

Drug development may be advanced further with humanized animal models, such as 

the humanized BCRP mouse in which the rodent transporter is replaced by its human 

orthologue [125]  Finally, results of these biomedical innovations could be implemented 

into mechanistic models that mathematically describe underlying processes involved in 

renal drug handling [126] 

In conclusion, we herein propose  to recognize the importance of BCRP in 

chemoresistance and renal excretion for effective cancer treatment and, concomitantly, 

preserve kidney function.  
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ABSTRACT
Apical transport is key in renal function, and the activity of efflux transporters and 

receptor-mediated endocytosis is pivotal in this process. The conditionally immortalized 

proximal tubule epithelial cell line (ciPTEC) endogenously expresses these systems. 

Here, we used ciPTEC to investigate the activity of three major efflux transporters, viz. 

breast cancer resistance protein (BCRP), multidrug resistance protein 4 (MRP4) and 

P-glycoprotein (P-gp), as well as protein uptake through receptor-mediated endocytosis, 

using a fluorescence-based setup for transport assays. To this end, cells were exposed to 

Hoechst33342, chloromethylfluorescein-diacetate (CMFDA) and calcein-AM in presence 

or absence of model inhibitors for BCRP (KO143), P-gp (PSC833) or MRP’s (MK571). 

Overexpression cell lines MDCKII-BCRP and MDCKII-P-gp were used as positive controls 

and membrane vesicles over-expressing one transporter were used to determine 

substrate and inhibitor specificities. Receptor-mediated endocytosis was investigated by 

determining the intracellular accumulation of fluorescently labeled receptor associated  

protein (RAP-GST). 

In ciPTEC, BCRP and P-gp showed similar expressions and activities while MRP4 

was more abundantly expressed. Hoechst33342, GS-MF and calcein are retained in 

the presence of KO143, MK571 and PSC833, showing clearly redundancy between 

the transporters. Noteworthy is the fact that both KO143 and MK571 can block BCRP, 

P-gp and MRP’s, while PSC833 appears a potent inhibitor for BCRP and P-gp, but not 

the MRP’s. Furthermore, ciPTEC accumulate RAP-GST in intracellular vesicles in a dose and 

time dependent manner, which was reduced in megalin-deficient cells. 

In conclusion, fluorescent probe-based assays are fast and reproducible in determining 

apical transport mechanisms, in vitro. We demonstrate that typical substrates and inhibitors 

are not specific for the designated transporters, reflecting the complex interactions that 

can take place in vivo. The set of tools we describe are also compatible with innovative 

kidney culture models, and allows studying transport mechanisms that are central to drug 

absorption, disposition and detoxification.

Key words
ABC membrane transporters, receptor-mediated endocytosis, human proximal tubule 

cells, advanced in vitro models, fluorescence functional assays
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INTRODUCTION
Kidney proximal tubular epithelial cells (PTEC) play an active role in transporting 

xenobiotics, including drugs and their metabolic waste products, from the blood into 

the urine. In addition, PTEC are essential in reabsorbing hormones, proteins, nutrients, 

electrolytes and drugs from the glomerular filtrate. These processes result in exposure 

of the PTEC to many potentially harmful compounds, making them an easy target for 

drug related toxicity. Energy dependent efflux across kidney tubular apical membrane, 

mediated by members of the ABC (ATP-binding cassette) transporter family, is a key 

mechanism in the renal clearance and extensively contributes to this tissue’s secretory 

function [1, 2]. The four major types of ABC efflux transporters responsible for urinary 

excretion are P-glycoprotein (P-gp or ABCB1), multidrug resistance proteins 2 and 4 

(MRP2 and MRP4; ABCC2/4) and breast cancer resistance protein (BCRP or ABCG2) 

[2]. Together, these polyspecific transporters eliminate a great variety of xenobiotics  

[3, 4]. The substrates can be neutral, anionic or cationic by nature, or anionic after being 

conjugated to glutathione, glucuronic acid or sulphate. Although there is a significant 

substrate overlap between the transporters, their binding properties allow for different 

substrate specificities. BCRP and MRP’s have a high affinity for conjugated substrates, 

while P-gp is extensively described to handle unconjugated as well as cationic xenobiotics 

[5, 6]. During renal excretion, xenobiotics can also accumulate in proximal tubules and, 

over time, contribute to nephrotoxicity [7]. Furthermore, interferences with renal excretion 

can also lead to accumulation in the systemic circulation, subsequently giving rise to other 

adverse effects [8].

In addition to active secretion, PTEC efficiently reabsorb compounds from 

the glomerular filtrate, recovering low molecular weight proteins and important 

nutrients, vitamins and hormones bound to carrier proteins [9, 10]. These compounds 

bind with high affinity to megalin complexes on the apical membrane of the PTEC and 

are internalized through receptor-mediated endocytosis. Interference with megalin-

mediated endocytosis consequently leads to systemic loss of nutrients and vitamins as 

well as increased levels of protein in the urine. Urinary  proteins directly contribute to 

chronic tubulointerstitial damage by inducing proinflammatory and profibrotic processes, 

ultimately resulting in progressive renal damage [11, 12]. It is therefore important to 

determine which compounds affect PTEC function and protein reabsorption. 

Information on ABC transporter function was largely retrieved from overexpression 

cell models or vesicles derived from such cell lines [13-15]. However, in these models only 

one or a few individual transporter(s) can be expressed, which is far from the physiological 

situation [16-18]. Moreover, regulatory pathways towards the transporters cannot or 

only partially be investigated. In addition, the megalin transport mechanism has been 

studied mainly in non-human derived cells, such as opossum kidney (OK) and the rat yolk 

sac cells (BN16)[19, 20]. To overcome these limitations, the conditionally immortalized 

human proximal tubule cell line (ciPTEC) has proven to be a valuable in vitro tool to study 



Chapter 3

66

3

several pharmacological aspects of renal clearance [21-24]. Endogenous expression of 

the ABC efflux pumps and the endocytosis machinery, together with relevant metabolic 

enzymes, allows for an integrated approach on studying the effect of compounds on 

PTEC function. A popular strategy to evaluate xenobiotic handling in in vitro systems 

relies on fluorescent probes that are substrates for certain transporters or precursors 

that acquire fluorescence by metabolic activity [25, 26]. Previous studies have shown 

that Hoechst33342 can be used to study the activity of BCRP and P-gp, whereas calcein-

AM is widely used to assess P-gp function. Furthermore, we and others previously 

demonstrated 5-chloromethylfluorescein-diacetate (CMFDA) to become an MRP’s 

substrate after hydrolysis and glutathione conjugation [27, 28]. These compounds have 

in common that they can easily pass the plasma membrane by diffusion. When combining 

these substrates with efflux modulators, either competitors or non-competitive inhibitors, 

the intracellular fluorescence increases due to substrate retention [29]. This accumulation 

can be measured and correlated to transport activity. In the case of endocytosis, 

receptor associated protein (RAP) is efficiently bound to megalin and internalized as 

a complex, which is then quantified and used to evaluate defects in protein reabsorption  

in vitro [30, 31]. 

The aim of the present study was to investigate the activity of multiple transport 

systems that act in concert at the proximal tubule apical membrane, reflecting the complex 

interactions that can take place in vivo, by using fluorescent probes that accumulate 

intracellularly upon inhibition.

MATERIALS AND METHODS 
Chemicals
All chemicals were obtained from Sigma (Zwijndrecht, The Netherlands) unless stated 

otherwise. [6, 7’-3H (n)]-estradiol 17 β-D-glucuronide ([3H]- H217βD-G) and [6’, 7’-3H (n)]-

estrone-sulfate ammonium salt ([3H]-E1S) were obtained from Perkin Elmer (Groningen, 

The Netherlands). Stock solutions of all compounds used for transport assays were 

prepared according to specification in either dimethyl sulfoxide (DMSO) or dH2O. RAP-GST 

was kindly provided by De Matteis (TIGEM, Napels, Italy) and produced and purified as 

described previously [32].

Cell lines and cell culture
The ciPTEC line was derived from a healthy donor, as described previously [23, 33], and 

the megalin-deficient ciPTEC from a Dent’s disease patient (with CLC-5 mutation c.del132-

241 resulting in low-molecular-weight proteinuria, hypercalciuria, nephrolithiasis, and 

renal failure) was kindly provided by Prof. R. Thakker, University of Oxford, UK [24]. 

Cells were cultured in phenol red free DMEM/F12 (Invitrogen, Breda, The Netherlands) 

supplemented with 10% (v/v) FCS (MP Biomedicals, Uden, The Netherlands), containing 

insulin (5 µg/ml), transferrin (5 µg/ml), selenium (5 ng/ml), hydrocortisone (36 ng/ml), 
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epithelial growth factor (10 ng/ml), and tri-iodothyronine (40 pg/ml), without penicillin / 

streptomycin (pen/strep). ciPTEC assays were performed with cells seeded at a density of 

48,000 cells per cm2 in 96 well plates (Costar 3614, Corning, NY, USA) cultured for 24 h 

at 33ºC and matured for 7 days at 37ºC. Cells were sub-cultured at a dilution of 1:3 to 

1:6 at 33°C and experiments performed between passages 30 and 40. The Madin-Darby 

canine kidney (MDCKII) cells stably overexpressing BCRP or P-gp [34, 35], were kindly 

provided by Dr. A. Schinkel (Netherlands Cancer Institute, Amsterdam, The Netherlands) 

and Dr. M. Gottesman (Laboratory of Cell Biology, National Cancer Institute, USA), 

respectively. MDCKII cells were cultured in DMEM (Invitrogen, Breda, The Netherlands) 

supplemented with 10% (v/v) FCS (MP Biomedicals, Uden, The Netherlands) and 1% 

pen/strep, 5 units/ml (v/v). MDCK II assays were performed with cells seeded at a density 

of 30,000 cells per cm2 and cultured until confluence at 37ºC. All MDCK cells lines were 

sub-cultured at a dilution of 1:3 at 37°C in a 5% CO2 atmosphere.

Fluorescent based functional assays in a 96 well plate set-up
The functional activity of BCRP, MRP4 and P-gp in ciPTEC, MDCKII-BCRP or MDCKII-

P-gp cells was evaluated using fluorescent substrates that accumulate intracellularly 

upon inhibition of the efflux transporters. Hoechst33342, calcein-AM (Life Technologies, 

Carlsbad, CA, USA) and CMFDA (Life Technologies, Carlsbad, CA, USA) were used to 

evaluate transporter activity. The inhibitors KO143, MK571 and PSC833 (purchased 

from Tocris, Bristol, UK) were used as typical inhibitors for BCRP, MRP4 and P-gp, 

respectively. A two fold dilution range was made for the different inhibitors starting at 

concentrations of 15 µM for KO143, 50 µM for MK571 and 6 µM for PSC833. To test 

for Hoechst retention, the cells were incubated with 1.25 µM Hoechst in combination 

with a gradient of each of the inhibitors for 30 min at 37°C. Subsequently, cells were 

washed with ice-cold Krebs-Henseleit buffer and fluorescence was measured immediately 

after (appropriate filter settings; wavelengths: excitation-350nm, emission-460nm). 

To determine GS-MF retention, the cells were incubated with 1.25 µM CMFDA in 

combination with a gradient of each of the inhibitors for 30 min, washed and kept for an 

additional 30 min at 37°C before fluorescence was measured (appropriate filter settings; 

wavelengths: excitation-492nm, emission-517nm). Calcein retention was assessed by 

incubating the cells with 1 µM calcein-AM for 60 min in combination with a gradient 

of each of the inhibitors. Afterwards, cells were washed with cold buffer and lysed with 

a solution of 1% Triton X100, kept at 37°C for an additional 60 min before fluorescence 

was measured (appropriate filter settings wavelengths: excitation-485nm, emission-

530nm). Each solution was prepared in buffer at pH of 7.4, and fluorescence readings 

were performed using a Victor X3 Multi-label plate reader (Perkin Elmer, Waltham, USA). 

All experiments were performed in a 96 well plate set-up in triplo with a minimum of three  

separate experiments. 
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Fluorescence based, receptor mediated endocytosis assay 
Endocytosis was evaluated by RAP-GST uptake over time and at different concentrations 

in ciPTEC cultured in 96 well black chimney plates (Costar 3690, Corning, NY, USA). 

Cells were incubated with RAP-GST at a 3-fold dilution range (starting at 7.5 μg/ml) for 

2 h, or with one concentration of RAP-GST (2.5 μg/ml) for different times (1 or 6 h) and 

on ice. To compare the uptake between normal ciPTEC and megalin-deficient ciPTEC 

were incubated for 1 h with RAP-GST (2.5 μg/ml). After incubation, cells were fixed 

in 4% PFA/PBS for 15 min, washed with PBS and permeabilized for 10 min with 0.1% 

Triton/PBS. Next, samples were incubated overnight at 4°C with anti-GST antibody (GE 

Healthcare 27457701, Goat polyclonal, 1:1600 in 1% BSA/PBS), washed 3 times with PBS 

and incubated for 2 h at room temperature with fluorescently labeled secondary antibody 

(Molecular probes A11055, Donkey anti goat, Alexa Fluor 488, 1:500 in 1%BSA/PBS). 

Finally, samples were washed 3 times with PBS and fluorescence was recorded with 

the Victor X3 Multi-label plate reader. 

Cytoplasmic enzyme activity
Enzymatic activity required to form fluorescent products from calcein-AM and CMFDA 

was evaluated by exposing cell lysates of the cell lines to the same concentration of 

fluorescent substrates used in the functional assays (viz. Hoechst33342 at 1.25 µM, 

CMFDA at 1.25 µM and calcein-AM at 1 µM). Cell lysates were obtained from matured 

ciPTEC and MDCKII cells by exposing cell suspensions (80,000 cells per 100 µL) to heat 

shock, first immersing the cells in liquid nitrogen until completely frozen and subsequent 

immersion in heated tap water. This procedure was repeated three times. Afterwards, 

the suspensions were centrifuged for 15 min at 10.000 rpm and the supernatant collected 

and stored at -80°C. The assay was performed in 96-well black chimney plates after 

addition of 50 µL of cell lysates followed by 50 µL of each of the fluorescent substrates. 

Fluorescence was monitored over time for 90 min at 37°C, with measurements performed 

every 2 min using a Victor X3 Multi-label plate reader.

Confocal microscopy 
To visualize the uptake of fluorescent substrates and their accumulation, matured ciPTEC, 

cultured in a Lab-TeK8 chambers slide (Thermo Scientific, Waltham, MA, USA), were 

incubated with the substrates Hoechst33342 (1.25 µM) combined with KO143 (10 µM), 

CMFDA (1.25 µM) combined with MK571 (10 µM) and calcein-AM (1 µM) combined with 

PSC833 (5 µM) for 30 min. Images were acquired via an CV7000S high-content imager 

(Yokogawa, Tokio, Japan). For microscopic evaluation of receptor-mediated endocytosis, 

cells were cultured on a 8-well chambered coverslip (Ibidi 80826, Planegg-Martinsried, 

Germany), incubated for 1 h with RAP-GST (2.5 μg/ml) before fixation, permeabilization 

and fluorescent labeling with an Alexa 488 labeled antibody (see also receptor mediated 

endocytosis assay). After nuclear stain (DAPI; 300 ng/ml) images were acquired via an 

Olympus FV1000 confocal microscope (Zoeterwoude, The Netherlands



Fluorescence assays to study renal proximal tubule function

69

3

MRP4 and BCRP membrane vesicle uptake transport inhibition 
assay
Substrate and inhibitor specificity was investigated further using the membrane vesicle 

uptake assays, as established in our laboratory [36-38]. The uptake of radiolabeled 

substrates [3H]-H217βG and [3H]-E1S by MRP4 and BCRP vesicles was analysed as described 

previously [15, 36, 39]. Briefly, human embryonic kidney (HEK) 293 cells (American Type 

Culture Collection, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s medium 

(Invitrogen life sciences, Breda, the Netherlands) containing 10% (v/v) fetal calf serum 

(MP Biomedicals, Uden, the Netherlands) at 37  °C in a 5% (v/v) CO2 atmosphere. To 

functionally overexpress MRP4 and BCRP, cells were transduced with baculoviruses of 

human MRP4, BCRP or enhanced yellow fluorescent protein (eYFP; as a negative control), 

generated via the Bac-to-Bac system (Invitrogen). Cell membranes were isolated and 

resuspended in isotonic buffer (10 mM Tris-HEPES and 250 mM sucrose, pH 7.4, adjusted 

with HEPES). Membrane vesicles were prepared via ultrafiltration. Afterwards, vesicles 

were frozen in liquid nitrogen and stored at −80 °C. For the uptake assays, 25 µl of Tris-

Sucrose (TS) buffer containing 4 mM ATP, 10mM MgCl2 and radiolabeled substrate was 

added to 5 µl of membrane vesicles (1.5 mg/ml). The transport assay was performed in 

the presence of the highest concentrations of inhibitors and substrates used in the 96-well 

plate assays described: KO143 (15 µM), MK571 (50 µM), PSC833 (6 µM), Hoechst33342 

(1.25 µM), CMFDA (1.25 µM), calcein-AM (1 µM) and DMSO (2%, vehicle). Transport 

was achieved by incubating the mixture at 37 ºC for 1 min (BCRP vesicles) or 5 min 

(MRP4 vesicles), the transport was stopped by placing the samples on ice and adding 

150 µl ice cold TS buffer. Afterwards, the samples were transferred to a 96 well filter 

plate (Millipore, Etten-Leur, The Netherlands), pre-incubated with TS buffer and filtered 

using a Multiscreen HTS-Vacuum Manifold filtration device (Millipore). Subsequently, 2 

ml of scintillation liquid was added to each filter and radioactivity was measured by liquid 

scintillation counting. EYFP-membrane vesicles and AMP were used as negative controls, 

and all experiments were performed in triplicate.

Gene expression
Transporters gene expression in matured ciPTEC and Human Kidney (acquired from healthy 

donors under consent) samples was performed by isolating  total using an RNeasy Mini 

kit (Qiagen, Venlo, The Netherlands) according to the manufacturers recommendations. 

Subsequently, cDNA was generated using the Omniscript RT-kit (Qiagen). Following 

cDNA-synthesis, quantitative PCR was performed using a CFX96 Real-Time PCR detection 

system (Bio-rad, Veenendaal, The Netherlands). GAPDH was used as housekeeping gene 

and relative expression levels were calculated as fold change using the 2−ΔΔCT method. 

The primer-probe sets were obtained from Applied Biosystems: GAPDH - hs99999905_

m1; BCRP - hs00184979_m1; MRP4 -  hs00195260_m1 and Pgp -  hs00184500_m1.
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Pharmacokinetic and statistical data analysis 
Efflux activity was calculated by normalizing fluorescence intensity (upon inhibition), 

expressed in arbitrary units (a.u.), to baseline values (no inhibitor) after subtraction of 

background, prior to all calculations. As inhibition of efflux activity led to an increase 

in total fluorescence, the efflux activity is depicted as the inverse of the fold increase  

in fluorescence.

Non-linear regression with variable slope constraining the top to 100% was used to 

fit the normalized data, using GraphPad Prism 5.02 (GraphPad software, San Diego, CA, 

USA). Differences between groups were considered to be statistically significant when p 

< 0.05 when performing a one-tailed Student t-test. All data is presented as mean±SEM 

of at least three separate experiments performed in triplicate, unless stated otherwise. 

Statistical analysis to determine differences between IC50 values was performed within 

every substrate via two-way ANOVA. Statistical significant differences were set to p<0.05.

RESULTS
To study the transport activity in absence and presence of inhibitors, we compared three 

different cell models. The ciPTEC show many characteristics of human PTEC, including 

cell polarization, monolayer organization, expression of tight junction proteins, as well as 

transporter and metabolic enzyme activity [18, 19, 23, 32]. We investigated the relative 

expression levels of the ABC transporters BCRP, P-gp, MRP2 and MRP4 in comparison 

to the human kidney. Table 1 shows that both in ciPTEC and in human kidney MRP4 is 

the most abundantly expressed transporter relatively to BCRP and Pgp, while MRP2 is 

only moderately expressed in ciPTEC. BCRP and Pgp show comparable expression levels.

Table 1. Efflux transporters relative expression in ciPTEC and Human Kidney (HuKid)a.

ΔCt 2-ΔCt

Relative expression
ciPTEC vs HuKidciPTEC HuKid ciPTEC HuKid

BCRP 10.8±0.7 6.7±1.0 6.5x10-4±3.2x10-4 0.01±0.008 6.5%
Pgp 8.8±0.4 4.5±0.7 2.3x10-3±9.2x10-4 0.05±0.02 4.6%

MRP4 6.6±0.6 3.9±0.3 1.1x10-2±5.4x10-3 0.07±0.02 15.7%
MRP2 15.6±0.2 b 2.0x10-5±2.8x10-6 b b

a Values are shown in mean ± standard deviation. b MRP2 could not be determined.

The MDCK overexpression lines were used as positive controls for BCRP and P-gp 

activity. Hoechst33342 was used to evaluate BCRP activity directly, whereas calcein-

AM and CMFDA gain fluorescent properties upon hydrolysis (methyl group cleavage) 

in the cytoplasm, and, in case of CMFDA, further conjugation to carboxyfluorescein-

glutathione (GS-MF) with the replacement of the chlorine group. The fluorescent end 
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products were used to determine P-gp (calcein) and MRP’s (GS-MF) activities, respectively. 

The inhibitors KO143, MK571 and PSC833 were used to block BCRP, MRP4 and P-gp 

activity, respectively [29, 40, 41]. To evaluate their effect on the different cell lines, we 

tested the three inhibitors in combination with all three substrates. 

ciPTEC and MDCKII overexpression cells have differential 
fluorescent substrate retention
Substrate retention levels varied between the different cell lines used as an indication 

of the transporters activity in each cell type. MDCKII-BCRP cells showed the lowest 

Hoechst33342 accumulation while ciPTEC presented the highest (Figure 1A), consistent 

with the high expression of BCRP in the MDCKII overexpression cell line. For GS-MF, 

ciPTEC and MDCKII-Pgp presented similar intensities and MDCKII-BCRP the highest 

(Figure 1B). When incubated with calcein-AM, the highest retention was observed in 

ciPTEC while MDCKII-P-gp showed minor accumulation (Figure 1C), in agreement with 

the overexpression of the transporter in the latter cell line. 

ciPTEC and MDCKII cells have similar enzyme activities 
Since enzyme activity is required to convert CMFDA and calcein-AM into their fluorescent 

counterparts (GS-MF and calcein, respectively), the efficiency of this conversion was 

compared in cell lysates of ciPTEC and MDCKII cells. As expected, Hoechst33342 

fluorescence was not influenced when incubated with cell lysates nor showed a time 

dependent effect (Figure 1D). When cell lysates were incubated with either CMFDA 

(Figure 1E) or calcein-AM (Figure 1F) at 37°C, the fluorescence behaviour over time was 

similar in ciPTEC and MDCKII, although ciPTEC showed a more rapid initial increase in 

signal. Both substrates also showed to be slowly transformed over time in buffer (without 

cells). The inhibitors used in the functional assays (KO143, MK571 and PSC833) did not 

interfere with the enzyme activity in converting the substrates (data no shown). 

Fluorescent substrates accumulate in ciPTEC upon efflux transport 
inhibition 
Model efflux inhibitors increased the intracellular accumulation of fluorescent substrates 

in ciPTEC, as demonstrated in figure 2. In the presence of KO143, Hoechst33342 

fluorescence increased 1.8-fold (Figure 2A), GS-MF retention increased 3.0-fold in 

presence of MK571 (Fig. 2-D) and PSC833 increased calcein fluorescence 2.1-fold (Figure 

2G).  These results indicate that efflux can effectively be blocked in ciPTEC. The substrates’ 

intracellular accumulations upon efflux inhibition could be confirmed with confocal 

microscopy. A clear nuclear accumulation was observed for Hoechst33342 (Figure 2B-C), 

whereas GS-MF (Figure 2E-F) and calcein (Figure 2H-I) accumulated predominantly in 

the cytoplasm. 
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Inhibitors and substrates used for efflux pumps lack specificity 
The efflux of the model substrates Hoechst33342, GS-MF and calcein was investigated 

further in a concentration dependent manner with all combinations of inhibitors, to 

determine efflux activity and substrate and inhibitor specificities (Figures 3-5). Inhibition 

curves were analysed by non-linear curve fitting and a summary of the IC50 values obtained 

for all interactions is presented in Table 2.  

Hoechst33342 efflux. 
The prototype inhibitor for BCRP activity and Hoechst33342 retention is KO143  

(Figure 3A), which reduced the efflux in MDCKII-BCRP and MDCKII-P-gp by 85 and 80% 

(Figure 1), respectively. In ciPTEC, efflux was reduced by 46.9±5.0%, suggesting efflux is 

only partially BCRP mediated. On the other hand, Hoechst33342 efflux in ciPTEC could 

be inhibited by MK571 (Figure 3B), suggesting Hoechst33342 efflux is mediated by MRP 

transport as well. In presence of MK571 (Figure 3B), ciPTEC and MDCKII-BCRP presented 

comparable efflux inhibitions (7.1±0.3% and 9±2%, respectively). When exposed 

to the Pgp blocker PSC833, Hoechst33342 efflux was reduced to 46±8% in ciPTEC, 

Figure 1. Differential fluorescent substrates retention and enzyme activity in ciPTEC and MDCKII 
cell lines. Hoechst33342 (1.25 µM) retention (A) was lower in MDCKII-BCRP and MDCKII-Pgp. 
CMFDA/GS-MF (1.25 µM; B) was similarly retained in ciPTEC and MDCKII-Pgp, but in a lower 
fashion than in MDCKII-BCRP. Calcein (1 µM; C) was efficiently effluxed of MDCKII-Pgp cells while 
it accumulated greatly in ciPTEC. Differential substrates retention between the cell lines is indicative 
of the disparities in endogenous and over-expressed transport systems. By using cell lysates of both 
ciPTEC and MDCKII parent cell line, it was possible to determine the intracellular enzyme activity 
over time (90 min), in the presence of the substrates Hoechst33342 (1.25 µM; D), CMFDA (1.25 
µM; E) and calcein-AM (1 µM; F).
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to 24±11% in MDCKII-BCRP and to 27±14% in MDCKII-P-gp (Figure 3C), supporting 

the role of P-gp in Hoechst3342 efflux as well. 

CMFDA/GS-MF efflux
For CMFDA/GS-MF efflux inhibition KO143 showed a comparable potency (Table 2) in 

ciPTEC and MDCKII-BCRP, while the highest inhibition, up to 28±11%, was found in 

MDCKII-P-gp cells (Figure 4A). MK571 (Figure 4B) promoted a considerable inhibition 

in all cell lines tested, with the highest decrease of efflux in ciPTEC (up to 7.0±1.8%). 

PSC833 (Figure 4C) promoted similar maximal inhibitions in all cell lines, except for 

MDCKII-Pgp, which was most sensitive (11.0±1.8%). The highest reduction in overall 

transport was found in ciPTEC. Taken together, these results underline the cross-over in 

inhibitor specificities, pointing to a role for BCRP, P-gp and MRP transporters in handling 

CMFDA and/or its derivatives.   

Figure 2. Fluorescent substrates accumulate in ciPTEC in the presence of efflux transport blockers. 
An increase in fluorescence was observed when cells were incubated with the fluorescent substrates 
Hoechst (1.25 µM; A), CMFDA (1.25 µM; D), Calcein-AM (1 µM; G) without inhibitors (B, E, H) or in 
presence of inhibitors (C, F, I). Inhibitors promoted the intracellular accumulation of the fluorescent 
substrates, as depicted in the representative images and quantified in the bar graphics (black bars; 
n=3, *p < 0.05).



Chapter 3

74

3

Figure 3. Dose response effects of the inhibitors KO143 (A), MK571 (B) and PSC833 (C) on 
Hoechst33342 retention in ciPTEC (dotted line), MDCK II-BCRP (black line) and MDCK II-Pgp (grey 
line). To determine IC50 values, non-linear regression with variable slope constraining the top to 
100% was performed using at least six concentrations of each inhibitors. Activity was considered 
100% in the respective cell lines, in absence of any inhibitor. 

Calcein efflux
In MDCKII-P-gp, KO143 could inhibit calcein efflux up to 12±6% (Figure 5A), whereas 

in ciPTEC the maximum inhibition was only 63±27%. When exposed to MK571  

(Figure 5B) MDCKII-BCRP and ciPTEC showed similar inhibitions in efflux; up to 25±7% 

and 25±8%, respectively. PSC833 (Figure 5C), affected calcein efflux mostly in MDCKII-P-

gp cells (5.3±1.6%) with the highest potency (Table 2) ciPTEC and MDCKII-BCRP presented 

similar IC50 values, where ciPTEC showed the lowest efflux reduction (32.7±10.9%). 

These findings are consistent with KO143 exhibiting inhibitory properties towards P-gp, 

and further underscores a lack of substrate and inhibitor specificity. 

Fluorescent substrates and inhibitors affect BCRP and MRP4 
activity in vesicles 
Membrane vesicles were used as single expression transporter systems for P-gp, BCRP 

and MRP4 in order to determine the specific effects of the substrates and inhibitors 

used. Using NMQ as a substrate [42], it was not possible to determine the interaction 



Fluorescence assays to study renal proximal tubule function

75

3

between the compounds used and P-gp (data not shown). To evaluate BCRP and MRP4 

activities, we used [3H]-E1S and [3H]-H217βG as substrates, respectively. The radioactive 

substrate uptake inhibition in BCRP or MRP4 vesicles is a direct indication of the potency 

of the compound tested. In BCRP vesicles (Figure 6A), [3H]-E1S uptake was significantly 

reduced by KO143, MK571, PSC833 and CMFDA, compared to the control condition. On 

the other hand, MRP4 mediated uptake of [3H]-H217βG (Figure 6B) was only significantly 

reduced by KO143 and MK571 compared to control. 

Endocytosis mediated reabsorption in ciPTEC
Protein reabsorption is another important function of proximal tubular cells and 

essential for renal physiology and drug safety assessments. The megalin ligand RAP-GST 

is efficiently taken up by ciPTEC and has been used to study the receptor mediated 

endocytosis machinery in patient cells in comparison to ciPTEC from healthy controls  

[30, 31]. The quantification is traditionally done on fluorescent microscopy images, which 

is a very laborious and time-consuming process. Here, we optimized the staining and 

quantification for a 96-well plate format with detection in a fluorescent plate reader. We 

could show that RAP-GST was efficiently taken up by the cells in a time and concentration 

dependent manner (Figure 7A-B). To evaluate the initial binding of ligand to the megalin 

receptors on the cell (prior to internalization), we incubated the cells for 30 min on ice in 

the presence of ligand (Figure 7B). The binding on ice was 24% of the uptake after 1 h, 

suggesting that within this time frame the initial amount of receptor on the surface can 

be internalized and replenished on the cell surface several times. Dent’s disease ciPTEC 

Table 2. Inhibitory potencies of KO143, MK571 and PSC833 on Hoechst33342, GS-MF and calcein 
efflux by ciPTEC, values are presented as mean ± SD.

Substrate Cell type

IC50 (M) 

KO143 MK571 PSC833

ciPTEC 4.4x10-6±0.9x10-6 5.1x10-6±0.9x10-6 1.3x10-6±0.3x10-6e 

Hoechst33342 MDCKII-BCRP 3.5x10-6±0.1x10-6 10.1x10-6±3.7x10-6d 2.0x10-6±1.1x10-6e

MDCKII-Pgp 3.6x10-6±1.5x10-6 24.2x10-6±2.9x10-6a, b, d 0.9x10-6±0.5x10-6e

ciPTEC 2.7x10-6±0.2x10-6 6.4x10-6±1.3x10-6 1.0x10-6±0.2x10-6

CMFDA/GS-MF MDCKII- BCRP 2.3x10-6±0.9x10-6 8.5x10-6±2.4x10-6 1.2x10-6±0.4x10-6 
  MDCKII-Pgp 3.6x10-6±1.7x10-6 22.2x10-6±10.3x10-6a, b, d 0.7x10-6±0.3x10-6e 

ciPTEC 2.5x10-6±0.5 x10-6 10.2x10-6±3.1x10-6d 0.7x10-6±0.5x10-6e 
Calcein MDCKII- BCRP 2.4x10-6±0.4x10-6 9.9x10-6±5.8x10-6d 1.2x10-6±0.7x10-6e 

  MDCKII-Pgp 1.7x10-6±0.1x10-6 5.3x10-6±2.3x10-6 0.8x10-6±0.1x10-6 

Statistical significant differences (p<0.05) between cell types (same inhibitor), are represented by: 
a(ciPTEC), b(MDCK-BCRP), c(MDCK-Pgp). Statistical significant differences (p<0.05) between inhibitors 
(same cell type) are represented by: d(KO143), e(MK571), f(PSC833).
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Figure 4. Dose response effects of the inhibitors KO143 (A), MK571 (B) and PSC833 (C) on CMFDA/
GS-MF retention in ciPTEC (dotted line), MDCKII-BCRP (black line) and MDCKII-Pgp (grey line). To 
determine IC50 values, non-linear regression with variable slope constraining the top to 100% 
was performed using at least six concentrations of each inhibitor. Activity was considered 100% in 
the respective cell lines in absence of any inhibitor.

showed a RAP-GST uptake of 57% of the control cells. Furthermore, the fluorescent 

labelling was consistent with endocytotic vesicles and showed minor background 

fluorescence.
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Figure 5. Dose response effects of the inhibitors KO143 (A), MK571 (B) and PSC833 (C) on calcein 
retention in ciPTEC (dotted line), MDCKII-BCRP (black line) and MDCKII-Pgp (grey line). To determine 
IC50 values, non-linear regression with variable slope constraining the top to 100% was performed 
using at least six concentrations of each inhibitor. Activity was considered 100% in the respective 
cell lines in absence of any inhibitor.

Figure 6. ATP dependent uptake of E1S-3H mediated by BCRP (A) or E217βB-3H uptake mediated 
by MRP4 (B) was studied in HEK293 cell derived vesicles. DMSO was used as vehicle (ctrl), along 
with inhibitors KO143, MK571, PSC833 and substrates Hoechst33342 and CMFDA. BCRP mediated 
uptake is significantly decreased by KO143, MK571, PSC833 and CMFDA. MRP4 is affected only 
by KO143 and MK571. Statistical analysis was performed via unpaired Student’s t-test. *p < 0.05 
and **p < 0.01 compared to control.
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DISCUSSION 
The renal proximal tubule is a versatile part of the nephron, which plays a crucial role 

in the active secretion and reuptake of numerous exogenous (eg. drugs), as well as 

endogenous compounds. These processes are mediated by a wide variety of transport 

proteins, present in the basolateral and apical membranes of PTEC. In this study, we 

describe the application of fluorescent-based assays in a 96-well plate format to provide 

reproducible data on transporter activity and drug interactions on transport activities 

present in the proximal tubule apical membrane. We tested the efflux of several 

classical substrates (Hoechst33342, CMFDA/GS-MF and calcein(-AM)) in cell models 

expressing different transporters simultaneously or in parallel and demonstrated that 

the substrates are not transported by one particular transporter, as was previously 

described [43]. Furthermore, we used several known inhibitors (KO143, MK571 and 

Figure 7. Endocytosis mediated protein reabsorption in ciPTEC. Cells were incubated at 37˚C with 
different concentration RAP-GST for 2 h (A) or with 2.5 µg/ml RAP-GST for different periods of 
time (B). Protein surface binding was determined by incubating cells with RAP-GST on ice for 30 
min (B). Protein uptake was compared between control ciPTEC cells and cells from patients with 
Dent’s disease (C). Immunofluorescent image of fluorescently labelled RAP-GST after uptake in  
control ciPTEC (D).
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PSC833) for the relevant transporters and showed that these inhibitors (partially) inhibit 

the function of other transporters as well. We believe that our data provides insight 

into the complex interactions that take place in vivo and which should be taken into 

account when screening for drug interactions using advanced human cell model systems, 

such as ciPTEC, where the membrane transporters central to this study, BCRP, P-gp and 

MRP4, are expressed at the protein levels [23, 33]. The expression and activity of organic 

cation transporter 2 (OCT2) was been reported [22],as well as  broad panel of phase 

I metabolic enzymes, including Cytochromes P450 (CYP) YP3A4, CYP4A11, CYP2D6, 

UDP-glucuronosyltransferases (UGT) 1A1, UGT1A9, UGT2B7 and UGT2B28 show similar 

expression to primary human proximal tubule cells [21, 44]. Moreover, UGT protein 

expression and functionality, which is pivotal for the metabolic activation of the substrates 

CMFDA and Calcein-AM, was also demonstrated in ciPTEC[21].

A graphical summary of our findings is provided in figure 8, in which the substrates 

enzymatic transformations are depicted as well as the transporters involved in their 

handling and the blockers responsible for inhibitions. Overall, Hoechst33342, GS-MF and 

calcein are retained in the presence of KO143, MK571 and PSC833, showing clearly 

the redundancy between the transporters. Noteworthy is the fact that both KO143 

and MK571 can block BCRP, P-gp and MRP’s, while PSC833 appears a potent inhibitor 

for BCRP and P-gp, but not the MRPs. The inhibitor concentrations ranges used in this 

study were chosen based on the concentration where maximum substrate retention 

was achieved by the model inhibitors in ciPTEC, with no toxic effects (data not shown). 

Arguably, the concentrations used were high enough to promote lack of specificity. These 

concentrations were necessary to achieve inhibition of particular transporters, since at 

lower concentrations, in ciPTEC, all inhibitors either yield none or little inhibition, this can 

be accounted by the multiple transporters expressed simultaneously in this cell type and 

given the cross-over between inhibitors, higher concentrations are needed to discriminate 

between the particular transporters. However, inhibitory potencies revealed that, 

despite cross-over, the different transporters do maintain different specificities towards 

the inhibitors. Previous reports showed that the presence and activity of transport systems 

in vitro can be assessed with a similar approach, and that immortalized cells with poorly 

retained proximal tubule phenotype, such as HK-2 cells, yield low fluorescent functional 

properties [25, 29].

After comparing the results obtained in our cell assay with the membrane vesicles 

assay, the redundancy in substrate and inhibitor specificities could be confirmed. Vesicular 

transport assays are widely employed for drug screening because they lack complex 

physiological processes, such as enzyme activity and post-translational regulation, hence, 

providing an accurate indication of substrate and inhibitor interaction. Our results 

demonstrated that KO143 and MK571 inhibited BCRP and MRP4 mediated transport, 

and PSC833 only inhibited BCRP. On the other hand, the interaction of Hoechst33342 

with BCRP and MRP4 could not be identified using the vesicular system. This may be due 

to the low affinity of Hoechst33342 for BCRP in comparison with E1S, which has a high 
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affinity for the transporter [38]. Note that the concentration used for Hoechst33342 was 

low, and the same as used for the cellular assays. Furthermore, under these experimental 

conditions it was not possible to determine the interaction between the compounds and 

P-gp in membrane vesicles. This is most likely due to the lipophilicity of the substrates, 

because we used cell-permeable probes. It was recently reported that P-gp activity 

measurements in vesicular transport assays is jeopardized by the lipophilicity of substrates 

[45]. Therefore, these substrates require cellular assays, for which overexpression models 

are well suited to study a particular transporter in its’ subcellular environment. Additionally, 

MDCKII–BCRP/-P-gp cell lines express the enzymes that allowed us to use CMFDA and 

calcein-AM as substrate. Still, the overexpression systems lack a proper clinical translation 

[46] as a result of their non-human origin and supra-physiological condition. Although 

the expression of the transporters studied are low in ciPTEC relative to human kidney 

(Table 1), the order of expression is comparable, where MRP4 is the highest expressed, 

followed by P-gp and then BCRP. 

Receptor mediated endocytosis is important for the function of proximal tubular 

cells and a deficiency in protein reabsorption will lead to loss of nutrients, proteinuria, 

inflammation and renal damage. Drugs, including aminoglycosides, cisplatin, statins 

and many others can directly interfere with the different steps of the receptor mediated 

A B 

C D 

Figure 8. Graphic presentation of substrate handling, transport inhibition and reabsorption in 
ciPTEC. Hoechst (A), Calcein (B) and CMFDA (C) intracellular fate and the transporters responsible 
for efflux are depicted in combination with the inhibitors used. RAP-GST uptake (D) through receptor 
mediated endocytosis represents the protein reabsorption capacity of these cells. 
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endocytosis pathway, for instance by affecting membrane composition, clathrin availability, 

dynamin activity, actin skeleton function, vesicle stabilisation or membrane potential [47]. 

It has been described that cisplatin can affect receptor-mediated endocytosis by inhibiting 

vacuolar H-ATPase, and statins have been found to inhibit fluorescent protein uptake 

in opossum kidney cells but the mechanism remains unclear [48, 49]. Also in inherited 

diseases such as Dent’s disease or nephropathic cystinosis defects in protein reabsorption 

can lead to proteinurea and subsequent kidney damage [50]. Furthermore, some 

compounds are taken up in high concentrations by the proximal tubular cells through 

receptor- mediated endocytosis and result in nephrotoxicity. Aminoglycosides such as 

gentamicin and amikacin, bind the megalin receptor with high affinity and accumulate in 

the proximal tubule cells [51]. To evaluate protein reabsorption by the proximal tubular 

cells we visualized the uptake of proteins in vesicles and compared the cell surface 

binding on ice with active RAP-GST uptake over time. This 96-well system provides a fast 

and reproducible approach to measure receptor mediated endocytosis and can be used 

to show reduced uptake in patient cells. 

Renal models are widely used to study renal clearance and physiology. While 

animal studies are often indispensable for providing insight into the clinical relevance 

of preclinical observations, they are not as easily controlled and hampered by ethical 

concerns. Interspecies variability and extrarenal influences, such as body temperature, 

hormone levels, nervous regulation, hemodynamics, and GFR, can complicate data 

interpretation even further. By making use of human cell models, many of these 

factors can be overruled, enabling the study of very specific processes in a fast or high 

throughput fashion. As a proximal tubule cell model, ciPTEC has proven to be a robust 

model with its’ epithelial characteristics, such as basolateral-to-apical polarization, tight-

junction formation and the presence of physiologically relevant enzymatic and transporter 

activities. Previous findings from our group demonstrated interactions of transporters with 

endogenous metabolites, sometimes leading to toxicity[22]. This underscores the ability 

to use ciPTEC in unravelling renal physiology and clearance processes, and studying 

mechanisms leading to renal toxicity. A limitation of our system is that it will only be 

representative for processes associated with the renal proximal tubules. Drug interactions 

and drug induced kidney injury may also be a result of damage to other segments and 

cellular components of the kidney. However, no representative human cell models of 

these segments are currently available. Nevertheless, recent advances in the generation of 

complex human in vitro models from renal cell lineages [52] and nephron organoids from 

induced pluripotent stem cells (hiPS) [53-55] are promising. The importance of validating 

such models and exploring their potential as predictive tools are key issues that need to 

be addressed. In addition, recent developments in tissue culture systems acknowledge 

the importance of the tissue microenvironment in optimal functioning and responsiveness. 

This can be addressed by culturing cells in a dynamic, 3D, environment, allowing optimal 

communication between cells. Nephron organoids present such 3D environment, as well 

as PTEC cultured in microfluidic systems [56] (viz. kidney-on-a-chip) or bioartificial tubules 
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[57]. These models are also compatible with high-resolution and real-time molecular 

imaging, advancing drug interaction studies and their related intracellular effects when 

applied with suitable fluorescent probes. Our present work describes a set of tools that 

could be implemented in such platform and allows studying transport mechanisms that 

are central to drug absorption, disposition and detoxification.

In conclusion, we describe an approach that overcomes different limitations of 

widely used in vitro models, namely vesicles and over-expression cell lines, in order to 

obtain a more physiological picture of transport systems at the proximal tubule apical 

membrane. Fluorescent probes are central to this work, not only because they are easy 

to handle and data acquisition is straightforward allowing generating, validating and 

reproducing functional transport data, but also because we prove that, when chosen 

wisely, a combination of probes and inhibitors can by itself shed light on complex 

transport mechanisms. 
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ABSTRACT
The uremic solutes p -cresyl sulfate (pCS) and p -cresyl glucuronide (pCG) accumulate in 

patients with chronic kidney disease (CKD), and might contribute to disease progression. 

Moreover, retention of these solutes may directly be related to renal tubular function. 

Here, we investigated the role of the efflux transporters Multidrug Resistance Protein 

4 (MRP4) and Breast Cancer Resistance Protein (BCRP) in pCS and pCG excretion, and 

studied the impact of both solutes on the phenotype of human conditionally immortalized 

renal proximal tubule epithelial cells (ciPTEC). 

Our results show that p-cresol metabolites accumulate during CKD, with a shift from 

sulfation to glucuronidation upon progression. Moreover, pCS inhibited the activity of 

MRP4 by 40% and BCRP by 25%, whereas pCG only reduced MRP4 activity by 75%. 

Moreover, BCRP-mediated transport of both solutes was demonstrated. Exposure of 

ciPTEC to pCG caused epithelial-to-mesenchymal transition, indicated by increased 

expression of vimentin and Bcl-2, and diminished E-cadherin. This was associated with 

altered expression of key tubular transporters. 

In conclusion, BCRP is likely involved in the renal excretion of both solutes, and pCG 

promotes phenotypical changes in ciPTEC, supporting the notion that uremic toxins 

may be involved in CKD progression by negatively affecting renal tubule cell phenotype  

and functionality.

Key words: Efflux Transporters, nephrotoxicity, proximal tubule cells, uremic retention 

solutes, chronic kidney disease
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INTRODUCTION
A hallmark of chronic kidney disease (CKD) is the retention and accumulation of 

a wide variety of potential toxic metabolites [1, 2] associated with the plethora of 

pathologies observed in uremic patients, including renal fibrosis and cardio-vascular  

disease [3, 4]. In the healthy population, these so-called uremic retentions solutes are 

cleared by the kidney via glomerular filtration and transporter-mediated tubular excretion. 

In early uremic toxin research, p-cresol, a phenol derived from tyrosine metabolism, 

was widely studied and a broad array of pathophysiological effects observed in CKD 

patients were contributed to this compound, including endothelial and immunological  

dysfunction [5, 6]. However, years ago, it was demonstrated by several groups that it is 

not p-cresol itself but the metabolites, p-cresyl sulfate (pCS) and p-cresyl glucuronide 

(pCG), that are retained during CKD [7-9]. P-cresol is formed in the gut during protein 

fermentation and is subsequently conjugated to either sulfate or glucuronic acid in 

the intestinal wall resulting in the formation of pCS or pCG, respectively [10]. In a study 

by Aronov et al., it was elegantly demonstrated that the colon indeed plays a key role 

in the production of pCS [11]. In addition, our group recently showed renal p-cresol 

metabolism and subsequent pCG formation in human proximal tubular cells [12]. Thus, 

the origin of pCS and pCG is reasonably well understood; however the molecular transport 

mechanisms involved in physiological urinary excretion of both p-cresol metabolites are 

not fully elucidated. 

Whereas recent evidence shows that the human organic anion transporters 1 and 

3 (hOAT1 and hOAT3) are involved in the uptake of pCS [13], both solutes have not 

yet been described as substrates for any particular efflux transporter. Two pumps 

that likely contribute to the renal excretion of the p-cresol metabolites are multidrug 

resistance protein 4 (MRP4) and breast cancer resistance protein (BCRP). Both pumps are 

transmembrane proteins from the ATP-binding cassette (ABC) transporters superfamily and 

are expressed in several tissues with a barrier function, including liver, intestine, brain and 

kidney. Both transporters are known to extrude a wide variety of drugs and endogenous 

compounds against steep concentration gradients [14, 15]. Previously, we reported that 

several uremic toxins, such as kynurenic acid, hippuric acid and indoxyl sulfate, inhibited 

substrate-specific transport by MRP4 and BCRP at clinically relevant concentrations [16]. 

Since pCS and pCG share structural characteristics with the previously studied uremic 

solutes, we hypothesized that both pumps are also involved in the transport of pCS and 

pCG into the proximal tubule lumen. 

Since it was reported that pCS accumulates in CKD patients, it has been widely used as 

a model solute to elucidate the capacity of different dialysis modalities to remove protein-

bound uremic toxins from circulation in CKD patients [17]. In addition, several studies 

have shown that pCS can contribute to the pathophysiology of CKD. For instance, pCS 

can increase endothelial micro-particles shedding by endothelial cells in vitro, indicating 

pCS involvement in endothelial dysfunction [17], it can contribute to inflammation [18],  
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it has pro-apoptotic effects [19], suppresses the expression of the renoprotective 

antiaging gene Klotho both in vitro and in vivo [20], and causes insulin resistance 

and metabolic disturbances associated with CKD in mice by activating the ERK1/2  

pathway [21]. Furthermore, pCS is often studied in conjunction with indoxyl sulfate, 

a protein-bound uremic toxin derived from tryptophan, and it was recently reported 

by Kim et al. that indoxyl sulfate induces epithelial-to-mesenchymal transition (EMT) in 

proximal tubular cells [22]. Conversely, little is known about the biological activity of pCG 

and the nephrotoxic potential of both p -cresol conjugates.

This study aimed to elucidate the renal handling of pCS and pCG by investigating 

the interaction between both solutes and the renal efflux transporters MRP4 and BCRP. 

Moreover, the human renal proximal tubule cell line (ciPTEC) was used to investigate 

the potential contribution of both p-cresol metabolites to CKD progression related to 

tubular changes.  

MATERIALS AND METHODS
Ethics statement and patient sample selection
The Radboud University Medical Centre ethical committee on research involving 

human subjects approved this study, and written informed consent was obtained from 

each patient and each healthy volunteer. Stored serum samples from chronic renal 

failure (CRF) patients were obtained from a random subset of the MASTERPLAN study  

population [23]. Patient characteristics were obtained from the case report forms. Samples 

for the hemodialysis patients were collected at the start of the dialysis session as a part 

of routine care and other lab parameters were obtained from electronic patient records.

Chemicals
All chemicals were obtained from Sigma (Zwijndrecht, The Netherlands) unless stated 

otherwise. Both pCS and pCG were kindly provided by Profs. R. Vanholder and G. 

Glorieux (University Hospital Ghent, Belgium). pCS was synthesized as a potassium salt as 

described previously [24]. pCG was produced from glucuronyl-trichloroacetimidate and 

p-cresol as previously described [25]. Since pCS and pCG were obtained as potassium 

and an ammonium salt, respectively, KCl and NH4Cl solutions were used as control. 

[3’,5’,7’-3H(n)]-methotrexate disodium salt ([3H]-MTX) was purchased from Moravek 

(Brea, USA) and [6’,7’-3H(n)]-estrone-sulfate ammonium salt ([3H]-E1S) was obtained from 

Perkin Elmer (Groningen, The Netherlands).   

High-performance liquid chromatography (HPLC)
Blood samples were obtained from 79 CRF patients during regular check-up, 12 patients 

with end-stage renal disease (ESRD) before hemodialysis and 4 healthy controls. Clinical 

characteristics of study subjects are listed in Table 1. None of the subjects had been 
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fasting at the time of blood sampling. Blood was collected in an EDTA Vacutainer and was 

immediately centrifuged at 3,000 x g for 10 min. Subsequently, plasma was collected and 

stored at -20°C. Before chromatography an aliquot of plasma was diluted in H2O (1:1) 

and deproteinized with perchloric acid (final concentration 3.3% (v/v)). Next, samples 

were centrifuged at 12,000 x g for 3 min and 50 µl of the supernatant was injected into 

the HPLC-system (Spectra-Physics Analytical, Spectrasystem SCM400). For the detection 

of pCS and pCG, chromatography was performed on a C18 HPLC column (GraceSmart 

RP 18 5u 150 x 4.6 mm) with eluent A (95% (v/v) 50 mM KH2PO4 (pH 3.0) and 5% (v/v) 

acetonitrile) and eluent B (50 mM KH2PO4 (pH 3.0), methanol and acetonitrile in a 1:1:1 

ratio) using the following gradient: 0-15 min, 100-20% eluent A; 15-16 min, 20-100% 

eluent A; 16-21 min, 100% eluent A. The flow rate was 1 ml/min and the p-cresol 

conjugates were detected at a wavelength of 220 nm. Standards of the compounds were 

also run in order to quantify the amount of metabolites found in the samples. Acquired 

data were processed with PC1000 software (Spectrasystem).

Transduction of Human Embryonic Kidney cells and membrane 
vesicle preparation
Human embryonic kidney (HEK293; purchased at American Type Culture Collection, 

Manassas, VA) cells were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen life 

sciences, Breda, The Netherlands) containing 10% (v/v) fetal calf serum (MP Biomedicals, 

Uden, The Netherlands) at 37ºC in a 5% (v/v) CO2 atmosphere. To functionally overexpress 

MRP4 and BCRP, cells were transduced with baculoviruses of human MRP4, BCRP or 

enhanced yellow fluorescent protein (eYFP; as a negative control), generated via the Bac-

to-Bac system (Invitrogen) as previously described [26]. Subsequently, cell membranes 

were isolated and resuspended in isotonic buffer (10 mM Tris-HEPES and 250 mM sucrose, 

pH 7.4, adjusted with HEPES). Membrane vesicle were prepared via ultrafiltration as 

described previously [26]. Afterwards, vesicles were frozen in liquid nitrogen and stored 

at -80 ºC.

Membrane vesicle transport and cellular uptake assays
A well-established rapid filtration technique [16, 26-28], was used to study the uptake 

of [3H]-MTX and [3H]-E1S into MRP4 or BCRP membrane vesicles, and the impact of both 

solutes on this process. In short, 25 µl of TS buffer containing 4 mM ATP, 10 mM MgCl2 

and radiolabeled substrate was added to 5 µl of the membrane vesicles (1.5 mg/ml). 

The transport assay was performed in the absence or presence of various concentrations of 

pCS or pCG. Transport was started by incubating the mixture at 37 ºC for 1 min (BCRP) or 10 

min (MRP4), as established [26, 29]. Uptake was stopped by placing the samples on ice and 

the addition of 150 µl ice cold TS buffer. Subsequently, the samples were transferred to a 96 

well filter plate (Millipore, Etten-leur, The Netherlands) pre-incubated with TS buffer and 
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filtered using a Multiscreen HTS-Vacuum Manifold filtration device (Millipore). Afterwards, 

2 ml of scintillation liquid was added to each filter and radioactivity was determined using 

liquid scintillation counting. As negative controls ATP was substituted for AMP and eYFP-

membrane vesicles were used. Each experiment was performed in triplicate. The direct 

uptake of pCS and pCG by MRP4 and BCRP expressing vesicles was studied by incubating 

vesicles with pCS or pCG for 10 min at 37°C. After filtration, perchloric acid  (PCA) 3.3% 

was used as solvent to extract the vesicles content. The concentration of pCS and pCG 

was subsequently determined by liquid chromatography/tandem mass spectrometry (LC/

MS-MS). To this end, 10 µl of extraction was injected into the LC/MS-MS system (Thermo 

Fischer Scientific, Breda, The Netherlands). Separation was performed at a flow rate of 

150 µl/min with eluent A (5 mM ammonium formate+0.01% (v/v) trifluoroacetic acid) 

and eluent B (50% acetonitrile), the eluted solutes were directly passed through a TSQ 

Vantage tandem mass spectrometer (Thermo Fischer Scientific, Breda, The Netherlands), 

with ion spray voltage of 4 kV, source temperature of 350°C and collision gas pressure 

of 1.5 bar. pCS and pCG and the internal standard 1-methyl-tryptophan were quantified. 

A calibration curve of pCS and pCG was made to quantify the amount in the samples 

and the results were corrected using the internal standard. The same method was used to 

determine the intracellular accumulation of pCS and pCG in ciPTEC following treatment 

with either 1 or 2 mM of the solutes for 48 h, in the absence or presence of the BCRP 

inhibitor KO143 (10 µM). Acquired data were processed with Thermo Xcaliber software 

(Thermo Fischer Scientific, Breda, the Netherlands). Net ATP-dependent uptake was also 

determined, as described above. 

Proximal tubule cell culture
The ciPTEC line was generated as previously described by Wilmer et al. [30]. The cells 

were cultured in phenol red free DMEM/F12 (Gibco/Invitrogen, Breda, the Netherlands) 

supplemented with 10% (v/v) fetal calf serum (FCS; MP Biomedicals, Uden, The Netherlands), 

insulin (5 µg/ml), transferrin (5 µg/ml), selenium (5 ng/ml), hydrocortisone (36 ng/ml), 

epithelial growth factor (10 ng/ml), and tri-iodothyronine (40 pg/ml) at 33ºC in a 5% 

(v/v) CO2 atmosphere. Propagation of cells was maintained by subculturing the cells at 

a dilution of 1:3 to 1:6 at 33°C. For all experiments, cells were cultured at 33ºC to 40% 

confluency, followed by maturation for 7 days at 37ºC. Experiments were performed on 

the cells between passages 30 and 40.

Flow cytometry
Protein expression of vimentin, E-cadherin and snail1 was analysed by flow cytometry. 

Briefly, ciPTEC were treated for 48 h with either pCS or pCG (0-2 mM). Cells were 

harvested using trypsin-EDTA and fixated with 4% paraformaldehyde/0.1% saponin. All 

staining were performed using a 1:100 antibody dilution and incubated for 30 min at 

room temperature. Primary antibodies used were: mouse-α-human Vimentin-PE; rat-α-

human E-cadherin; mouse-α-human snail1 (Abcam, Cambridge, UK). And as secondary 
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antibodies we used:  Alexa488 goat-α-rat for E-cadherin, and Alexa488 goat-α-mouse for 

snail1 (Life Technologies, Carlsbad, USA). Samples were acquired with a BD FACSCalibur 

(Becton Dickinson, Breda, The Netherlands). Analysis was performed using Flow Jo 

software (TreeStar, Ashland, USA), gating on viable cells. 

Quantitative PCR 
For gene expression, total RNA was isolated from ciPTEC exposed to pCS or pCG 

(0-2mM) for 48 h using an RNeasy Mini kit (Qiagen, Venlo, The Netherlands) according 

to the manufacturers recommendations. Subsequently, cDNA was generated using 

the Omniscript RT-kit (Qiagen). Following cDNA-synthesis, quantitative PCR was performed 

using a CFX96 Real-Time PCR detection system (Bio-rad, Veenendaal, The Netherlands). 

GAPDH was used as housekeeping gene and relative expression levels were calculated as 

fold change using the 2-ΔΔCT method. The primer-probe sets were obtained from Applied 

Biosystems: GAPDH, hs99999905_m1; OATP4C1, hs00698884_m1; Bcl-2, hs00608023_

m1; snail1, hs00195591_m1; BCRP, hs00184979_m1; MRP4, hs00195260_m1; KIM-1, 

hs03054855_g1; Vanin-1, hs01546812_m1.  

Fluorescent microscopy
Morphological changes after exposure to solutes in ciPTEC were assessed using both 

standard bright field and fluorescent microscopy, using the fluorescent cytoplasm 

marker carboxyfluorescein diacetate succinimidyl ester (CFDA-SE; Life Technologies). 

Samples were incubated with CFDA-SE (10 µM) for 10 min prior to fixation with 4% 

paraformaldehyde. Images were acquired via a Leica DMI6000B-automated high-content 

microscope (Leica, Wetzlar, Germany). 

Functional assays for BCRP and MRP activity  
The function of BCRP and MRP4 was evaluated using fluorescent substrates that 

accumulate intracellular upon inhibition of the pump activity. Hoechst33342 was used 

to evaluate BCRP activity and glutathione methylfluorescein (GSMF), a bi-product of 

5-Chloromethylfluorescein Diacetate (CMFDA; Life Technologies), to assess MRP4 

activity. To investigate ciPTEC efflux activity, cells were seeded in 96 well plates and, after 

maturation, incubated for 30 min with 1.25 µM of the fluorescent substrates in Krebs 

buffer in absence or presence of a concentration range of a specific inhibitor for either 

BCRP (KO143) or MRP’s (MK571). Hoechst33342 fluorescence was measured directly 

after incubation, whereas GSMF fluorescence was monitored after an additional 30 min 

at 37°C. To investigate pCS and pCG effect on transport activity, cells were seeded as 

described and treated for 48 h with either pCS or pCG (0-2 mM) prior to incubation with 

either Hoechst33342 or CMFDA (1.25 µM) for 30 min at 37°C. All fluorescent assays 

were performed in triplicate and measures performed in a Victor 3 Multilabel plate reader 

(Perkin Elmer, Waltham, USA).
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Statistics
Statistics were performed using GraphPad Prism 5.02 via one-way analysis of variance 

(ANOVA) followed by Bonferroni’s or Dunnett’s Multiple Comparison Test, or by an 

unpaired Student’s t-test. Differences between groups were considered to be statistically 

significant when p<0.05. 

RESULTS
Accumulation of pCS and pCG and changes in p-cresol metabolism 
in CKD patients
Figure 1 illustrates that mean pCS levels markedly increased from 20 µM in healthy controls 

to 62 µM in non-dialysis CRF patients and to 116 µM in dialysis patients. The concentration 

of pCG increased from 0.3 µM (control) to 1 µM (CRF) and 30 µM (ESRD). In addition, HPLC 

revealed that the p-cresol metabolite fraction shifted from sulfation to glucuronidation 

with a pCG percentage of 1.3% in CRF patients and 21% in ESRD patients (Figure 1C). 

Note that with the PCA extraction method used, the compounds are stable in the extract 

for up to 16 h, where after degradation into p-cresol was observed (data not shown). 

Figure 1. Accumulation of p-cresol metabolites during CKD. HPLC was used to measure the total 
plasma concentrations of (A) pCS and (B) pCG. Plasma samples were obtained from healthy 
volunteers (n=4) and patients with CRF (n=79) or ESRD (n=12). Standards of the compounds were 
also analyzed in order to quantify the amount of toxins found in the samples. Acquired HPLC 
data were processed with PC1000 software (Spectrasystem) and LC/MS data were processed with 
Xcaliber software (Thermo scientific). (C) Percentage pCS and pCS of total metabolites. Statistical 
analysis was performed via one-way ANOVA followed by the Dunnett’s Multiple Comparison 
Test for each toxin. Results are presented as mean ± SEM. * = p < 0.05 compared to Control.  
# = p < 0.05 compared to CRF. 
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Apical transporters involved in pCS and pCG clearance 
Next, we aimed to elucidate the transporters involved in the renal clearance of both 

p-cresol metabolites. Using membrane vesicles, the highest concentration tested (1 

mM) of pCS inhibited MRP4-mediated [3H]-MTX uptake with 40% and BCRP-mediated 

[3H]-E1S uptake with 25% (Figure 2A-B). In contrast, pCG reduced [3H]-MTX uptake by 

MRP4, in a concentration-dependent manner by 18% at 1 µM and 75% at 1 mM (Figure 

2A). To identify whether pCG and pCS are substrates for MRP4 and BCRP, accumulation 

of the solutes in transporter-expressing vesicles was investigated. As shown in Figure 2C, 

we did not observe uptake of pCS in MRP4 expressing vesicles, whereas pCG appeared 

to be transported, although not significantly (p = 0.07). Conversely, direct uptake of 

both pCS and pCG in BCRP vesicles was clearly demonstrated (Figure 2D). Lastly, we 

set out to confirm these results in a more physiological model. Both pCS and pCG are 

taken up by ciPTEC as demonstrated by their accumulation in ciPTEC after exposure 

to either 1 or 2 mM of the solutes for 48 h (Figure 2E). Intracellular levels of pCS were 

determined to be 204 ± 65 and 344 ±1 11 ng/ml, respectively, while pCG levels were 

239 ± 50 and 440 ± 174 ng/ml, respectively, indicating a dose-dependent uptake of both 

metabolites. Moreover, inhibition of BCRP activity by KO143 increased the intracellular 

levels of pCS (Figure 2E), further supporting the notion that this transporter is involved in 

renal pCS handling. In contrast, suppressing BCRP functionality did not alter intracellular 

pCG concentrations (Figure 2E), possibly due to MRP4-mediated transport of pCG. Nor 

did the MRP4 inhibitor, MK571, have any effect (data not shown). Taken together, these 

findings suggest that both p-cresol metabolites are actively transported by BCRP, and 

pCG appears to be both a substrate and a potent inhibitor of MRP4. 

Table 1. Characteristics of study subjects.

CRF ESRDa Control

Number 79 12 4
Age (years) 59 ± 14 55 ± 15 40 ± 12
Women (%) 29 25 50

Ureum (mmol/l) 12 ± 4 21 ± 7 ND
Creatinine (µmol/l) 171 ± 58 774 ± 242 ND

eGFR (ml/min/1.73 m2) b 37 ± 14 NA ND
Dialysis strategy NA 11 HD, 1 CAPD NA

Values are shown as mean ± SD. CRF, chronic renal failure; ESRD, end-stage renal disease; 
ND, not determined; NA, not applicable; HD, hemodialysis; CAPD, continuous ambulatory 
peritoneal dialysis. aClinical data of 3 subjects was undisclosed, 8 samples were whole blood. 
beGFR was calculated using the Modification of Diet in Renal Disease (MDRD) equation  
(www.nkdep.nih.gov).
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Figure 2. Uremic toxins are substrates and/or inhibit MRP4- and BCRP-mediated transport. A rapid 
filtration technique was used to study (A) MRP4-mediated [3H]-MTX uptake or (B) BCRP-mediated 
[3H]-E1S uptake into membrane vesicles in the presence of various concentrations of p-cresol 
metabolites. Radioactivity was determined using liquid scintillation counting. Results are presented 
as mean ± SEM of one representative experiment performed in triplicate. Statistical analysis was 
performed via one-way ANOVA followed by the Dunnett’s Multiple Comparison Test for each toxin. 
Uptake of pCS and pCG into (C) MRP4- or (D) BCRP-overexpressing vesicles as determined by LC/
MS-MS. (E) Intracellular content of pCS and pCG in ciPTEC after 48 h exposure, in the absence or 
presence of the BCRP inhibitor KO143, as determined by LC/MS-MS. Results are presented as mean 
± SEM of three independent experiments performed at least in duplicate Statistical analysis was 
performed by an unpaired Student’s t-test for each toxin. * =p<0.05 and ** =p<0.01 compared to 
eYFP transduced cells.
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Induction of EMT by pCG 
The toxicity of pCS has been widely investigated [20], however, little is known about 

the biological activity of pCG. Previously, our group demonstrated that pCS and pCG (1 

and 2 mM) mitigated metabolic activity in ciPTEC, without affecting cell viability [12]. 

Here, we studied the impact of both solutes on ciPTEC phenotype emphasizing on EMT, 

a known consequence of pCS exposure [31]. Figure 3 shows that pCG concentration-

dependently increased the expression of the mesenchymal marker vimentin (Figure 3A-D), 

while decreasing the expression of the epithelial marker E-cadherin, although this effect 

was not significant (Figure 3B-E). Snail is an important transcription factor involved in EMT 

and snail protein levels were unaltered following pCG exposure (Figure 3C-F), whereas, 

gene expression was significantly down-regulated (Figure 3G). Moreover, expression of 

the anti-apoptotic gene Bcl-2 was induced by pCG (Figure 3H), in concordance with 

transitioning epithelial cells being resistant to apoptosis [32]. Next, it was investigated 

whether pCS and pCG induced cell injury by studying the expression of two early markers 

of tubular damage: kidney injury molecule-1 (KIM-1) and vanin-1 [33, 34]. Figure 3I shows 

that exposure to pCG resulted in a slight reduction in KIM-1 expression while pCS had no 

effect. Furthermore, vanin-1 levels remained unchanged by either pCS or pCG (data not 

shown). These findings suggest that both solutes did not induce tubular cell damage, in 

line with the observed induction of EMT. In confirmation, treatment with pCG resulted in 

transformation of the typical epithelial cobblestone morphology into a more prolonged, 

fibroblast-like, morphology (Figure 3K-N).

Since pCG exposure led to loss of proximal tubular characteristics, gene expression of 

key transporters was investigated. Following treatment with pCG, the influx 

transporter potentially involved in p-cresol metabolite handling [35], organic anion 

transporting polypeptide (OATP4C1), was significantly down-regulated (Figure 3J), 

whereas expression of BCRP increased more than 2-fold (Figure 4A), consistent with 

effects previously reported upon renal stress or injury [36]. In addition, no changes in MRP4 

mRNA levels were observed, as demonstrated in Figure 4B. Together with the observed 

induction of EMT, these results suggest that pCG exposure causes cell stress whereas pCS 

does not exert such biological activity in ciPTEC.

Exposure to pCG results in a functional up-regulation of BCRP 
To investigate further the functional consequences of cell stress induced by pCG, 

the transport activity of BCRP and MRP4 was studied. Figure 4C shows an increase in 

fluorescence when cells were exposed to Hoechst33342 in presence of the BCRP inhibitor 

KO143, indicating inhibition of efflux. Similarly, exposing cells to CMFDA (precursor of 

GSMF) in presence of the MRP blocker MK571 also resulted in augmented fluorescence 

(Fig. 4D). Thus, fluorescent substrates are viable tools to monitor BCRP and MRP4 efflux 

activity in ciPTEC. Following exposure to pCG (2 mM, 48h) Hoechst33342 retention 

was approximately reduced by 50%, which corresponded to a 2-fold increase in BCRP  
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activity (Figure 4E). This effect is consistent with the observed increase in BCRP gene 

expression (Figure 4A). Moreover, no significant differences were observed in GSMF 

fluorescence (Figure 4F), also correlating with the lack of effect of pCG and pCS on MRP4 

expression (Figure 4B). These findings further support the hypothesis that pCG promotes 

stress in cells.

Figure 3. Induction of EMT by pCS and pCG in ciPTEC. Cells were exposed for 48 h to salt control 
solution (grey bar), 1 mM (white bars) or 2 mM  (black bars) of pCS or pCG. Following treatment, 
cells were harvested and stained with either (A,D) mouse-α-human Vimentin-PE, (B,E) rat-α-human 
E-cadherin or (C,F) mouse-α-human Snail. Representative histograms show the salt control (grey 
line) and the treatment with pCG 2mM (black) for (D) Vimentin, (E) E-cadherin and (F) Snail. 
Quantification of staining was done with a BD FACSCalibur flow cytometer using channel FL-2 or FL1 
and analyzed with FlowJo software gating on viable cells. Furthermore, gene expression of (G) Snail, 
(H) Bcl-2, (I) KIM-1 and (J) OATP4C1 was studied using qPCR. GAPDH was used as reference gene 
and relative expression levels were calculated using the 2-ΔΔCT method. Representative images of 
cells incubated with either control salt solution (K,L) and 2 mM pCG (M,N), Images were acquired 
under bright field and fluorescent microscopy, cytoplasm was stained with CFDA-SE. Statistical 
analysis was performed via one-way ANOVA followed by the Bonferonni’s Multiple Comparison 
Test for each toxin. Results are presented as mean ± SEM of at least three independent experiments 
performed in duplicate. * indicates p<0.05 compared with control. 
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Figure 4. Impact of pCS and pCG on expression and function of apical transporters. To determine 
the impact of pCS and pCG, cells were exposed for 48 h to salt control solution (grey bar), 1 mM 
(white bars) or 2 mM  (black bars) of pCS or pCG. Following treatment, ciPTEC were harvested and 
total mRNA was isolated. Afterwards, cDNA was synthesized and (A) BCRP and (B) MRP4 expression 
was studied using qPCR. GAPDH was used as housekeeping gene and relative expression levels 
were calculated using the 2-ΔΔCT method. (C) To determine BCRP functional activity in ciPTEC, cells 
were incubated with Hoechst33342 (1.25 μM) in combination with a gradient of the inhibitor 
KO143, (D) for MRP activity cells were incubated with CMFDA (1.25 μM) and GSMF accumulation 
was measured in combination with a MK571 inhibitor gradient. Results are expressed in fluorescent 
intensity, compensated for background (arbitrary fluorescent units). Changes in transport activity of 
BCRP and MRP following pCS and pCG treatment were determined by incubating the cells, after 
the treatment, with (E) 1.25 μM Hoechst33342 and (F) 1.25 μM CMFDA. Results are expressed 
in activity fold compared to control (i.e. no toxin exposure). Statistical analysis was performed via 
one-way ANOVA followed by the Bonferonni’s Multiple Comparison Test for each toxin. Values are 
shown as mean ± SEM of minimally two independent experiments performed in triplicate.
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DISCUSSION
CKD is characterized by the accumulation of a diverse range of metabolites, which are 

normally cleared by the healthy kidney. Yet, it remains unclear which solutes are the true 

culprits in CKD progression and contribute to the myriad of comorbidities associated 

with the disease. The results of the present study demonstrate that the uremic retention 

solutes, pCS and pCG, accumulate in chronic kidney disease patients and pCG exposure 

causes phenotypical changes in renal proximal tubule cells. Furthermore, both pCS and 

pCG seem to depend on BCRP activity for their urinary secretion. It is well known that 

BCRP and MRP4 are of key importance for clearing a wide range of drugs and metabolites 

into the urine, and under uremic conditions their function may be affected, causing toxins 

to accumulate [16]. We also describe how exposure to pCG up-regulates BCRP activity, 

which may indicate an inducible response mechanism to cope with increased toxin 

levels that otherwise could lead to cellular stress. These results underline the importance 

of ABC transporters in the excretion of uremic toxins by proximal tubule cells and 

demonstrate how inactivity of these transporters may contribute to tubular damage and 

CKD progression by promoting pCS and pCG accumulation [37]. Moreover, the present 

findings provide the first support that pCG exposure results in EMT and cell stress, as was 

demonstrated by increased vimentin and Bcl-2 expression as well as decreased E-cadherin 

expression, accompanied by a change in morphology. Furthermore, we observed 

reduced levels of snail1 mRNA, whereas protein levels where unaffected by pCG. These 

results are in line with reports showing that in human kidney (HK-2) cells undergoing 

cyclosporine A-induced EMT, snail gene expression decreased while protein expression 

increased due to a reduced rate of protein degradation [38]. Furthermore, pCG caused 

a reduction in the expression of KIM-1, a marker associated with acute injury due to an 

inflammatory response [39], supporting the notion that pCG promotes EMT rather than  

inducing nephrotoxicity. 

In contrast to the marked impact of pCG on ciPTEC phenotype, no changes were 

observed following exposure to pCS. Which is in stark disparity with previous results 

obtained in leucocytes [18]. This suggests that the toxicity of both p-cresol metabolites 

is cell type-specific. Also, in previous studies, the models used to investigate the impact 

of pCS on human renal cells, such as HK-2 cells, have limited physiological resemblance 

to proximal tubules [40]. Moreover, other reports showing that pCS evokes EMT in 

proximal tubules use murine models [41]. Still, it should be noted that the pCS and pCG 

concentrations used were rather high as compared to plasma concentrations. This was 

done because the ciPTEC used in the present study do not express the influx transporters 

OAT1 and OAT3 [42] that play a role in the uptake of both solutes [35, 37], yet we 

did clearly observe intracellular accumulation of both solutes in the cells. Furthermore, 

we believe that pCS and pCG mainly exert toxicity via an intracellular mechanism and 

until now the intracellular concentrations of both solutes during uremia are unknown. 

Nevertheless, we demonstrate that pCG might promote CKD progression by inducing 

phenotypical changes in human proximal tubule cells.
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The paradigm of p-cresol as a uremic toxin of major importance was an artifact from 

strong acidification of plasma samples for deproteinization resulting in hydrolysis of 

both pCS and pCG [5]. In this study, PCA extraction was used as a method for protein 

removal, still the pCS levels determined are similar to the concentrations reported by 

several groups using different deproteinization methods including methanol extraction, 

enzymatic degradation or heating [7, 8, 17, 18]. Reports on pCG concentrations in 

CKD patients are scarce and considerably diverse. Our results corroborate the findings 

by Meert et al., suggesting that pCG levels are much higher than previously reported 

[18]. The observed change in glucuronidation might be caused by secondary factors, 

such as exposure to drugs or smoking, and warrants further clinical investigation beyond 

the scope of the present study. Taken together, our results indicate that acidification 

can be successfully used as a deproteinization method when measuring plasma levels of 

pCS and pCG; yet one has to take into account that the p -cresol conjugates are prone  

to hydrolysis.

In addition to endogenous metabolites, it is widely known that also drug disposition 

is altered in CKD patients [43, 44]. This includes the kinetics of drugs solely cleared 

via phase II metabolism [45-47], whose enzymes catalyze conjugation reactions such as 

glucuronidation, acetylation and sulfation. Recently, using ciPTEC, our group demonstrated 

that uremic toxins could diminish renal UDP-glucuronosyl transferase functionality, 

probably through interference with mitochondrial succinate dehydrogenase activity and 

by reducing the reserve capacity of the energy-generating oxidative phosphorylation 

system [12]. Simard et al., showed that exposing rat hepatocytes to uremic serum resultes 

in a decreased expression of N-acetyltransferases (NAT)1 and NAT2 [48]. Expression 

of both enzymes was also lower in the liver of CKD rats, which was accompanied by 

a reduction in NAT2-mediated acetylation of p-aminobenzoic acid [48]. However, little is 

known about sulfotransferase (SULT) expression and functionality in patients with renal 

failure. Together with the observed shift in p-cresol metabolite profile in this study, these 

findings provide the first evidence that SULT-mediated p-cresol metabolism is saturated 

or reduced in dialysis patients. Of interest, Sugimura et al. reported that SULT1C2 gene 

expression was reduced in an acquired polycystic kidney disease model in rats [49]. Still, 

the link between CKD and SULTs requires further investigation and may contribute to our 

understanding of the pathophysiology of CKD.

In conclusion, in this study the retention of pCS and pCG in CKD patients is 

reported and we provide the first evidence for the interference of both solutes with 

MRP4 and BCRP activity, with potential consequences for renal solute clearance. 

Moreover, we demonstrated active transport of pCS and pCG by BCRP. Furthermore, 

our results demonstrated that pCS does not exert nephrotoxic effects, whereas pCG 

induced cell stress and EMT, as well as changes in transporter expression in ciPTEC. These 

findings offer novel insights in the diverse contributions of both p -cresol conjugates to  

CKD pathophysiology.
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ABSTRACT 
The combination of methotrexate with epidermal growth factor receptor (EGFR) 

recombinant antibody, cetuximab, is currently being investigated in treatment of head 

and neck carcinoma. As methotrexate is cleared by renal excretion, we studied the effect 

of cetuximab on renal methotrexate handling. We used conditionally immortalized 

proximal tubule epithelial cells over-expressing organic anion transporter 1 (ciPTEC-

OAT1) to examine OAT1, and the efflux pumps breast cancer resistance protein (BCRP), 

multidrug resistance protein 4 (MRP4) and P-glycoprotein (P-gp) in methotrexate handling 

upon EGF and/or cetuximab treatment. Protein kinase microarrays and knowledge-based 

pathway analysis were used to predict EGFR-mediated transporter regulation. Nephrotoxic 

effects of methotrexate were evaluated using the dimethylthiazol bromide (MTT) viability 

assay. Methotrexate inhibited OAT1-mediated fluorescein uptake, and decreased efflux 

of Hoechst33342 and glutathione-methylfluorescein (GS-MF), suggesting involvement 

of OAT1, BCRP and MRP4 in transepithelial transport, respectively. Cetuximab reversed 

the EGF-increased expression of OAT1 and BCRP, as well as their basolateral membrane 

expressions and transport activities, while MRP4 and P-gp were increased. Pathway 

analysis predicted  cetuximab-induced modulation of PKC and PI3K pathways downstream 

of ERGF/ERBB2/PLCg. Pharmacological inhibition of ERK decreased expression of OAT1 

and BCRP, while P-gp and MRP4 were increased. AKT inhibition reduced all transporters. 

Exposure of ciPTEC-OAT1 to methotrexate for 24 hours led to a decreased viability, an 

effect that was reversed by cetuximab. 

In conclusion, cetuximab downregulates OAT1 and BCRP while upregulating P-gp and 

MRP4 through an EGFR-mediated regulation of PI3K-AKT and MAPKK-ERK pathways. 

Consequently, cetuximab attenuates methotrexate-induced nephrotoxicity, which may 

open possibilities for nephroprotective co-medication therapies. 

Key words
Combination therapy, drug disposition, kinase signaling, drug transporters, renal proximal 

tubule.
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INTRODUCTION
Current cancer treatments often rely on the administration of multiple chemotherapeutic 

drugs to improve overall survival. These combination therapies can overcome 

the limitations of single target drugs, as they exploit different action mechanisms 

and can be administered under several regimens, for curative and palliative purposes. 

Recurrent or metastatic squamous cell carcinoma of the head and neck (SCCHN) 

yields a poor prognosis, with limited treatment options, and a novel phase I/IIb trial 

(Identifier: NCT02054442; ClinicalTrials.gov) is set to investigate the efficacy and safety 

of methotrexate in combination with cetuximab.

Methotrexate is an established antifolate, and one of the most extensively used 

anticancer agents [1, 2]. It inhibits the enzyme dihydrofolate reductase, disrupting DNA 

synthesis [3], and can be administered in both high and low doses for the treatment of 

autoimmune diseases and cancers [4, 5]. High-dose methotrexate (i.e. 12,000 mg/m2) is 

used in the treatment of malignancy, focusing on the prevention and management of 

toxicity, for example in osteosarcoma and in patients with high-risk lymphoma, while 

low-dose methotrexate (i.e. 40 mg/m2) is used in metastatic SCCHN and in various 

nonmalignant immune-mediated disorders [6, 7]. Cetuximab is an anti-epidermal 

growth factor receptor (EGFR) recombinant monoclonal antibody (IgG1) [8] that  

displays beneficial clinical outcomes in patients with recurrent or metastatic SCCHN, and 

does not exert renal adverse effects [9]. It binds to the extracellular domain of EGFR 

and hinders the ligand-induced tyrosine kinase activation [10]. When active, multiple 

EGFR tyrosine-kinase domains can trigger down-stream signal transduction cascades, 

more specifically the phosphoinositide 3-kinase (PI3K)-AKT and mitogen activated protein 

kinase (MAPK) pathways [11]. These pathways are responsible for a series of intracellular 

regulatory processes such as cell cycle progression, neovascularization, migration, 

differentiation, proliferation and immunogenic responses [12]. 

The kidney, through active tubular secretion, clears a great variety of chemotherapeutics 

and among those is methotrexate. During this process, methotrexate accumulates within 

the kidney and, especially at high-dose, the drug can promote extensive necrosis of 

the proximal tubular epithelial cells (PTEC) [13, 14]. This is due to transporters expressed 

in PTEC that are involved in the excretion process of methotrexate. The drug is efficiently 

taken up from the blood compartment by the organic anion transporters 1 and 3 (OAT1-3) 

[15] and excreted into the tubular lumen by the multidrug resistance proteins (MRP) 2 

and 4 [16] and breast cancer resistance protein (BCRP) [17]. In general, transmembrane 

transporters are key to renal function and their activity and expression can be regulated, 

amongst others via EGFR [18]. In the kidney, EGFR is expressed in PTEC, and activated 

by EGF and EGF-like hormones [19]. Furthermore, EGFR can stimulate renal epithelial 

regeneration in response to kidney injury [20].

Despite the wide use of methotrexate, a potential pharmacokinetic interaction with 

cetuximab when combined in therapy is not known. The aim of this study was to investigate 
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the effects of cetuximab on renal methotrexate handling using conditionally immortalized 

human PTEC overexpressing OAT1 (ciPTEC-OAT1) [21]. Previously, we demonstrated 

ciPTEC as a representative human proximal tubule cell line with preserved features, 

including cell polarization, monolayer organization, expression of tight junction proteins, 

as well as xenobiotic transporter and metabolic enzyme activities [22, 23]. Using this cell 

line, we revealed that cetuximab downregulates OAT1 and BCRP while it upregulates 

MRP4 via EGFR signaling, thereby reducing renal methotrexate uptake as well as its 

nephrotoxic potential. This appeared to be a common regulatory pathway, as cisplatin 

nephrotoxicity was counteracted as well, and opens possibilities for nephroprotective 

co-medication therapy.

METHODS
Chemicals
All chemicals were obtained from Sigma (Zwijndrecht, The Netherlands) unless stated 

otherwise. Stock solutions of all compounds used for transport assays were prepared 

according to specification in either dimethyl sulfoxide (DMSO) or dH2O. Cetuximab  

(Erbitux®) was obtained from Merck Serono (Darmstadt, Germany).

Cell culture
The ciPTEC-OAT1 were cultured in phenol red-free DMEM/F12 (Invitrogen, Breda, 

The Netherlands), as previously described [24]. Cells were seeded at a density of  

63,000 cell/cm2, grown for 24 hours at 33°C and subsequently at 37°C for 7 days. ciPTEC 

required a temperature shift in order mature and grow into fully differentiated epithelial 

cells forming a tight monolayer, prior to each assay. 

Cetuximab, methotrexate and cisplatin treatments  
To study the effects of cetuximab, matured ciPTEC were treated for 24 or 48 hours by 

incubation with or without cetuximab (500 μg/mL) in culture medium, in the presence 

or absence of EGF (10 ng/mL). After cetuximab exposure, cells were incubated with 

either increasing concentrations of methotrexate or cisplatin (up to 100 μM) for 24 

hours, using standard ciPTEC culture medium (CM; containing 10% fetal calf serum) 

or serum-free medium (SFM). Under normal conditions, ciPTEC medium contained EGF 

which was considered as control condition. Composition of ciPTEC medium is described 

in the supplementary information. 

Fluorescent functional assays 
The retention of fluorescent substrates was used to determine the changes in activity 

of membrane transporters. Fluorescein, Hoechst33342, calcein-AM, 5-chloromethyl 

fluorescein diacetate (CMFDA) and (4-(4-(dimethylamino) styryl)-N-methylpyridinium 
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(ASP+) were used to evaluate the function of OAT1, BCRP, P-gp and MRP4 and OCT2, 

respectively, as described [21, 25]. To study the effect of methotrexate on these 

transporters, cells were exposed to a single concentration of the substrates (fluorescein 

and calcein-AM: 1 μM; Hoechst33342 and CMFDA: 1.25 μM), separately, or together 

with methotrexate. Model inhibitors probenecid, KO143, MK571 and PSC833 were 

used to validate transporter involved. To investigate cetuximab influence on transport 

function, a two-fold step dilution was performed to obtain a concentration gradient of 

the fluorescent substrates with maximum concentrations of 25 μM each. The calcein-

AM assay was performed in the presence of 2.0 μM of inhibitor PSC833 and CMFDA in 

the presence of 5.0 μM of MK571. Cells were washed twice before incubation at 37°C 

for 10 minutes (fluorescein), 30 minutes (CMFDA, Hoechst33342 and ASP+) or 60 minutes 

(calcein-AM), as described previously . Afterwards plates were washed twice and cells were 

lysed with either 0.1 M NaOH (fluorescein) or Triton-X100 1% (calcein-AM and CMFDA). 

Subsequently, fluorescence was acquired via an Ascent Fluoroskan FL microplate reader 

(Appropriate filter settings - wavelengths: fluorescein, calcein and glutathione-methyl 

fluorescein (GS-MF; the end-metabolites of calcein-AM and CMFDA, resp.); excitation: 

494 nm, emission: 512 nm. Hoechst33342; excitation: 350 nm, emission: 461 nm. ASP+; 

excitation: 470 nm, emission: 590 nm) 

Gene expression
Transporters gene expression profiling was performed by isolating total RNA from cells 

grown in 6 well plates, using an RNeasy Mini kit (Qiagen, Venlo, The Netherlands), 

according to the manufacturers specifications. Subsequently, cDNA was synthesized 

using the Omniscript RT-kit (Qiagen). Subsequently quantitative PCR was performed in 

a CFX96 Real-Time PCR detection system (Bio-rad, Veenendaal, The Netherlands). GAPDH 

was used as housekeeping gene for normalization and relative expression levels were 

calculated as fold change using the 2−ΔΔCT method. The primer-probe sets were obtained 

from Applied Biosystems: GAPDH - hs99999905_m1; BCRP - hs00184979_m1; MRP4 - 

hs00195260_m1 and Pgp - hs00184500_m1; OAT1 - hs00537914.

Western Blot analysis 
The protein levels of OAT1 and BCRP were determined by Western blotting using 9% 

(W/V) sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS-PAGE). Cell 

samples were homogenized in ice-cold Tris-Sucrose (TS) buffer (10 mM Tris-HEPES and 

250 mM sucrose, pH 7.4) containing protease inhibitors (PMSF 100 μM, Aprotinin 5 

μg/ml, Leupeptin 5 μg/ml, Pepstatin 1 μg/ml, E64 10 μM). Membrane fractions were 

obtained by high shear passage using a microfluidizer LV1 (Microfluidics™, Westwood, 

AM, USA), and cell lysates were span for 20 and 90 minutes at 4,000 and 25,000 rcf at 4˚C, 

respectively. Membranes were incubated with mouse anti-BCRP (1:200 dilution; Abcams®, 

Cambridge, UK) and rabbit anti-OAT1 antibody (1:100 dilution; Abcams®, Cambridge, 
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UK) over night at 4˚C. As a loading control, rabbit anti-Na, K-ATPase antibody (α-subunit, 

1:4,000 dilution, C356-M09, [26]) was used. Secondary antibodies, Alexa fluor® 680 goat 

anti-rabbit IgG (1:10,000 dilution; Life Technologies Europe BV), streptavidin Alexa fluor® 

680 (1:10,000 dilution; Life Technologies Europe BV) and IRDye 800 goat anti-rabbit 

IgG (1:10,000 dilution; Rockland, PA). Fluorescence was detected using the Odyssey 

scanner CLx (Li-Cor Biosciences, USA). Data were normalized to protein expression levels 

of the loading control using ImageJ software (imagej.nih.gov).

Serine/Threonine and Tyrosine Kinase microarrays and pathway 
analysis 
To investigate downstream cetuximab effects on ciPTEC, the serine/threonine kinase (STK) 

and protein tyrosine kinase (PTK) activity profiles were determined with 3D dynamic peptide 

microarrays. Using the PamStation12 platform and PamChip® microarrays, containing 

4 identical arrays each, with 142 either STK or PTK immobilized phosphorylation sites, 

cetuximab treated ciPTEC samples were analyzed as previously described [27]. Cells 

were grown in 6 well plates, after maturation, cells were washed and incubated with 

cetuximab either in the presence or absence of EGF for 15 minutes in Hank’s balanced 

salt solution (HBSS). Cell pellets were lysed using mammalian protein extraction reagent 

(MPER) in the presence of HALT™ phosphatase and protease inhibitors (Pierce) according 

to manufacturer instructions. Resulting cell lysates were profiled as described previously 

[28, 29]. The data was analyzed using Evolve and BioNavigator (signal acquisition and data 

analysis software, respectively; Pamgene) to generate heat maps and differential kinase 

activity hits by comparing ratios over the control condition (+EGF). Significantly relevant 

peptide phosphorylations (targets/hits) were selected and used to generate canonical 

pathway signaling hypotheses by performing an unbiased analysis using the Genego 

MetaCore™ (thomsonreuters.com) software and data base resources.

Intracellular methotrexate metabolite quantification by LC-MS/MS
In order to determine methotrexate uptake by ciPTEC, the intracellular levels of 

methotrexate polyglutamates were analyzed following 48 hours cetuximab pre-treatment 

and 24 hours methotrexate exposure in both CM and SFM. Cells were washed, harvested 

and cell pellets were frozen in liquid nitrogen and stored at -80°C prior to analysis. 

Samples were analyzed as previously described [30]. Briefly, 16% perchloric acid was used 

to precipitate protein, after a centrifugation step, 10 μL (per sample) of supernatant was 

analyzed by liquid chromatography-electrospray ionization-tandem mass spectrometry 

(UPLC-ESI-MS/MS) using a Waters Acquity BEH C18 column and a 5-100% gradient of 

10 mM ammonium bicarbonate pH10 and methanol on a classic Acquity UPLC (Waters 

Instruments). Detection was performed during a 6 minute run by positive electrospray 

ionization using a  Quattro Premier XE (Waters Instruments).
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Cell cycle analysis 
For cell cycle analysis, cells were grown in 6 well plates and following treatment cells were 

harvested using accutase, washed and centrifuged before fixation with cold 70% (v/v) 

ethanol, for 1 hour. Subsequently the cells, in suspension, were stained with a propidium 

iodide (PI) solution containing 40 μg/mL PI, 100 μg/mL RNase A and 0.1% (v/v) Triton 

X-100, for 45 minutes. The data was retrieved using a BD FACSCanto II flow cytometer 

and analyzed using the FlowLogic® software (Chromocyte, Sheffield, UK). 

Cell viability 
Cell survival upon methotrexate or cisplatin exposure was determined using 

the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were 

washed twice and incubated with 5 mg/mL MTT (100μL p/well) for a minimum of 2 hours 

at 37°C, after washing wells are dissolved in 200μL DMSO (p/well) and absorbance read 

via a BioRad iMark microplate reader (absorbance: 550-600 nm). Cisplatin toxicity was also 

evaluated by the Presto-blue (PB) assay, cells were incubated for 1 hour with 1:10 dilution 

PB solution (100 μL p/well) at 37°C. Subsequently the supernatant was transferred to 

a 96 well plate and absorbance read using Jasco FP8300 Spectrophotometer (excitation 

wavelength: 560 nm, emission wavelength: 590 nm).

Data analysis
Transport activity was calculated by normalizing fluorescence intensity, expressed in 

arbitrary units (a.u.), to baseline values (no inhibitor) after background subtraction, as 

described [25]. Inhibition of efflux activity led to increased total fluorescence, therefore, 

efflux activity is depicted as the inverse of the fold increase in fluorescence. Non-linear 

analysis according to Michaelis-Menten kinetics was performed using GraphPad Prism 

5.02 (GraphPad software, San Diego, CA, USA). Differences between groups were 

considered to be statistically significant when p<0.05 using a one-tailed Student’s t-test. 

All data are presented as mean ± SEM.

RESULTS
Renal excretion of methotrexate is mediated by OAT1, BCRP and 
MRP4
Methotrexate clearance has been studied in humans and rodents in vivo, and in cell lines 

expressing a single transporter; however, its handling in a renal cell model containing 

multiple relevant transporters has not been performed. We first examined the renal 

excretion route for methotrexate in ciPTEC-OAT1 in an indirect way by measuring 

the interaction of methotrexate with marker substrates fluorescein, GS-MF and 

Hoechst33342 for OAT1, MRP4 and BCRP, respectively [21, 25]. Model inhibitors were 

used as positive control and the fluorescence levels without inhibition were normalized to 
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100%. Upon methotrexate exposure, OAT1, BCRP and MRP’s activities were significantly 

reduced (Fig. 1A-C), whereas P-gp activity was not affected (Fig. 1D), confirming a renal 

excretion pathway previously suggested (Fig. 1E).

Cetuximab regulates tubular xenobiotic transport 
Next, renal drug transporter expression and its activity were determined after treating 

ciPTEC with cetuximab. Exposure to cetuximab for 48 hours resulted in an altered 

expression and function of all major transport systems present in ciPTEC-OAT1 as 

compared to the standard culture conditions in presence of EGF. The gene expression of 

OAT1 was reduced in the absence of EGF and/or in presence of cetuximab, which was also 

observed for BCRP (Fig. 2A and C). In agreement, protein expression levels of OAT1 and 

BCRP were reduced in the absence of EGF (Fig. 2A and C). Both MRP4 and P-gp mRNA 

levels were increased in the absence of EGF as well as in the presence of cetuximab (Fig. 

2E and G), for which we did not determine their protein expression. The accumulation of 

fluorescein, Hoechst33342, calcein and GS-MF were reduced upon cetuximab exposure 

both in the presence or absence of EGF (Fig. 2B, D, F and H). This effect was similar to 

that observed after culturing cells for 48 hours in absence of EGF. When cetuximab was 

given in absence of EGF, no further alterations were observed. Functional changes were 

evidenced from the accumulation of the fluorescent probes, in which a higher intensity 
yielded more accumulation of the probe. For efflux pumps, a higher activity yielded 
a reduction in substrate accumulation given an increased rate of removal, as was 
observed for GS-MF and calcein. The reduction in BCRP was not reflected by an 
increased Hoechst33342 retention, most likely due to the increased expression in 
P-gp which can also secrete Hoechst33342 [25]. After nonlinear regression analysis 
according to Michaelis-Menten kinetics, parameters were calculated and presented 
in Table 1. No significant changes in IC50 values were found for all conditions tested 
(Table 1), implicating that the results observed relate to changes in expression levels 
of the transporters rather than changes in affinities.

Cetuximab activates serine/tyrosine signaling down-stream of 
EGFR 
To investigate the down-stream effects of cetuximab-EGFR signaling in ciPTEC, kinase 

activity profiling using peptide microarrays comprising either 144 PTK or STK phosphosite 

was performed (PamChip®), and used to generate an interaction network. Cells were 

treated with cetuximab for 15 minutes in the presence and absence of EGF. Overall, 

cetuximab activated PTK and STK. In the presence of EGF, STK activity decreased, an 

effect that was counteracted by cetuximab co-incubation (Fig. 3A). Subsequently, 

significantly modulated targets (phosphorylated peptides) were selected and evaluated 

with the MetaCore™ software. Analysis provided a list of known pathways that most 

significantly overlap with the PTK and STK targets determined for cetuximab. Results 
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Figure 1. Methotrexate uptake in ciPTEC-OAT1. Methotrexate (MTX) significantly reduced the uptake 
of fluorescein (A) and inhibited the efflux of Hoechst33342 (B) and GS-MF (C). Calcein efflux was 
not blocked by methotrexate (D). Data are presented as mean values +/- SEM. Statistical analysis was 
performed via unpaired Student’s t-test. *p < 0.05 and ***p < 0.01 compared to control (CTRL). 
A schematic depiction of the potential interactions (E).

show that the signaling pathways triggered by cetuximab mainly involve tyrosine kinases, 

while EGF mostly affects serine kinases, underlining the stark differences between both 

conditions. An in-depth scrutiny into the predicted pathways (Fig. 3C) revealed that in 

the control condition (+EGF) the key regulatory elements are: cAMP-dependent protein 

kinase A (PKA), serine/threonine specific kinase C (PKC), downstream transcription factor 
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Creb1 (cAMP responsive element binding protein 1) and the nuclear factor kappa light 

polypeptide gene enhancer (NF-kβ1). On the other hand, cetuximab exposure reduced 

EGFR, receptor tyrosine-protein kinase (Erbb2) and PKC activity, while enhancing 

phospholipase C-γ (PLCγ), phosphatidylinositol-4,5-bisphosphate 3-kinase (P13K) and 

phosphoinositide dependent protein kinase (PDK). There was also a direct link between 

EGFR inhibition and MRP4 enhanced phosphorylation. Additional results from the kinomic 

and pathway analyses are presented as supplementary information. Further down, EGFR 

signal transduction targeted the AKT and MAPK/ERK pathways implicated in regulating 

the expression of OAT1, BCRP, P-gp and MRP4. When cells were exposed to LY294002, 

an AKT inhibitor, the expression of all transporters was reduced (Fig. 3D). Whereas 

the ERK inhibitor U-0126 reduced the expression of OAT1 and BCRP, and upregulated 

the expression of P-gp and MRP4 (Fig. 3B). 

Cetuximab reduces methotrexate uptake and ameliorates 
nephrotoxicity 
Although high-dose methotrexate appears to be nephrotoxic in vivo, ciPTEC were only 

moderately sensitive to methotrexate, with a reduction in cell viability of about 70-80% 

at the highest concentration tested (Fig. 4). In agreement with its effect on the functional 

expression of the renal drug transporters, a 24 hours cetuximab pre-treatment effectively 

reduced the intracellular concentration of methotrexate-polyglutamates 1 (Fig. 4A). Cell 

cycle analysis showed that after 48 hours cetuximab treatment, G0/G1 phase (resting 

phase) increased from 75 ± 4% to 81 ± 6% (Fig. 4B). A similar effect as observed 

when cells were cultured in the absence of EGF (Fig. 4C). When exposed to increasing 

concentrations of methotrexate, ciPTEC viability reduced as measured by mitochondrial 

activity (Fig. 4D). However, when cells were exposed for 24 hours to 100 μM methotrexate 

followed by a 24 hours recovery period, the reduction in cell viability was reversed. This 

was independent of cetuximab treatment (Fig. 4E). In cells treated with cetuximab for 24 

hours prior to a 48 hours methotrexate treatment the nephrotoxic effects of methotrexate 

could be prevented. A similar effect was observed after 24 hours pre-treatment with 

the ERK inhibitor, U-0126 (Fig. 4F).

EGFR-mediated signaling is also involved in cisplatin-induced 
nephrotoxicity 
To investigate whether the attenuation in nephrotoxicity by cetuximab was specific for 

methotrexate or a more common phenomenon in tubule epithelial cells, we investigated 

the role of EGFR signaling on cisplatin-induced nephrotoxicity. Cisplatin is another agent 

used in SCCHN combination therapy that, unlike methotrexate, is taken up by PTEC via 

the organic cation transporter 2 (OCT2) and can lead to programmed cell death [31]. 

Similar to the effect observed for methotrexate, pretreatment with cetuximab for 24 

hours ameliorated cisplatin-induced toxicity. Cisplatin treatment alone reduced viability to 
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Figure 2. Expression and function of renal drug transporters upon Cetuximab pre-treatment. 
Cells were pre-treated with cetuximab (CTX) before gene and protein expression was determined. 
The activity of renal drug transporter was evaluated using fluorescent substrates (OAT1, fluorescein; 
BCRP, Hoechst33342; P-gp, calcein and MRP4; GS-MF, respectively). CTX effectively reduced 
the expression and activity of OAT1 (A, B) and BCRP (C,D), while increasing the expression and activity 
of P-gp (E,F) and MRP4 (G,H). Protein expression was determined for OAT1 (60 kDa) and BCRP (72 
kDa) (A, C lower panel), Na,K-ATPase was used as loading control (112 kDa). Data are presented as 
mean values +/- SEM, n=3. Statistical analysis was performed via unpaired Student’s t-test. *p < 0.05 
and ***p<0.01 compared to control (+EGF condition).
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Figure 3. Cetuximab mediated regulation of EGFR downstream signaling. Cetuximab (CTX) 
promoted the activation of STK and phospholipases leading to PI3K-AKT and MAPK-ERK regulation 
of renal drug transporters. Data in B is expressed as mean values +/- SEM of a minimum of 2 
independent assays performed in triplo.
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64±5% and when preceded by cetuximab, viability was maintained at 91±10% (Fig. 5A). 

Increasing concentrations of cisplatin resulted in a severe loss of mitochondrial activity in 

ciPTEC-OAT1, where a maximum concentration of 100 μM resulted in near total activity 

loss after 6 hours exposure followed by a 72 hours recovery period. Cetuximab pre-
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Figure 4. Cetuximab reduced methotrexate-induced nephrotoxicity. Exposure to cetuximab (CTX) 
for 24h reduced the uptake of methotrexate (MTX) in both CM (A) and SFM (B). CTX pre-treatment 
effectively rests cell cycle progression (C). For cell viability assessments, cells were exposed to 
methotrexate (0-100 µM) for 24h in SFM (D), MTX (100 µM) for 24h in SFM, followed by 24h of 
treatment with CM (E) or CTX. Cells were preconditioned for 24h in SFM with CTX or U-0126 (2 
µM), followed by 48h of exposure to MTX (100 µM) (F). MTT assay was then performed. Results are 
expressed in viability (%) compared to control (i.e. SFM-treated cells). CTX pre-treatment effectively 
reduced MTX uptake and toxicity. Values are shown as mean ± SEM of minimally two independent 
experiments performed in triplicates. * significantly different from control (p < 0.05). # significantly 
different from MTX (100 µM; p < 0.05). 
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treatment did not exert any tangible effect on cell viability. On the other hand, the absence 

of EGF resulted in reduced cisplatin toxicity compared to the condition with EGF, revealing 

TC50 values of 44±10 μM compared to 32±18 μM, respectively (Fig. 5B). Furthermore 

the uptake of ASP+, a well-known OCT2 model substrate [32], decreased upon cetuximab 

treatment (Fig. 5C), suggesting the transporter is regulated through EGFR signaling  

as well.

Figure. 5. Cetuximab reduced cisplatin-induced nephrotoxicity. Cell viability in the presence of 
cisplatin (CDDP), was determined after cetuximab (CTX) pre-treatment for 24hours in SFM, followed 
by exposure to CDDP (25 µM) for 24hours. MTT assay was then performed (A). Preconditioning of 
cells with CTX decreased CDDP nephrotoxicity. Results are expressed in viability (%) compared to 
control (i.e. SFM-treated cells). CDDP toxicity after 72hours recovery in CM and CTX was determined 
after 48 hours CTX pre-treatment followed by 6hours of increasing CDDP concentrations (0-100μM)
(B) CDDP recovery was performed in CM to minimize cell stress. The absence of EGF ameliorated 
CDDP toxicity. The accumulation of ASP+ (OCT2 substrate) was reduced upon CTX pre-treatment(C). 
Values are shown as mean ± SEM of minimally two independent experiments performed in triplicates. 
* significantly different from control (p<0.05). 
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DISCUSSION
In the present study, we revealed the mechanistic interactions between methotrexate 

and cetuximab affecting renal methotrexate transport activity and cytotoxic potency. Our 

results show that cetuximab changes drug transporter function through EGFR signaling in 

proximal tubule cells. The changes in transport activity attenuated the nephrotoxic effects 

of methotrexate and cisplatin. These findings shed light on the potential of using EGFR 

signaling modulation as a target to prevent renal toxicity in combination chemotherapy. 

Nephrotoxicity is a major concern in various chemotherapeutic regimens, and often 

a dose-limiting factor. The delayed elimination of methotrexate in the course of high-dose 

methotrexate chemotherapy leads to a considerable accumulation of the drug in proximal 

tubules, greatly exceeding plasma levels up to 100-fold [33]. Severe renal toxicity is hence 

derived from the intra-tubular precipitation of methotrexate crystals, despite its anti-

folate properties  [34].     

In proximal tubules, xenobiotic transporters play a key role in drug excretion and 

disposition. Acting as selective carriers, they remove the majority of xenobiotics and 

protein-bound drugs from the blood stream [35]. We demonstrated competition 

between methotrexate and fluorescein for OAT1-mediated uptake. Upon entering 

the cells, methotrexate is metabolized through the addition of glutamate residues by 

folylpolyglutamate-synthetase [36], of which methotrexate-polyglutamate 1 was measured 

intracellularly. Furthermore, we confirmed that BCRP as well as MRP4 are involved in 

cellular excretion of methotrexate, demonstrating that its renal tubular excretion pathway 

suggested can be mimicked in vitro using ciPTEC [37]. 

Cetuximab influences the activity of renal uptake as well as efflux transporters involved 

in methotrexate excretion. Cetuximab downregulated OAT1 and BCRP, while upregulating 

MRP4 and P-gp, predominantly through ERK mediated signaling downstream EGFR. 

The receptor is highly expressed in renal tubular cells and key to their physiology, as 

demonstrated by its involvement in e.g. electrolyte homeostasis by adjusting trans-epithelial 

resistance and tight-function configuration, and controlling sodium and magnesium 

reabsorption [38]. Changes in gene expression of the transporters after cetuximab 

exposure are reflected by their protein levels and, subsequently, at the functional level 

as a result of a transcriptional regulation of the transport systems. Moreover, cetuximab 

treatments showed parallels with the effects determined in the absence of EGF, further 

specifying the role of EGFR in renal xenobiotic transporter regulation. 

By kinomic and pathway analysis [39] we determined that under standard culturing 

conditions (in the presence of EGF), the main signaling pathways involve STK activity 

resulting in the regulation of PKC and PKA. In line with our findings, activation of PKC has 

previously been shown to affect cellular distribution of OAT1 by promoting ubiquitination 

of the transport protein. This results in an accelerated internalization of the transporter 

from cell surface to intracellular compartments and a reduction in Vmax [40-42]. Similarly, 

OCT2 activity can be modulated by a phosphor-tyrosine switch and stimulation by EGF 
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is abolished by MAPK and PKA inhibition [43, 44]. Moreover, BCRP expression can be 

regulated by the axis EGFR – AKT – ERK – CREB, whereas P-gp function and membrane 

traffic is dependent on PKC and PKA-mediated phosphorylation [45, 46].

Cetuximab treatment led to an extensive shift in the kinase-mediated signaling 

cascades, most dominantly on PTK activity (thus upstream or initial signaling). Pathway 

analysis of the significant activity modulations indicated the involvement of PLC and PI3K, 

underlying the role of phospholipases in this pathway, leading to modulation of PKC and 

PDK. Here, the PI3K-AKT pathway reporting phosphosites indicated downregulation of 

the mechanistic target of rapamycin (mTOR) kinase and eukaryotic translation initiation 

factor 4E (eIF4E). In a seemingly reductant route, PLC-mediated PKC downregulation also 

results in RAS-mediated ERK and MAPK downregulation. The network of interactions 

predicted for cetuximab action in ciPTEC-OAT1 are in line with what has been previously 

described in cancer models [47]. Inhibition of AKT and ERK changed the expression 

of OAT1, BCRP, MRP4 and P-gp in the same fashion as when cells were exposed to 

cetuximab, further implicating these pathways in regulating the activity of renal drug 

transporters (Fig. 3C). The modulation of transcription factors (Creb1, NFKβ, eIF4E) 

revealed in our analysis could hypothetically account for the transcriptional changes in 

expression observed after 48 hours exposure to cetuximab.

Although high-methotrexate doses have been reported nephrotoxic, methotrexate 

toxicity in proximal tubule cells in vitro is limited. This is partly explained by the absence 

of a tubular lumen in which methotrexate can precipitate leading to tubular obstruction 

and eventually tubulopathy [34]. Moreover, ciPTEC-OAT1 are matured differentiated 

cells that show little proliferation which contributes further to the reduced sensitivity to 

methotrexate, as the drug preferentially targets proliferating and actively dividing cells. 

Nonetheless, cetuximab pre-treatment prevented methotrexate-induced toxicity in cells 

grown without serum. Under serum deprivation conditions cell cycle progression can be 

stimulated [48], which sensitized the cells to methotrexate. Remarkably pre-treatment 

with U-0126 also prevented methotrexate-related toxicity, re-enforcing the role EGFR 

mediated MAPK/ERK signaling plays in nephrotoxicity by regulating transport activity 

in the proximal tubule. Noteworthy, ciPTEC-OAT1 are immortalized and transduced to 

overexpress OAT1, which may have implications for its active regulatory pathways in 

this cell model. Nonetheless, our pathway analysis is consistent with previously reported 

results with respect to the regulation of drug transporters.

The consequences of EGFR cascades inhibition with positive outcomes for renal damage 

have been reported previously in rats, in vivo [49]. Here, we provide direct evidence 

implicating EGFR in drug transport regulation through PKA and PKC signaling, thereby 

suppressing methotrexate and cisplatin nephrotoxicity in vitro. While cetuximab combined 

with cisplatin and 5-fluorouracil improves cancer treatment outcome [50], improved 

efficacy of cetuximab combined with low-dose methotrexate is under investigation. 

As regimens of methotrexate used in the treatment of SCCHN can potentially lead to 
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nephrotoxicity, but especially nephrotoxicity of high-dose methotrexate in the curative 

treatment of osteosarcoma, this study underscores the potential of cetuximab and EGFR 

inhibition in nephro-protection. Further implications for drug distribution are underlined 

by the pronounced changes in transport activity promoted by cetuximab, in particular at 

the efflux side of proximal tubule cells. 
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SUPPLEMENTARY INFORMATION 

Table 1. ciPTEC culture medium formulation 

Distributor Concentration

Medium

Supplements

DMEM-F12 HEPES, no phenol red Thermo Fisher-Gibco -
Insulin Sigma-Aldrich 5μg/ml

Transferrin Sigma-Aldrich 5μg/ml
Sodium Sigma-Aldrich 5ng/ml

Hydrocortisone Sigma-Aldrich 36ng/ml
Epidermal growth factor Sigma-Aldrich 10ng/ml

Tri-iodothyonine Sigma-Aldrich 40pg/ml
FCS Greiner Bio-one 10% (v/v)

Figure 1. Cetuximab inhibition of EGFR phosphosite.
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Table 2. Pathways identified as significant matches to the kinase phosphorylation sites obtained 
from the PTK/STK PamChip® array. The list of pathways was obtained based on statistical analysis of 
the phosphorylation targets and overlap with pathway targets retrieved from associated databases. 
Pathways with –log(pvalue) above 4 were considered significant.

Conditions: +EGF (orange-line1); +EGF+CTX (blue-line2); +CTX (red-line3)  
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Figure 2. Metacore knowledge-based pathway analysis of the effect of EGF (control condition) on 
ciPTEC-OAT1.
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Figure 3. Pathway analysis symbols key. (adapted from: Metacore quick reference guide,  
Thomson Reuters)
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Figure 4. Metacore knowledge-based pathway analysis of the effect of EGF together with Cetuximab 
on ciPTEC-OAT1.
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ABSTRACT 
Cell-based therapies to treat end-stage renal disease are still experimental, despite 

the demonstrated potency of stem cells to aid repair of damaged tissue. In the present 

study, we evaluated the potential of human fetal kidney-specific progenitor cells (KSPC) 

to differentiate into proximal tubule epithelial cells (PTEC), comparing lines derived from 

8-10 week gestation that were either positive or negative for the presumptive renal 

stem cell markers CD24 and CD133. We examined both expression of proximal tubule 

markers and function in vitro. Cells were cultured in stem cell and PTEC medium followed 

by a characterization of PTEC renal phenotypical markers and xenobiotic transporters 

expression over passage (P) numbers – from P6 to P9. Fluorescent substrates were used 

to investigate the function of transporters expressed in mature PTEC. In addition, cells 

were grown in matrigel (BD matrigelTM) to determine 3-dimensional differentiation. Our 

data shows that the cells acquired a proximal tubule-like phenotype from P6 to P9, based 

on marker gene expression, including the key tubular transporters: Multidrug resistance 

protein 4 (MRP4), P-glycoprotein (P-gp) and Breast cancer resistance protein (BCRP). Activity 

assays revealed that MRP4 and P-gp activity increased from P6 to P9 in both populations 

when cultured in PTEC medium. On the other hand, BCRP appeared functionally inactive 

despite its gene expression. When grown in matrigel, both populations form tubule-

like structures after two days in culture, an effect only observed when cultured in PTEC 

medium suggesting differentiation. These results show that KSPC are functionally active 

and, though immature, retain PTEC characteristics in culture. 

Key words
Kidney ontogeny, renal function, progenitor stem cells, xenobiotic transporter,  

proximal tubule
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INTRODUCTION
During nephrogenesis, the precursor of the adult kidney (the metanephros) begins forming 

from cells of the intermediate mesoderm around week five of gestation. The metanephros 

is generated as reciprocal signaling between the ureteric bud and the metanephric 

mesenchyme triggers successive branching events that lead to the formation of collecting 

ducts and nephrons [1, 2]. These cells will proliferate and differentiate into the complex 

tubular architecture of the nephron, comprising glomeruli, proximal tubules, loop of 

Henle and distal tubules [3]. Nephrogenesis ceases before birth at about week 34, with 

about one million nephrons per kidney complete (Figure 1). New nephrons are never 

generated after this timepoint. 

Different types of stem cells have been described as potential kidney progenitors and 

for renal regeneration purposes [4, 5], including bone marrow derived stem cell (BMSC) 

[6-8] and adult kidney progenitor cells [9, 10]. Even though BMSC are recruited upon 

kidney damage, most studies indicated that repopulation is mostly done by residing renal 

cells [11, 12]. The existence of adult renal stem cells has been subject of debate [13], and 

in the past decade their existence was reported in several independent studies [14-17]. 

The common denominator appeared to be the presence of the cluster differentiation 

markers (CD) - CD24 and CD133 by which these cell populations could be distinguished 

and isolated. 

CD24 and CD133 double positive (DP) cells are reported to be present in adult 

kidney tissue and capable to differentiated towards renal lineages. These cells are also 

upregulated in tubules of patients diagnosed with acute kidney injury (AKI) compared to 

those with normal kidney function [4, 17, 18].  This raises the possibility that the DPs are 

dedifferentiated kidney cells that could proliferate and differentiate into PTEC, thereby 

recovering the loss of cells. 

In the same way, these cells could replenish tubular cells that are shed in urine [16]. 

As a result, a small amount of DPs can be found in the tubules of kidneys from healthy 

adults. Further evidence suggesting that these dedifferentiated cells can proliferate and 

differentiate into PTECs is based on animal studies. For example, injection of human DPs 

in mice suffering from glycerol-induced AKI improved renal function repair [17].

PTEC express a broad range of membrane transporters that handle endo- and 

xenobiotics, and are key to the kidney’s blood purification function. These pumps take 

up free and protein-bound solutes at the basolateral side and subsequently efflux them 

across the apical membrane of the PTEC into the pre-urine. Additionally, PTEC reabsorb 

many vital nutrients back into the bloodstream [19-21]. The role of a particular class 

of xenobiotic transporters belonging to the ATP binding cassette family (ABC) is now 

reasonably well established in the adult kidney. A great variety of solutes, including 

metabolic wastes, are removed by the efflux pumps BCRP (ABCG2), P-gp (ABCB1) and 

MRP4 (ABCC4) [22-24]. These prominent transporters are a hallmark of PTEC activity 

and can serve as determinants for its phenotype [25, 26]. While adult PTEC function and 
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transport activity have been extensively characterized, their ontogeny from embryonic 

status remains unclear. Additionally, little is known about the potential use of developing 

kidney cells in regenerative and replacement therapies for adult kidneys [27]. In 

the present study, we set to determine the differentiation of 8-10 week old embryonic 

human KSPC. Cells either positive or negative for CD24 and CD133 were isolated from 

the cap mesenchyme into two populations (DP-double positive, DN-double negative). 

Phenotypical marker gene expression, 3-dimensional structure formation in matrigel and 

transporter function were investigated while cultured in media designed to promote 

proximal differentiation over sequential passages in vitro, to determine how transport 

activity evolves in early nephron formation. 

UB MM MM 

CM 

RV 

CB 

SB 

SB 

EC 

CD 

DT 

LH 

PT 

GL 

A B C 

D E F 

Figure 1. Kidney development. (A) Signal exchange between epithelial cells from the ureteric bud 
(UB) and mesenchymal cells from the metanephric mesenchyme (MM) initiates nephron growth. 
(B) The UB invades the MM and subpopulations of mesenchyme cells condense around the UB 
branching tips, forming the cap mesenchyme (CM). This CM is believed to accommodate self-
renewing progenitor cells that give rise to the population that undergoes mesenchymal to epithelial 
transformation creating (C) increasing complex structures, renal vesicles (RV), comma-shaped bodies 
(CB) and S-shaped bodies (SB) (D). Elongating SB connect to the UB distally (E) resulting in distal 
segment and collecting duct development respectively (CD) while the proximal ends become invaded 
by endothelial cells (EC), giving rise to the glomeruli and nephron vasculature (F). Further maturation 
generates the distal tubules (DT), loop of Henle (LH), proximal tubules (PT) and glomerulus (GL). 
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MATERIALS AND METHODS
Chemicals
All chemicals were obtained from Sigma (Zwijndrecht, Yhe Netherlands) unless stated 

differently. Stock solutions were dissolved according to manufacturing recommendation, 

in either dimethyl sulfoxide (DMSO) or dH2O. 

Cells and cell culture 
Kidney tissues were obtained from the ethically-approved MRC-Wellcome Human 

Developmental Biology Resource at University College London (http://www.hdbr.org/). 

These were enzymatically dissociated and cultured for one week KSPC medium consisting 

of DMEM/F12 (50/50) (Invitrogen, Breda, the Netherlands) supplemented with 10% (v/v) 

fetal calf serum (FCS; Greiner Bio-One, Alphen a/d Rijn, The Netherlands) containing 

insulin (5 μg/mL), transferrin (5 μg/mL), selenium (5 ng/mL), prostaglandin E1 (50 μg/

mL), dexamethasone (20 μg/mL), holo-transferin (10 μg/mL) and tri-iodothyrionine (20 

pg/mL), with 1% pen/strep (Invitrogen, Breda, The Netherlands). The cells were then 

sorted for CD133 and CD24, generating CD133+CD24+ double positive (DP) and CD133-

CD24- double negative (DN) lines. The first four passages were cultured in KSPC medium, 

then either KSPC medium or PTEC medium between passage 5 and 10. PTEC medium 

consists of phenol red free DMEN/F12 (Invitrogen, Breda, The Netherlands) supplemented 

with 10% (v/v) FCS (Greiner Bio-One, Alphen a/d Rijn, The Netherlands), containing 

insulin (5 μg/mL), transferrin (5 μg/mL), selenium (5 ng/mL), hydrocortisone (36 ng/mL), 

epithelial growth factor (10 ng/mL), and tri-iodothyrionine (40 pg/mL), with 1% pen/strep 

(Invitrogen, Breda, The Netherlands). The seeding cell density was 15,000 cells/cm². Cells 

were cultured at 37°C and 5% v/v CO2 till confluency (5-7 days). 

mRNA expression of transporters and kidney cell markers 
Total mRNA was isolated using the RNA isolation kit (Qiagen, Hilden, Germany) from 

DPs and DNs cultured in either KSPC or PTEC medium at different passages (P6 and P9). 

cDNA was synthesized using MMLV transcriptase (Invitrogen, Breda, The Netherlands) 

in two separate experiments. Afterwards, mRNA expression was evaluated using 

gene-specific primer probe sets: GAPDH (hs99999905_m1), BCRP (hs00184979_m1), 

MRP4 (hs00195260_m1), P-gp (hs00184500), PODXL (hs01574644_m1) and AQP1 

(hs01028916_m1). TaqMan Universal PCR Master Mix (Applied Biosystems) was used and 

the qPCR reactions were performed using MyCycler Thermal Cycler (Biorad). 

Matrigel cell culture and structure imaging 
KSPCs were cultured in matrigel to investigate 3-dimensional structure formation. 

Different number of cells (10000 cells - 100000 cells) were combined with 25 μL medium 

and 25μL matrigel per well. The mixed solution was incubated overnight in a black, 
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ultra-thin, clear bottom, 96 well plate (Corning Incorporated, New York, USA) at 37°C, 

with 5% v/v CO2 to polymerize the gel. Subsequently, 100μL medium (either PTEC 

medium or KSPC medium) was added per well. Medium was refreshed every other day. 

Growth was monitored daily using bright-field microscopy. When tubule-like structures 

were formed in matrigel, cells were stained with 10 μM Hoechst (nuclear staining) in 

medium. Optimal staining was achieved overnight at 37°C with 5% v/v CO2. The next 

day, the matrigel was washed and incubated with 2μM CMFDA or 2 μM calcein-AM for 

30 minutes, in the presence or absence of 50μM MK571 or 5μM PSC833 as inhibitors of 

MRP4 and P-gp, respectively. Live uptake images were acquired using a CV7000S imager  

(Yokogawa, Tokyo, Japan).

Fluorescence-based functional efflux assays
The function of efflux transporters was quantified using fluorescent substrates, which 

can accumulate intracellularly in combination with competitor inhibitors as described by 

Caetano-Pinto et al. [25]. In short, to evaluate the function of MRP4, 1.25 μM CMFDA 

(Life Technologies, Carlsbad, CA, USA) was added to the cells with a two-fold dilution 

range of MK571 (maximum concentration: 50μM). After 30 minutes incubation at 37°C 

with CMFDA and MK571, cells were washed and afterwards, 1% Triton X100 was added 

to permeabilize the cell membrane, the plates were kept for an additional 60 minutes 

at 37°C before fluorescence was read (excitation: 492nm, emission: 517nm). To test 

the function of P-gp, cells were incubated for 60 minutes at 37°C with 1 μM calcein-AM 

(Life Technologies, Carlsbad, CA, USA), in the presence of PSC833. A two-fold dilution 

range was used for PSC833, with a maximum concentration of 6 μM. Subsequently, cells 

were washed with HBSS buffer and incubated at 37°C with 1% Triton X100 buffer for 

another 30 minutes. Afterwards, fluorescence was read (excitation: 492nm, emission: 

517nm). Each solution was prepared in HBSS buffer. To examine the BCRP activity, cells 

were incubated with (or without) 10 μM KO143 (an inhibitor for BCRP) and a two-fold 

dilution range of the substrate Hoechst (maximum concentration: 100 μM). After 30 

minutes incubation at 37°C, cells were washed with HBSS buffer and HBSS was put on 

top. Fluorescence was read immediately after (excitation: 350 nm, emission: 460 nm) 

using a Fluoroskan Ascent™ plate reader (ThermoFisher). 

Data analysis 
The efflux activity was calculated by analyzing fluorescence intensity values obtained from 

the functional assays. Data is presented as the inverse of the fold increase in fluorescence, 

as described by Caetano-Pinto et al. [25]. Gene expression was plotted using MS Exel. 

Functional data was fitted using nonlinear regression with a variable slope or with 

a Michaelis-Menten fit in GraphPad Prism 5.03. All functional data is presented as mean 

± SEM, unless stated otherwise.
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RESULTS
KSPC numbers were expanded (by serial passage) until sufficient cells for functional assays 

were obtained; starting at P3. Cells were monitored daily and cultures were terminated for 

assay, when cell replication rates fell substantially or when they detached from the culture 

flasks, usually at P10. Maximum passage number utilized here was P9. Results are shown 

for sequential passages of both populations (CD24/CD133 either positive or negative; DP 

or DN) cultured in KSPC or PTEC medium. 

Tubular markers and renal transporters expression levels 
Gene expression of relevant transporters and phenotypical markers were measured for 

P6 and P9 for all conditions tested. The podocyte marker podocalyxin is expressed and 

its expression increased over passage number in both cell types when cultured in PTEC 

medium (Figure 2A). Podocalyxin was less expressed when the DP and DN were cultured 

in KSPC medium. Proximal tubule marker aquaporin 1 (AQP1) is expressed under all 

conditions tested, but lowest in DP grown in PTEC medium (Figure 2B). Furthermore, 

both populations lack the expression of nephrin (podocyte marker) and the glucose 

transporter SGLT2 (proximal tubule marker). The expression of two prominent proximal 

tubular transporters, organic anion transporter 1 and 3 (OAT1 and 3), is also absent. 

These findings suggest that both DP and DN show, at least, a mixed podocyte and 

PTEC phenotype upon culturing. With regard to renal transporters, relative changes in 

expression from P6 to P9 in both KSPC and PTEC medium are presented in tables 1  

and 2 (DN and DP, respectively).

3D structure formation in matrigel 
DP and DN formed tube-like structures when grown for 1-5 days in BD matrigelTM, 

cultured in PTEC medium (Figure 3). The optimal cell seeding concentration determined 

for DN was established as 100,000 cells/50 μL, where tube-like structures were observed 

after 2 days in culture (Figure 3A). The optimal seeding density of DP was 45,000 cells/50 

μL (Figure 3B). Both DN and DP (P9) grown in KSPC medium did not organize well. After 

7 days, unstructured monolayers were formed on the bottom of the well (Figure 4C-D), 

very different from the tube-like structures from DN grown in PTEC (Figure 3A-B). 

Structural organization was visualized by nuclear staining with Hoechst 33342, 
and cytoplasmic labelling using CMFDA, which is converted into the glutathione 
conjugate, GS-MF, intracellularly [25]. In terms of activity, in the presence of 
the inhibitor MK571, intracellular GS-MF accumulation increased, the same effect 
was observed for calcein in the presence of the inhibitor PSC833. These findings 
point towards the presence of functionally active MRP and P-gp transporters,  
respectively (Figure 5).
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Figure 2. Gene expression of representative markers. Renal tubule developmental markers 
podocalyxin (PODXL) and aquaporin-1 (AQP1) and tubular transporters MRP4, P-gp and BCRP are 
depicted in radar graphs representing DP and DN cells cultured in PTEC medium (A,C) and KSPC 
medium (B,D) at P6 and P9. Expression is presented as ΔCt, relative to GAPDH (mean Ct=20), 
a decrease in ΔCt indicates an increase in gene expression. Values are presented as mean ± SEM, of 
two independent assays performed in triplo.

MRP4 is expressed and active both CD24/CD133 positive and 
negative populations
To evaluate MRP4 function, cells were incubated with CMFDA in the presence of MK571. 

The IC50 values of MK571 decreased over passage numbers (Table 1), indicating an 

increase of MRP4 activity when the cells were expanded in culture. DP cultured in KSPC 

medium showed a 5-fold increase in IC50 value from P6 to P8. Moreover, DP cultured 

in PTEC medium, showed a 9-fold increase in IC50 over identical passages. For the DN 

a similar pattern was observed in both types of medium; an increase of 7-fold in IC50 from 

P6 to P10 in PTEC and KSPC medium. The results of the dose response effect of GS-MF 

retention are depicted in Figure 6.
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Figure 3. Representative images of cell growth patterns of the DN (A,C)) and DP (B,D) over 5 days 
of culture in Matrigel using PTEC medium. Organized structures are visibly present from day 2. 
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Figure 4. DN cells (P9) grown in either PTEC (A,B) medium or KSPC (C,D) medium were stained 
for Hoechst (blue) and CMFDA, which is converted into GS-MF (green). Hoechst staining was 
performed at day 6, while the GS-MF staining was examined in live cells at day 7. Similar patterns 
were observed for DP cells.
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structures formed by DN in culture in PTEC medium (A, B). The presence of MK571 intensifies 
the accumulation of GS-MF (C), indicating MRP4 activity, a similar effect is observed for calcein in 
the presence of PSC833, indicating P-gp activity (D). Substrate accumulation was determined using 
ImageJ software by marking a selected area in different frames (corresponding to the conditions with 
and without inhibitor) and defining the pixel intensity by the area depicted. Values are presented as 
mean ± SEM, of two independent experiments.

P-gp is expressed and active in both CD24/CD133 positive and 
negative populations
To evaluate P-gp function, cells were incubated with calcein-AM in the presence 

of a PSC833 gradient. In DN function increased over passage number, in contrast to 

the expression levels (Figure 2D). This is also confirmed by the reduction in IC50 values 

from P6 to P9. In the conditions tested, calcein efflux was not detectable at P6. DP in 

KSPC medium showed a 9-fold decrease in IC50 over passages (P7 to P9). Furthermore, 

the IC50 for PSC833 in DP cultured in PTEC medium was also reduced. The DN in KSPC 

medium only showed calcein efflux at P7 (Figure 7C). The DN in PTEC medium showed 

a slight reduction in IC50 values from P7 to P9, and at a higher passage number no activity 

could be determined. 
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BCRP is expressed but not active in both CD24/CD133 positive and 
negative populations
To evaluate BCRP function, cells were incubated with a gradient of Hoechst33342 in 

the presence or absence of KO143. In contrast to our expectation, we did not observe an 

accumulation of Hoechst33342 in all conditions tested (Figure 8). 

Figure 6. Functional activity of MRP4 in CD133+CD24+ (DP) cells cultured in KSPC medium (A), 
DP cells cultured in PTEC medium (B), CD133-CD24- (DN) cells cultured in KSPC medium (C) and 
DN cells cultured in PTEC medium. The functional activity in the four experimental conditions was 
evaluated at least at three different passages (P): low passage (black line), intermediate passage (grey 
line) and high passage (dotted line). Cells were incubated with 1.25 μM CMFDA, in the presence of 
a concentration range of the MRP4 inhibitor MK571. Values are presented as mean ± SEM, of two 
independent experiments performed in triplo.
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Figure 7. Functional activity of P-gp in CD133+CD24+ (DP) cells cultured in KSPC medium (A), DP 
cells cultured in PTEC medium (B), CD133-CD24- (DN) cells cultured in KSPC medium (C) and DN 
cells cultured in PTEC medium (D). The functional activity in the four experimental conditions was 
evaluated at least at three different passages (P): low passage (black line), intermediate passage (grey 
line) and high passage (dotted line). Cells were incubated with 1.0 μM calcein-AM, in the presence 
of a concentration range of the P-gp inhibitor PSC833. Values are presented as mean ± SEM, of two 
independent experiments performed in triplo.

Figure 8. Representative graph of the functional efflux activity of BCRP, determined by Hoechst33342 
accumulation in the presence or absence of 10 μM of the inhibitor KO143. Data shown for DN 
cultured in PTEC medium at P9, all conditions and passages showed similar pattern. Values are 
presented as mean ± SEM, of two independent experiments performed in triplo
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DISCUSSION
The present study investigated the development of PTEC from human KSPC. To this end, 

phenotypic marker expression, 3-dimensional differentiation and functional assessments 

were performed for two populations, sorted for CD24 and CD133, over passages six to 

nine. To identify functional characteristics of human KSPC, we performed fluorescence-

based activity assays and determined gene expression of key tubular transporters. 

A summary of the results is depicted in Figure 9. 

The diverse marker expression found is a clear indication of a mixed phenotype at this 

stage. The increase in podocalyxin expression, a podocyte marker [28], is noteworthy. When 

DP and DN are cultured in PTEC medium, which should stimulate KSPC differentiation, 

our findings suggest that these cells are de facto immature expressing markers from 

different nephron segments. Transporter expression can vary among individuals and also 

different genetic variants can be present, which may account for variations observed 

between the KSPC populations and when compared to ciPTEC. Nonetheless, we show 

that cells from fetal kidneys between week eight and ten functionally express major 

tubular transporters, except for the OAT1/3 carriers. Tubular epithelial cells are known to 

lose these transporters expression when isolated and cultured in vitro [29], a phenomenon 

that can explain the lack of OATs in KSPCs. 

On the other hand, MRP4 is the highest expressed PTEC-specific transporter, 

followed by P-gp and then BCRP. The same pattern was observed in ciPTEC a mature 

in vitro proximal tubule cell model [20] and in human renal tissue. A defining feature of 

the side population (SP) of mesenchymal stem cells is an enhanced expression of BCRP, 

therefore its functional presence was expected [30, 31]. Having a high expression of 

BCRP may protect SP, allowing the cells to efflux harmful substances [32]. However, BCRP 

overexpression partly blocks differentiation of the cells. To promote differentiation, BCRP 

is downregulated while P-gp expression is enhanced [30]. 

Table 1. Inhibitory potencies of MK571 and PSC833 on MRP4 and P-gp, respectively, tested in DP 
and DN cultures in KSPC or PTEC medium. Values are presented as mean ± SEM, of two independent 
experiments performed in triplo

IC50 values (μM) P6 P7 P8 P9

MRP4

DP KSPC medium 5.8 ± 2.8 1.8 ± 0.3 1.1 ± 0.5 -
PTEC medium - 7.7 ± 0.9 3.2 ± 1.9 1.3 ± 0.4

DN KSPC medium 10.1 ± 1.7 - 6.6 ± 1.4 -
PTEC medium 2.9 ± 1.1 2.6 ± 0.2 - 1.1 ± 0.5

P-gp

DP KSPC medium - 8.7 ± 7.3 0.3 ± 0.1 0.9 ± 0.1
PTEC medium - 2.3 ± 0.4 0.4 ± 0.2 0.1

DN KSPC medium 1.9 ± 0.6 - - -
PTEC medium 0.7 ± 0.1 - 0.5 ± 0.3
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 However, the mRNA levels we found in KSPCs are substantially lower compared to 

the ones observed in ciPTEC [25]. Mature ciPTEC show a low BCRP expression compared 

to proliferating cells, [33] and in the human renal cortex BCRP is also minor as compared to 

the other apical ABC transporters [34]. This evidence may point to a low BCRP expression 

as a trait of PTEC.

Cells grown in PTEC medium in matrigel organize into tube-like structures and are 

functionally active, while KSPC medium maintains cells in an undifferentiated state. 

This study highlights the impact culture conditions can have in cells, in particular in two 

populations believed to be inherently different. The cell growth was not consistent for 

every condition and passage, and beyond P10 cell replication rates were significantly 

delayed. This is common for primary cells in culture and a bottleneck in further exploring 

the cells behavior in vitro. 

The activity of MRP4 and P-gp over passage number was increased, as determined 

by fluorescence assays. However fluorescent substrates retention does not accurately 

reflect transporter specificity, as previously demonstrated [25]. For instance, calcein-AM 

A B 

C D 

Figure 9. Overview of the changes in transporter activity and expression levels over passage (from 
lowest to highest passage evaluated). This was examined in four conditions: DNs cultured in PTEC 
medium (A), DNs cultured in KSPC medium (B), DPs cultured in PTEC medium (C) and DPs cultured 
in KSPC medium (D). In general, the MRP4 activity and gene expression increased over passage, 
the BCRP was not active, while a small increase in gene expression was found over passage. 
Additionally, P-gp increased in function, while in most cases the P-gp mRNA expression stayed 
similar or decreased over passage. 
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is mainly transported via P-gp, however, its product, calcein, can also be effluxed by MRP 

transporters. Therefore, the expression and function of P-gp can be similar over passage, 

whereas a limited accumulation of calcein can be a reflection of the activity of other 

transporters. This effect could have accounted for the increase in calcein efflux in DN grown 

in PTEC medium as MRP4 increased in both activity and function. Post-transcriptional 

regulatory mechanisms such as transporters shuttling to the membrane may play a role in 

the increase in activity as observed (given that MRP4 and P-gp expression does not follow 

activity). When we compared the function of KSPC at higher passages with that of ciPTEC 

[25], the activity of the MRP4 and P-gp transporters was similar. This could mean that 

over passage KSPC resemble the function of PTECs, except for BCRP activity at this point, 

a fact that may implicate that functional BCRP as a discriminative marker for differentiated 

proximal tubule cells (given that BCRP is expressed but not functional). From the data in 

hand is it evident that the differences between both DP and DN populations are slim, 

both with comparable functional activities upon culturing. Our data showed that KSPC 

retain their differentiation ability in vitro, in line with immunohistochemistry presented 

by van Kalken et al. demonstrating that P-gp is expressed in the kidney upward of week 

11 of gestation [35].

 Further research into renal progenitor cell activity should account for more donors, 

and should point out whether the differences found in function and gene levels are 

caused by individual changes or by the presence and absence of CD133 and CD24. Our 

KSPC populations showed differentiation potential when grown in matrigel, therefore 

exploring novel culture materials and conditions can further shed light into the in vitro 

development of both KSPC populations without the limitation of sequential passages. 

Given the functional similarities between DP and DN populations, transporter activity 

does seem to discriminate both positive and negative CD24/CD133 cells. A recent study 

by da Sacco et at., described the isolation of human kidney progenitor cells from the cap 

mesenchyme by using SIX2 and CITED1 as markers [36]. As the discussion surrounding 

which markers characterize nephron progenitors in the human developing kidney is still 

open, it would be of interest to also test the function of progenitor populations isolated 

using different procedures. True progenitor cells should yield comparable activities 

regardless of the isolation method used.

In the past decades, pluripotent stem cells have tantalized with the promise of tissue 

regeneration and replacement therapies [37]. However, the challenges and limitations 

are plentiful, the yield for efficient differentiation is low and there are hardly effective 

tests to evaluate the function of the differentiated cells [38-40]. For kidney regeneration, 

stem cell-derived therapies could be useful in acute and the early stages of chronic kidney 

disease (CKD), while at later stages of CKD, renal replacement therapies are still necessary 

[2]. For renal replacement, KSPC can provide a promising source of stem cells other than 

pluripotent cells, given their commitment to a renal lineage when isolated. Song et al. 

[41] succeeded in generating a partially functioning re-cellularized kidney from human 

endothelial cells and rat kidney progenitor cells. A reliable human source of progenitor 
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cells could potentially be used to generate re-cellularized kidneys for replacement therapy. 

However, aspects such as availability of cells, size of organ, immunogenicity, tumorigenic 

potential and directed and irreversible differentiation are just a few issues in a long list 

that need to be resolved [42].

KSPC are also a valuable research tool given their functional activity and potential 

to commit to different renal lineages. These cells can be more representative of renal 

physiology than currently available in vitro models of animal origin and/or transformed 

cell lines. The use of KSPC is hampered by their poor availability and limited expansion 

in culture, issues that can be bypassed by immortalizing freshly isolated cells. As current 

efforts to reduce animal experimentation and to find novel predictive tools in areas such 

as drug development and toxicology progress, KSPC grown in 3D cultures could provide 

relevant models as they mimic nephron structures. 

In conclusion, we showed for the first time that KSPC are highly functional in vitro, 

forming organized structures when grown in appropriate medium. The cells express key 

tubular transporters with the exception of BCRP, which could be a signature feature at an 

early stage of development. While DNs and DPs populations did not differ substantially 

in function and expression, these features change when cells are expanded in culture. 

Overall KSPC cultures are promising as a model of early kidney development and for 

the study of transport function during development. 

ACKNOWLEDGMENTS  
This work was funded by the EU FP7 Marie Curie actions (grant nr. 289754). Thanks to 

the UK HDBR (http://www.hdbr.org/) for providing ethically approved, anonymized kidney 

tissues to generate the cell lines in this project.  



Function and differentiation of human fetal kidney progenitor cells 

155

6

REFERENCES
1. Winyard PJ, Price KL. Experimental renal 

progenitor cells: repairing and recreating 
kidneys? Pediatr Nephrol. 2014;29(4):665-
72. doi: 10.1007/s00467-013-2667-5. 
PubMed PMID: 24221350.

2. Mari C, Winyard P. Concise Review: 
Understanding the Renal Progenitor 
Cell Niche In Vivo to Recapitulate 
Nephrogenesis In Vitro. Stem Cells Transl 
Med. 2015;4(12):1463-71. doi: 10.5966/
sctm.2015-0104. PubMed PMID: 26494782; 
PubMed Central PMCID: PMCPMC4675508.

3. Bertram JF, Douglas-Denton RN, Diouf B, 
Hughson MD, Hoy WE. Human nephron 
number: implications for health and 
disease. Pediatr Nephrol. 2011;26(9):1529-
33. doi: 10.1007/s00467-011-1843-8. 
PubMed PMID: 21604189.

4. Smeets B, Boor P, Dijkman H, Sharma SV, 
Jirak P, Mooren F, et al. Proximal tubular 
cells contain a phenotypically distinct, 
scattered cell population involved in 
tubular regeneration. The Journal of 
pathology. 2013;229(5):645-59. Epub 
2012/11/06. doi: 10.1002/path.4125. 
PubMed PMID: 23124355; PubMed 
Central PMCID: PMCPMC3951144.

5. Lazzeri E, Crescioli C, Ronconi E, Mazzinghi 
B, Sagrinati C, Netti GS, et al. Regenerative 
potential of embryonic renal multipotent 
progenitors in acute renal failure. Journal of 
the American Society of Nephrology : JASN. 
2007;18(12):3128-38. Epub 2007/11/06. 
doi: 10.1681/asn.2007020210. PubMed 
PMID: 17978305.

6. Lange C, Togel F, Ittrich H, Clayton F, Nolte-
Ernsting C, Zander AR, et al. Administered 
mesenchymal stem cells enhance recovery 
from ischemia/reperfusion-induced acute 
renal failure in rats. Kidney international. 
2005;68(4):1613-7. Epub 2005/09/17. 
doi: 10.1111/j.1523-1755.2005.00573.x. 
PubMed PMID: 16164638.

7. Morigi M, Imberti B, Zoja C, Corna D, 
Tomasoni S, Abbate M, et al. Mesenchymal 
stem cells are renotropic, helping to repair 
the kidney and improve function in acute 
renal failure. Journal of the American Society 
of Nephrology : JASN. 2004;15(7):1794-804. 
Epub 2004/06/24. PubMed PMID: 15213267.

8. Duffield JS, Park KM, Hsiao LL, Kelley 
VR, Scadden DT, Ichimura T, et al. 
Restoration of tubular epithelial cells 
during repair of the postischemic kidney 
occurs independently of bone marrow-
derived stem cells. The Journal of clinical 
investigation. 2005;115(7):1743-55. 
Epub 2005/07/12. doi: 10.1172/jci22593. 
PubMed PMID: 16007251; PubMed 
Central PMCID: PMCPMC1159124.

9. Little MH. Regrow or repair: potential 
regenerative therapies for the kidney. Journal 
of the American Society of Nephrology 
: JASN. 2006;17(9):2390-401. Epub 
2006/07/28. doi: 10.1681/asn.2006030218. 
PubMed PMID: 16870708.

10. Cantley LG. Adult stem cells in the repair 
of the injured renal tubule. Nature clinical 
practice Nephrology. 2005;1(1):22-
32. Epub 2006/08/26. doi: 10.1038/
ncpneph0021. PubMed PMID: 16932361.

11. Dekel B, Shezen E, Even-Tov-Friedman S, 
Katchman H, Margalit R, Nagler A, et al. 
Transplantation of human hematopoietic 
stem cells into ischemic and growing 
kidneys suggests a role in vasculogenesis 
but not tubulogenesis. Stem cells (Dayton, 
Ohio). 2006;24(5):1185-93. Epub 
2006/01/18. doi: 10.1634/stemcells.2005-
0265. PubMed PMID: 16410390.

12. Casiraghi F, Perico N, Cortinovis M, 
Remuzzi G. Mesenchymal stromal cells 
in renal transplantation: opportunities 
and challenges. Nat Rev Nephrol. 
2016;12(4):241-53. doi: 10.1038/
nrneph.2016.7. PubMed PMID: 26853275.



Chapter 6

156

6

13. Al-Awqati Q, Oliver JA. Stem cells 
in the kidney. Kidney international. 
2002;61(2):387-95. Epub 2002/02/19. 
doi: 10.1046/j.1523-1755.2002.00164.x. 
PubMed PMID: 11849378.

14. Challen GA, Bertoncello I, Deane JA, 
Ricardo SD, Little MH. Kidney side 
population reveals multilineage potential 
and renal functional capacity but 
also cellular heterogeneity. Journal of 
the American Society of Nephrology : JASN. 
2006;17(7):1896-912. Epub 2006/05/19. 
doi: 10.1681/asn.2005111228. PubMed 
PMID: 16707564.

15. Sagrinati C, Netti GS, Mazzinghi B, Lazzeri 
E, Liotta F, Frosali F, et al. Isolation and 
characterization of multipotent progenitor 
cells from the Bowman’s capsule 
of adult human kidneys. Journal of 
the American Society of Nephrology : JASN. 
2006;17(9):2443-56. Epub 2006/08/04. 
doi: 10.1681/asn.2006010089. PubMed 
PMID: 16885410.

16. Bruno S, Bussolati B, Grange C, Collino 
F, di Cantogno LV, Herrera MB, et al. 
Isolation and characterization of resident 
mesenchymal stem cells in human 
glomeruli. Stem cells and development. 
2009;18(6):867-80. Epub 2009/07/07. 
doi: 10.1089/scd.2008.0320. PubMed 
PMID: 19579288.

17. Angelotti ML, Ronconi E, Ballerini L, 
Peired A, Mazzinghi B, Sagrinati C, et 
al. Characterization of renal progenitors 
committed toward tubular lineage and their 
regenerative potential in renal tubular injury. 
Stem cells (Dayton, Ohio). 2012;30(8):1714-
25. Epub 2012/05/26. doi: 10.1002/
stem.1130. PubMed PMID: 22628275.

18. Romagnani P, Remuzzi G. CD133+ renal 
stem cells always co-express CD24 in 
adult human kidney tissue. Stem Cell 
Res. 2014;12(3):828-9. doi: 10.1016/j.
scr.2013.12.011. PubMed PMID: 24467938.

19. Russel FG, Masereeuw R, van Aubel 
RA. Molecular aspects of renal anionic 

drug transport. Annual review of 
physiology. 2002;64:563-94. Epub 
2002/02/05. doi: 10.1146/annurev.
physiol.64.081501.155913. PubMed 
PMID: 11826280.

20. Wilmer MJ, Saleem MA, Masereeuw R, 
Ni L, van der Velden TJ, Russel FG, et al. 
Novel conditionally immortalized human 
proximal tubule cell line expressing 
functional influx and efflux transporters. 
Cell Tissue Res. 2010;339(2):449-57. doi: 
10.1007/s00441-009-0882-y. PubMed 
PMID: 19902259; PubMed Central PMCID: 
PMCPMC2817082.

21. Vanholder R, De Smet R, Lameire N. Protein-
bound uremic solutes: the forgotten 
toxins. Kidney international Supplement. 
2001;78:S266-70. Epub 2001/02/13. doi: 
10.1046/j.1523-1755.2001.59780266.x. 
PubMed PMID: 11169024.

22. Masereeuw R, Mutsaers HA, Toyohara T, 
Abe T, Jhawar S, Sweet DH, et al. The kidney 
and uremic toxin removal: glomerulus 
or tubule? Seminars in nephrology. 
2014;34(2):191-208. Epub 2014/05/02. 
doi: 10.1016/j.semnephrol.2014.02.010. 
PubMed PMID: 24780473.

23. Mutsaers HA, van den Heuvel LP, Ringens 
LH, Dankers AC, Russel FG, Wetzels JF, 
et al. Uremic toxins inhibit transport by 
breast cancer resistance protein and 
multidrug resistance protein 4 at clinically 
relevant concentrations. PLoS One. 
2011;6(4):e18438. doi: 10.1371/journal.
pone.0018438. PubMed PMID: 21483698; 
PubMed Central PMCID: PMCPMC3070735.

24. Mutsaers HA, Caetano-Pinto P, Seegers AE, 
Dankers AC, van den Broek PH, Wetzels JF, et 
al. Proximal tubular efflux transporters involved 
in renal excretion of p-cresyl sulfate and 
p-cresyl glucuronide: Implications for chronic 
kidney disease pathophysiology. Toxicol In 
Vitro. 2015;29(7):1868-77. doi: 10.1016/j.
tiv.2015.07.020. PubMed PMID: 26216510.

25. Caetano-Pinto P, Janssen MJ, Gijzen L, 
Verscheijden L, Wilmer MJ, Masereeuw 



Function and differentiation of human fetal kidney progenitor cells 

157

6

R. Fluorescence-Based Transport Assays 
Revisited in a Human Renal Proximal Tubule 
Cell Line. Mol Pharm. 2016;13(3):933-44. 
doi: 10.1021/acs.molpharmaceut.5b00821. 
PubMed PMID: 26871298.

26. Masereeuw R, Russel FG. Regulatory 
pathways for ATP-binding cassette transport 
proteins in kidney proximal tubules. 
The AAPS journal. 2012;14(4):883-94. Epub 
2012/09/11. doi: 10.1208/s12248-012-
9404-z. PubMed PMID: 22961390; PubMed 
Central PMCID: PMCPMC3475864.

27. Little MH, Kairath P. Regenerative 
medicine in kidney disease. Kidney 
international. 2016;90(2):289-99. doi: 
10.1016/j.kint.2016.03.030. PubMed 
PMID: 27234568.

28. Kerjaschki D, Sharkey DJ, Farquhar MG. 
Identification and characterization of 
podocalyxin--the major sialoprotein 
of the renal glomerular epithelial 
cell. The Journal of cell biology. 
1984;98(4):1591-6. Epub 1984/04/01. 
PubMed PMID: 6371025; PubMed Central 
PMCID: PMCPMC2113206.

29. Nieskens TT, Peters JG, Schreurs MJ, 
Smits N, Woestenenk R, Jansen K, et al. 
A Human Renal Proximal Tubule Cell Line 
with Stable Organic Anion Transporter 1 
and 3 Expression Predictive for Antiviral-
Induced Toxicity. AAPS J. 2016;18(2):465-
75. doi: 10.1208/s12248-016-9871-8. 
PubMed PMID: 26821801; PubMed 
Central PMCID: PMCPMC4779111.

30. Zhou S, Schuetz JD, Bunting KD, 
Colapietro AM, Sampath J, Morris JJ, et 
al. The ABC transporter Bcrp1/ABCG2 is 
expressed in a wide variety of stem cells 
and is a molecular determinant of the side-
population phenotype. Nature medicine. 
2001;7(9):1028-34. Epub 2001/09/05. 
doi: 10.1038/nm0901-1028. PubMed 
PMID: 11533706.

31. Bunting KD. ABC transporters as 
phenotypic markers and functional 
regulators of stem cells. Stem cells 

(Dayton, Ohio). 2002;20(1):11-20. Epub 
2002/01/18. doi: 10.1634/stemcells.20-3-
274. PubMed PMID: 11796918.

32. Krishnamurthy P, Ross DD, Nakanishi 
T, Bailey-Dell K, Zhou S, Mercer KE, et 
al. The stem cell marker Bcrp/ABCG2 
enhances hypoxic cell survival through 
interactions with heme. The Journal of 
biological chemistry. 2004;279(23):24218-
25. doi: 10.1074/jbc.M313599200. 
PubMed PMID: 15044468.

33. Jansen J, Schophuizen CM, Wilmer MJ, 
Lahham SH, Mutsaers HA, Wetzels JF, 
et al. A morphological and functional 
comparison of proximal tubule cell lines 
established from human urine and kidney 
tissue. Exp Cell Res. 2014;323(1):87-
99. doi: 10.1016/j.yexcr.2014.02.011. 
PubMed PMID: 24560744.

34. Prasad B, Johnson K, Billington S, Lee CA, 
Chung GW, Brown CD, et al. Abundance 
of drug transporters in the human kidney 
cortex as quantified by quantitative 
targeted proteomics. Drug Metab Dispos. 
2016. doi: 10.1124/dmd.116.072066. 
PubMed PMID: 27621205.

35. van Kalken CK, Giaccone G, van der Valk 
P, Kuiper CM, Hadisaputro MM, Bosma 
SA, et al. Multidrug resistance gene 
(P-glycoprotein) expression in the human 
fetus. Am J Pathol. 1992;141(5):1063-72. 
PubMed PMID: 1359789; PubMed Central 
PMCID: PMCPMC1886663.

36. Da Sacco S, Thornton ME, Petrosyan 
A, Lavarreda-Pearce M, Sedrakyan S, 
Grubbs BH, et al. Direct Isolation and 
Characterization of Human Nephron 
Progenitors. Stem Cells Transl Med. 2016. 
doi: 10.5966/sctm.2015-0429. PubMed 
PMID: 27612517.

37. Takasato M, Er PX, Becroft M, 
Vanslambrouck JM, Stanley EG, Elefanty 
AG, et al. Directing human embryonic stem 
cell differentiation towards a renal lineage 
generates a self-organizing kidney. Nat Cell 



Chapter 6

158

6

Biol. 2014;16(1):118-26. doi: 10.1038/
ncb2894. PubMed PMID: 24335651.

38. Pino CJ, Humes HD. Stem cell technology 
for the treatment of acute and chronic 
renal failure. Transl Res. 2010;156(3):161-
8. doi: 10.1016/j.trsl.2010.07.005. 
PubMed PMID: 20801413; PubMed 
Central PMCID: PMCPMC2930898.

39. Eirin A, Lerman LO. Mesenchymal stem 
cell treatment for chronic renal failure. 
Stem Cell Res Ther. 2014;5(4):83. 
doi: 10.1186/scrt472. PubMed PMID: 
25158205; PubMed Central PMCID: 
PMCPMC4097822.

40. Peired AJ, Sisti A, Romagnani P. Mesenchymal 
Stem Cell-Based Therapy for Kidney 

Disease: A Review of Clinical Evidence. 
Stem Cells Int. 2016;2016:4798639. 
doi: 10.1155/2016/4798639. PubMed  
PMID: 27721835.

41. Song JJ, Guyette JP, Gilpin SE, Gonzalez 
G, Vacanti JP, Ott HC. Regeneration and 
experimental orthotopic transplantation of 
a bioengineered kidney. Nature medicine. 
2013;19(5):646-51. doi: 10.1038/nm.3154. 
PubMed PMID: 23584091; PubMed Central 
PMCID: PMCPMC3650107.

42. Dekel B, Reisner Y. Embryonic 
committed stem cells as a solution to 
kidney donor shortage. Expert Opin 
Biol Ther. 2004;4(4):443-54. doi: 
10.1517/14712598.4.4.443. PubMed 
PMID: 15102595.







CHAPTER 7General Discussion





Discussion 

163

7

INTRODUCTION
The kidneys are crucial for the removal of waste and toxicants from the blood stream. 

For this purpose, proximal tubule epithelial cells are equipped with a myriad of different 

membrane transporters responsible for the uptake and extrusion of a great variety of 

metabolic products and exogenous compounds (xenobiotics) [1]. Fundamental research 

into the mechanisms responsible for renal transport activity is key to our understanding 

of kidney function. Kidney disease progression and uremic solutes retention, as well as 

interactions affecting drug disposition are intrinsically related to transport activity [2, 3].

The model of choice for the present thesis was the conditionally immortalized human 

proximal tubule cell line - ciPTEC [4], a cell model that closely resembles human proximal 

tubule physiology. The model was improved with the expression of the OAT1 transporter 

[5], a transporter lost in epithelial cell cultures in vitro [6]. Previous studies have shown 

ciPTEC metabolic activity [7], and potential use in the development of bio-artificial 

membranes, with the purpose of improving current hemodialysis for patients with kidney 

failure [8-11]. With over 30 peer-reviewed publications (ncbi.gov) on the properties and 

applications of ciPTEC, this model is a proven platform for kidney research and the work 

in this thesis explored the activity and regulation of renal drug transporters [2]. In this final 

chapter, the overall implications of this work for drug discovery, kidney physiology and 

regenerative nephrology is being discussed.

TRANSPORT ACTIVITY AND FLUORESCENCE-BASED ASSAYS
Fluorescent techniques have become a cornerstone of molecular and cellular research. 

Currently there is a broad variety of fluorescent probes available for multiple uses, 

from staining cellular components such as the cytoskeleton to visualizing processes like 

apoptosis and mitochondrial activity [12, 13]. As non-physiological compounds, these 

probes are potential substrates for membrane transporters. Their recognition as key 

intervenients in multidrug resistance (MDR) brought them into the spotlight in the 70’s 

of last century [14]. Since then, several drug transporters have been discovered and 

implicated in a multitude of physiological processes [15]. Early on research showed that 

cancer cells poorly retained fluorescent dyes, derived from their enhanced efflux activity, 

while the dyes accumulated in combination with pharmacological agents [16-18]. Hence 

the potential use of fluorescent substrates as tools to study transport activity in vitro has 

been long recognized.

Just as research progressed and the number of proteins characterized as membrane 

transporters expanded, so did the list of dyes described as substrates [19]. In the present 

thesis, fluorescence is a tool, transversal in all experimental work (Chapters 3-6). We 

used the known substrates Hoechst33342, calcein-AM, CMFDA/GS-MF and fluorescein, 

described for Breast cancer resistance protein (BCRP), P-glycoprotein (P-gp), Multidrug 

resistance proteins (MRPs) and organic anion transporters (OATs), respectively, to evaluate 

their function [3, 5].
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Fluorescent assays revealed to be technically straightforward and a powerful tool 

capable of generating large data sets, as was evident in chapters 3 and 6. These assays 

are a valuable addition to other analytical methodologies widely applied to investigate 

membrane transporters function, such as scintillation counting when radiolabeled 

substrates are being used and mass-spectrometry of unlabeled compounds, as applied in 

chapter 4. A major benefit of fluorescent-based techniques lays in the use of compounds 

that do not require special handling or laborious sample preparation, and the analysis can be 

performed rapidly using a plate reader. This allows for multiple experimental conditions to 

be tested in parallel, and makes this approach less laborious than fluorescence acquisition 

via flow cytometry or confocal microscopy [20, 21]. Despite their advantages, the use 

of fluorescence-based transport assays requires certain considerations. Fluorescence 

can be influenced by changes in pH and temperature, quenching, and optical or 

luminescent properties of other compounds/drugs/substrates added simultaneously [22]. 

Autofluorescence of the cells can impair results, promoting unreliable measurements. This 

effect is derived from the excitation of endogenous fluorophores, such as the reducing 

agent NADH, in mitochondria and lysosomes [23]. The substrate concentration used in 

combination with a given blocker should be below the Michaelis-Menten constant - Km 

- value to avoid non-specific effects. Furthermore, long incubation times can lead to 

oversaturation, reduced viability and loss in fluorescent signal. Finally, the sensitivity of 

a typical plate reader can fall behind other quantification methods [24].

As illustrated by Jenkinson et al., fluorescent assays were unable to determine function 

in a model that revealed poor transporter expression [25], in stark contrast to ciPTEC. 

Therefore, a comprehensive knowledge of the transporters expressed is essential to 

interpret functional results. The use of a specific transporter inhibitor in combination with 

fluorescent dyes results in considerable intracellular fluorescence, when blocking efflux 

transporters. However, caution is required given the protein homology, providing model 

inhibitors at different concentrations with the capacity to inhibit several transporters, as 

shown in chapter 3. The dyes used for investigating efflux transporters in ciPTEC were 

lipophilic and could diffuse across the cell membrane. Diffusion may also be involved 

in the substrates movement out of the cell; nonetheless this phenomenon should be 

largely overshadowed by the transporters activity. Certain substrates, such as calcein-

AM and CMFDA, are fluorescent precursors and require enzymatic activation to acquire 

fluorescence. In vitro models lacking such enzymes (e.g. hydrolases and glucuronidases) 

are not suited for these assays. Conversely, substrates can be potentially rendered 

ineffective by the action of metabolic enzymes. 

The efflux activity studies in ciPTEC (chapter 3), underline the complex interactions 

between drug transporters and substantial substrate promiscuity [26]. The interactions 

between uptake and efflux transporters can be studied using a substrate selective for 

both an uptake and efflux carrier (Figure 1). The bioluminescent substrate D-luciferin 

is a known BCRP substrate used in vivo [27]. When tested using ciPTEC-OAT1 cells, 

a ciPTEC-derived cell line overexpressing the renal uptake transporter OAT1 [5], we found 
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that D-luciferin only accumulates in OAT1 expressing cells upon BCRP inhibition. This was 

not observed when cells do not overexpress OAT1, as demonstrated by the parent ciPTEC 

(Figure 2A). Further, OAT1 inhibition abolished D-Luciferin uptake, underlining OAT1 role 

in its handling. These findings prove a cooperative effect between drug uptake (OAT1) 

and efflux (BCRP) transporters [28, 29]. 

Overall fluorescent assays can be reliable and efficient approaches to obtain functional 

data and study pharmacological interactions mediated by membrane transporters in 

vitro. Nonetheless, it is imperative to determine the boundaries of such assays. As novel 

fluorescent dyes are being identified as substrates and the number of specific inhibitors 

expand, these type of assays have the potential to become mainstream in transporters 

research in drug development.

The challenges of renal function in regenerative nephrology 
Tissue engineering together with stem cell research have paved the way for regenerative 

medicine, a collection of methodologies that allows to repair or replace damaged organs 

[30, 31]. Gaining momentum since the late 20th century, the field of regenerative medicine 

Figure 1. Fluorescent substrates uptake and efflux in proximal tubular cells. Summary of 
the interactions between fluorescent substrates and inhibitors in proximal tubular cells. Receptor 
mediated endocytosis can also be determined using fluorescent substrates and it is also depicted in 
the bottom of the picture.
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Figure 2. D-Luciferin uptake and efflux in ciPTEC-OAT1 cells. BCRP inhibitor KO143 only yields 
Luciferin accumulation in ciPTEC-OAT1 cells in contrast with wild type ciPTEC (ciPTEC 14.4) (A). 
D-Luciferin accumulates in the presence of 5 μM KO143 (B). Panel C depicts D-luciferin transport 
from the basolateral (blood side) to the apical side (pro-urine) of proximal tubule cells.

has exploded [32, 33]. Significant achievements have been made in the reconstruction of 

skin, bone, cartilage and muscle, leading to clinical applications [34-37], and continuous 

research efforts are seeking strategies to generate virtually every organ in the human 

body [38]. The success of regenerative medicine is built on the multi-disciplinary nature 

of combining advances in material science and bio-fabrication with know-how on cellular 

physiology and organ development/ontogeny together with clinical practices [39]. 

Nonetheless, the more complex the organ in hand, the more complex the challenges.
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To date the major breakthrough in the treatment of chronic renal diseases has been 

replacement therapy, either by kidney transplantation or by hemodialysis [40]. Kidney 

transplants may offer a lifelong solution for patients, however, they are hampered by 

organ availability and histocompatibility issues, that require permanent monitoring 

and pharmacological intervention to prevent organ rejection [41]. On the other hand, 

hemodialysis can improve the quality of life, though it does not represent a permanent 

solution and carries a significant burden for patients and families [42, 43]. 

The so-called bio-artificial kidney (BAK) is a popular approach that uses synthetic fibers 

lined with cells. Arguably, it aims at replacing function and not regenerating the kidney. 

Nonetheless it restores renal function using elements from dialysis and kidney cells [44]. 

As discussed in Chapter 1, cell source is a pressing matter, and guarantying the proper 

cell phenotype and function are vital. The fluorescent tools described in Chapter 3 

are a reliable methodology to verify the cellular activity of bio-engineered applications 

for kidney regeneration [10]. This became further evident in chapter 6 where kidney 

progenitor cells were tested for their differentiation capability towards proximal tubule 

epithelial cells. Upon passaging progenitor cells acquired a more differentiated phenotype 

with enhanced transporter activity. Fetal progenitor cells are a valuable research tool but 

with poor practical applicability [45]. The discovery of renal progenitors in the urine of 

preterm neonates [46] can abolish the source limitation of renal progenitors and can be 

used to exploit the regenerative potential of these cells. 

Other promising strategies in renal regeneration rely on the of recellularization 

of kidney scaffolds, either de-cellularized or engineered by biofabrication [47-49]. 

Recreating kidneys in vitro, a method that builds on the immense know-how gathered 

from developmental nephrology [50], is also showing promising results. Both renal 

progenitors and induced pluripotent stem cells (iPS) were used successfully to generate 

phenotypically accurate kidney organoids [51, 52]. Though anatomically correct and 

expressing the desired renal markers, these renal constructs can only be useful when 

mimicking not only kidney structures but also function [53]. Currently, the organoids are 

still in an embryonic state [52, 54, 55]. 

Generating kidney organoids and testing renal progenitor cells in vitro present an 

opportunity not only for regenerative medicine, but also for the improvement and 

refinement of current experimental methods [56, 57]. Renal progenitors can be used to 

test the toxicity of a variety of compounds in cells cultured in three-dimensional structures 

and can be used as a “down-scaled” prototype for nephrotoxicity in developing structures. 

Pre-clinical testing and experimentation refinement  
The development of compounds intended to be administered to humans, either drugs for 

therapeutical purposes or molecules/tracers for diagnostics procedures, involves several 

meticulous testing phases [58]. Human testing is a tightly regulated, expensive and time-

consuming enterprise. To reduce development costs and approval timeframes of human 

trials, pre-clinical results, often derived from animal models, must provide reliable results. 
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In recent years, the increasing awareness of the scientific community and general public 

towards laboratory animals welfare pushed for more restrictive legislation governing animal 

experimentation [59]. Research guidelines such as the 3R’s – replacement, reducement 

and refinement of animal experimentation- have gained considerable momentum and 

novel models, techniques and study designs are being sought for pre-clinical testing with 

human predictive value [60]. 

In chapter 1, we reviewed renal cell models currently available as research tools, and 

these systems are of particular interest in drug development given the fact that a large 

number of drugs is cleared via the kidneys and current drug development guidelines 

enforce the testing of both drug transporters and clearance route of drugs in the research 

pipeline [61]. The experimental work laid out in chapters 2-5 evaluated the use of ciPTEC 

to investigate renal drug transport function. This work served the double purpose of 

further characterizing the ciPTEC as a human physiologically relevant model and to 

reveal the contours of pathophysiology, by studying uremic toxin handling and the renal 

toxicological effects of cancer medication. 

As model able to recreate in vitro tubular excretion and reabsorption, the ciPTEC was 

an ideal candidate to screen novel tracers for in vivo renal function assessment, in an 

early testing phase. This was applied to novel compounds suitable for transcutaneous 

measurement of renal function (TMRF) by assessing the glomerular filtration rate (GFR) in 

real time [62, 63]. To meet this purpose, it is crucial that the probes are completely excreted 

into urine solely by filtration and without proximal tubular reabsorption or secretion. 

Other requirements include fluorescent stability, efficient glomerular filtration, metabolic 

inactivity and absence of overt toxicity. In the development of optimized fluorescently 

labeled cyclodextrin derivatives, several compounds were generated and extensively 

tested for TMRF. Screening for compound distribution, absorption and toxicity using 

a rat model requires considerable numbers of animals per compound tested. Therefore, 

a first screening was done using ciPTEC to determine their renal tubular cell handling and 

cytotoxic potential. In the end, candidate molecules were validated and the results were 

recently published [64]. Figure 3, depicts the uptake assays performed for three candidate 

cyclodextrin probes.   

On the road to clinical implementation, the ciPTEC model can be used as a physiological 

prototype of the proximal tubules, with endogenous transport activity allowing drug 

testing. A significant number of compounds fail during trials at a later stage in drug 

development [65, 66]. This is often due to poor predictability of the models used in 

early testing phases and the variability of animal studies [67]. Comprehensive models can 

improve the quality of in vitro data and when allied with predictive tools that are able to 

simulate pharmacokinetic parameters [68] (e.g. bioinformatics), such models can greatly 

reduce the time-frames and the quality of medicines/therapies implemented into practice.
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RENAL DRUG TRANSPORTERS REGULATION AND CLINICAL 
IMPLICATIONS 
Extensive research into MDR has deciphered the signaling mechanisms that govern 

the activity of distinct drug transporters and the effects of chemotherapeutical agents 

[69]. Cellular signaling pathways are responsible for controlling, virtually, all aspects of 

a cell’s physiology, from development to death. Drugs excreted via the renal route can 

affect the activity of BCRP by modulating ubiquitous pathways, as shown in chapter 2. 

Drug transporter regulation can potentially impact drug disposition, a phenomenon widely 

described in MDR [70]. Understanding how membrane transporters are regulated under 

normal physiological conditions is crucial when investigating drug-drug interactions, 

predicting side-effects of medication and even determining the effectiveness of a drug 

[71, 72]. In chapter 5, a cancer combinatory therapy involving two agents and undergoing 

clinical trials (NCT02054442 - ClinicalTrials.gov) was investigated in vitro to determine 

consequences at the renal level. Our findings demonstrate that the non-nephrotoxic 

epidermal growth factor receptor (EGFR) inhibitor, cetuximab [73], extensively changes 

the expression of all major renal drug transporters, subsequently reducing methotrexate 

Figure 3. Uptake and toxicity examples of fluorescently labeled cyclodextrins in ciPTEC-OAT1. Dose-
dependent uptake of the probes was performed at either 37°C or 4°C, as a negative control for 
diminished biological activity. The compound HPβCD conjugated with a FITC label yielded only 
an increase in fluorescence at the highest concentration tested  (A) and no toxicity (D), while 
conjugated fluorescein HPβCD showed dose-dependent uptake at 37°C (B). Another compound, 
HPγCD conjugated with FITC, showed a dose dependent uptake at 37°C, fluorescence acquisition 
was not determined at 4°C (C). This procedure using ciPTEC allowed screening for compounds 
showing biological activity in proximal tubular cells. 
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nephrotoxicity [74]. Overall this evidence uncovered a seemingly beneficial off target 

effect of a EGFR inhibitor derived from its cellular regulatory properties.

Until know, chronic kidney disease (CKD) cannot be reversed, and current treatments 

aim at managing and relieving symptoms [40]. Furthermore, it is roughly estimated that 

30% of patients undergoing cancer treatment are affected by renal insufficiency and 

that 12% suffer from acute kidney injury [75, 76]. Following renal replacement therapy, 

the risk of developing cancer increases by 3-fold [77]. The number of kidney patients 

undergoing co-medication therapies is increasing, and common chemotherapeutical drugs 

can be nephrotoxic [78, 79]. It is important to understand how drug-interactions affect 

renal physiology and by drawing evidence from both clinic and biomedical fundamental 

research novel therapies, using available drugs, can be developed to manage kidney 

and oncological disease [80-82]. The benefits of such approach can increase the efficacy 

of nephrotoxic drugs, such as cisplatin, if kidney damage can be limited or prevented. 

CKD progression can be minimized if potentially damaging drug combinations can be 

predicted and avoided.  

PERSPECTIVES 
A renewed wave of interest in transporter research came with the implementation of 

guidelines that include the testing of membrane transporters in drug interaction studies 

[83, 84]. Both academia and industry have committed a fair amount of resources 

exploring transporter mediated pharmacological interactions. Considering the high 

density of transporters in the kidney [85], further and more complex interactions could 

be uncovered in the future. The generalization of functional assays, high throughput 

screening strategies and precision analytical technologies (e.g. targeted proteomics, 

peptide arrays) is boosting research into all aspects of the transporter influence sphere. 

Present trends in research are shifting towards transporter regulation and the mechanisms 

behind transporter interactions. Concepts as remote sensing signaling and transport-

mediated systemic regulation of solutes (e.g. drugs, metabolites and hormones) are 

emerging [86, 87]. The classical view of transporters as single entities operating alone 

is being abandoned. Absorption, distribution, metabolism and excretion (ADME) studies 

incorporate renal transport activity and expression of several transporters in their design 

[61], and the ontogeny and expression of renal drug transporters is now also recognized 

in pediatric pharmacology [88]. Bioinformatics can manage large data sets and bring 

transporters regulation, expression, activity and interactions together by the construction 

of potent perdition computational tools for ADME in drug development [89]. Overall, 

research into renal transport can be expected to become more integrative while it moves 

towards clinical significance.

Transport function is a highly dynamic physiological process and it is accepted that 

in vitro or end point animal experiments only take a snapshot. Quantifying transport 

activity can become a powerful diagnostic tool. Positron emission tomography has been 

successfully used to determine live transporter mediated drug disposition in humans 
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[90]. Although promising, this type of approach requires advanced equipment, it is 

labor intensive and involves substantial costs. A simpler and cost-effective solution can 

be found in real-time TMRF [62]. Novel probes, build on the present understanding of 

transporters function, could be used to measure renal transport-mediated excretion, 

in the same fashion used to determine filtration rate [64]. These strategies are being 

explored for clinical applications (medibeacon.com) and could potentially be implemented 

into practice, providing easy-access tools for comprehensive renal disease diagnostic  

and monitoring. 

The use of advanced and well-characterized in vitro models in renal drug transport 

research is also expected to expand in the upcoming years. Nephrotoxicity screening 

and drug testing will be at the forefront of in vitro assays. The expansion of “organ-

on-a-chip” technologies has seen the merger of cellular models with microfluidic 

nanofabrication technologies seeking to control the cellular micro-environment and offer  

high-throughput screening tools. The so-called ‘kidney-on-a-chip’ may soon become 

a commercially available reality, providing a platform for further investigating renal 

transport activity [91-93]. In terms of improving the cell model phenotype that resembles 

the physiological condition, the use of renal progenitors and iPS cells can be of additional 

value. Targeted differentiation combined with custom-made biomaterials could provide 

high quality renal cell prototypes. A novel technique, known as the clustered regularly 

interspaced short palindromic repeats and associated gene or CRISPR-CAS, allows for 

the precise gene manipulation of living cells. Genes can now be removed and inserted 

in precise locations, rendering existing techniques such as viral transfections obsolete 

[94-96]. Transporter genes can be added or removed from a cell line on-demand or 

mutated to represent a polymorphism; the opportunities for genetically modified models 

to study transporter interactions and regulation are enormous. Further the technique 

can be also be used in vivo, by manipulating germ cells, tailoring animals according to 

the experimental needs. It can be expected that the CRISPR-CAS technology will become 

ubiquitous in many biomedical research fields in the near future, providing better models 

for drug-interactions and transport regulation studies as well as kidney diseases.

The potential for translational and regenerative medicine of the methodologies 

exposed here is considerable. Mostly driven by principles of the 3R’s, it is likely that tools 

and innovative approaches derived from kidney tissue engineering will find their way into 

fundamental renal pharmacological research. The use of CRISPR-CAS combined with iPS 

cell technology could provide us with a sustainable and reliable source of high quality 

cells for tissue repair and fundamental research. 

All things considered, this thesis demonstrates the use of fluorescent substrates as 

a tool to investigate the activity of ABC and SLC transporters acting simultaneously; 

sheds light on the role played by ubiquitous cell signaling in renal drug excretion and 

shows that kidney fetal progenitors cells are functionally active. This is a step forward in 

understanding the activity of renal drug transporters and provides tools to further explore 

renal transport regulation.
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SUMMARY
The present thesis describes the investigations on the function and regulation of renal 

drug transporters in proximal tubule cells in vitro, including the development of reliable 

methodology using human cells representative of renal physiology. The kidneys are 

responsible for maintaining whole body homeostasis and the removal of waste products 

from systemic circulation. A number of energy dependent xenobiotic transporters present 

in the proximal tubule epithelial cells (PTEC) account for the kidneys excretory capacity. 

At the basolateral side, PTEC express the uptake transporters organic anion transporter 1 

and 3 (OAT1 and 3) and organic cation transporter 2 (OCT2); at the apical site, amongst 

others, the efflux transporters breast cancer resistance protein (BCRP), P-glycoprotein 

(P-gp), multidrug resistance proteins 2 and 4 (MRP2 and MRP4) and multidrug and toxin 

extrusion proteins 1 and 2 (MATE1 and MATE2). Together these transporters remove 

a variety of solutes, including drugs and uremic toxins. The disruption of normal kidney 

function can often lead to development of chronic kidney disease (CKD), the progressive 

loss of function over a prolonged period of time. CKD is a major healthcare concern often 

leading to end stage renal disease, for which current treatments consist of dialysis and 

ultimately kidney transplantation. Understanding renal function is important to develop 

novel strategies to treat kidney disease. To date, several in vitro models representative 

of proximal tubules physiology are available. Nonetheless few cell lines retain native 

transport activity like the conditionally immortalized human proximal tubule cell line 

(ciPTEC) that endogenously expresses a number of important PTEC transporters. Chapter 
1 gives an overview of the role of PTEC in kidney physiology and describes the rationale 

of using ciPTEC for studying xenobiotic transporters in more detail.

Chapter 2 reviews the importance of BCRP in renal function. Expression of BCRP 

is lower compared to other ABC – ATP binding cassette - transporters present in PTEC, 

nonetheless its activity accounts for the excretion of a number of endogenous compounds 

and widely used drugs, including chemotherapeutics. Incidentally, BCRP has been 

extensively associated with chemoresistance and cancer drugs themselves can influence 

its expression and function. 

In chapter 3 assays for studying transport processes over the apical membrane of 

PTEC are described. Using fluorescence-based transport assays, the function of BCRP, 

P-gp and MRP4, as well as protein uptake through receptor-mediated endocytosis was 

determined. The substrates Hoechst33342, chloromethylfluorescein-diacetate (CMFDA/

GS-MF) and calcein-AM were used in presence or absence of model inhibitors for BCRP 

(KO143), MRP’s (MK571) or P-gp (PSC833), respectively. Receptor-mediated endocytosis 

was analyzed by determining the intracellular accumulation of fluorescently labeled 

receptor associated protein (RAP-GST), a ligand for the megalin-cubilin receptor complex. 

The retention of fluorescent Hoechst33342, GS-MF and calcein in the presence of KO143, 

MK571 and PSC833 revealed redundancy in handling of fluorescent substrates between 

the transporters. While KO143 and MK571 blocked BCRP, P-gp and MRP4, PSC833 
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blocked both BCRP and P-gp, but not MRP4. Furthermore, the cells accumulate RAP-GST 

in endosomal vesicles in a dose and time dependent manner. Overall, fluorescence-

based assays appeared to be viable and reproducible tools to determine apical transport 

mechanisms, in vitro. Model substrates and inhibitors tested, appeared not specific for 

the designated transporters, reflecting the complex interactions that can take place in 

vivo in PTEC. 

In chapter 4, the effects of uremic solutes p -cresyl sulfate (pCS) and p -cresyl 

glucuronide (pCG) on renal efflux transport and CKD progression are studied. In CKD 

patients, uremic solutes accumulate due to compromised renal excretion processes and 

can contribute to the progression of the disease. By exposing ciPTEC to pCS and pCG 

it was demonstrated that these solutes are substrates and can competitively inhibit 

the activity of both BCRP and MRP4. Further, pCS positively influenced the  expression and 

function of BCRP. On the other hand, pCG promoted phenotypical changes by increasing 

the expression of vimentin while decreasing E-cadherin levels, indicating the induction 

of epithelial to mesenchymal transition. These findings support the previously suggested 

finding that uremic toxins may be involved in CKD progression by affecting renal tubule 

cell phenotype and functionality.

The pharmacological interaction between two different anticancer drugs – 

cetuximab, anti-epidermal growth factor receptor recombinant monoclonal antibody, 

and methotrexate, a chemotherapeutical and anti-inflammatory agent – was investigated 

at the renal cellular level, in chapter 5. The activity of OAT1, BCRP, P-gp and MRP4 

was investigated using the fluorescence assays developed in ciPTEC overexpressing 

OAT1. Methotrexate inhibited OAT-mediated fluorescein uptake, and decreased BCRP- 

and MRP4-mediated Hoechst33342 and GS-MF efflux. After cetuximab exposure, 

the expression and activity of OAT1 and BCRP were downregulated, while the activity of 

P-gp and MRP4 was increased. The mechanisms implicated in transporter regulation were 

analyzed further by kinomic analysis using the Pamchip kinase microarrays and pathway 

predictions. Pathway analysis and subsequent pharmacological studies confirmed that 

cetuximab triggered EGFR-AKT-MEK signaling pathway leading to extensive changes 

in transporters expression and activity. Finally, it was demonstrated that cetuximab 

pretreatment reduced methotrexate uptake in ciPTEC and its cytotoxic potential. Taken 

together, cetuximab attenuates methotrexate-induced nephrotoxicity by EGFR-mediated 

transporter regulation, opening possibilities for nephroprotective co-medication therapies.

In chapter 6 we investigated the function and differentiation potential of human fetal 

kidney-specific progenitor cells (KSPC). Cells were tested for the expression of differentiation 

markers and function over passage numbers (P6-P9) in PTEC culture medium. In addition, 

matrigel cultures were used to determine 3-dimensional differentiation. Results showed 

that the cells developed a PTEC-like phenotype over passages, increasing the expression 

of MRP4 and P-gp and maintaining BCRP expression on the gene level. Functional assays 

revealed that MRP4 and P-gp activity increased over passage number, while BCRP was 

functionally inactive despite its gene expression. In matrigel the cells formed functional 
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tubule-like structures after two days in culture. These results indicated that KSPC can 

be functionally active in vitro, and although immature, KSPC can differentiate towards 

a PTEC phenotype over time and passage number.

Finally, chapter 7 offers an in-depth discussion and summary of the results obtained. 

This thesis demonstrates that studying the activity of different xenobiotic transporters 

acting simultaneously can be achieved by using fluorescence-based tools. The role of 

EGFR as active component of a cell-signaling pathway was elucidated after investigating 

the pharmacological interaction between two anticancer drugs on the molecular level. 

Finally, we also showed that KSPCs can differentiate into functionally active PTEC. Overall 

this work pushes forward our understanding of renal xenobiotic transporters activity 

under physiological and pathological conditions, and provides a novel approach to 

explore further transporter regulation and renal drug interactions. 
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NEDERLANDSE SAMENVATTING 
Dit proefschrift beschrijft het onderzoek naar de functie en de regulatie van 

transporteiwitten in gekweekte cellen van de menselijke nier (in vitro). De nieren zijn 

verantwoordelijk voor het handhaven van het interne milieu van het lichaam, o.a. 

door de verwijdering van afvalproducten uit de algemene circulatie. Hiervoor zijn een 

aantal energie-afhankelijke transporteiwitten verantwoordelijk, die aanwezig zijn in  

de proximale tubulus-epitheelcellen (PTEC). Aan de basolaterale zijde van de cellen, de kant 

die in nauw contact staat met de bloedbaan, zijn de organische aniontransporters 1 en 3 

(OAT1 en 3) en organisch-kationtransporter 2 (OCT2) verantwoordelijk voor de opname 

van stoffen. Aan de andere kant, de apicale zijde, zijn het borstkankerresistentieeiwit 

(BCRP), P-glycoproteïne (P-gp), de multidrug-resistentieeiwitten 2 en 4 (MRP2 en MRP4) 

en de multidrug en toxine-extrusie-eiwitten 1 en 2 (MATE1 en MATE2) verantwoordelijk 

voor transport naar de voorurine. Gezamenlijk verwijderen de transporteiwitten veel 

verschillende stoffen, waaronder geneesmiddelen en lichaamseigen afbraakproducten, 

ook wel uremische toxines genoemd. 

Verstoring van de nierfunctie kan leiden tot de ontwikkeling van chronische nierziekte 

(CKD), een inflammatoir proces dat gepaard gaat met een geleidelijk verder verlies 

van functie en uiteindelijk tot eindstadium-nierfalen waarvoor alleen nog dialyse en 

niertransplantatie als behandelingsmogelijkheden zijn. CKD is een belangrijk en duur 

gezondheidsprobleem. Om nieuwe therapieen te kunnen ontwikkelen die eerder 

ingrijpen in het ziekteproces, is het belangrijk om goed te begrijpen hoe de nieren 

functioneren. Er zijn slechts een beperkt aantal humane celmodellen beschikbaar om 

dit op cellulair niveau te kunnen doen. Een van de meest gekarakteriseerde celsystemen 

is het conditioneel-geimmortaliseerde humane PTEC (ciPTEC) model. In dit celmodel 

zijn een aantal karakteristieken behouden gebleven, waaronder de aanwezigheid van 

transporteiwitten, waardoor het geschikt is voor bestudering van nierfysiologische 

processen zoals beschreven in dit proefschrift. Hoofdstuk 1 geeft een overzicht van  

de rol van PTEC in algemene nierfysiologie en de motivatie voor het gebruik van ciPTEC 

als model voor het bestuderen van geneesmiddeltransporters in de nier.

Hoofdstuk 2 geeft een overzicht van het belang van BCRP in nierfunctie en in 

geneesmiddelresistentie bij kankertherapie. In de nier is BCRP minder aanwezig dan andere 

ATP-bindingscassette (ABC) transporters, zoals P-gp en MRP4, niettemin is de activiteit 

van belang voor de uitscheiding van een groot aantal lichaamseigen afbraakstoffen 

en veel geneesmiddelen, waaronder chemotherapeutica. BCRP is betrokken bij 

kankertherapieresistentie, waarbij de chemotherapeutica in staat zijn om de activiteit en 

de aanwezigheid van de transporter in tumorcellen te beinvloeden. Of ditzelfde proces 

ook in niertubuluscellen plaatsvindt is niet bekend. Wel is het zo dat chemotherapeutica 

niertoxisch kunnen zijn en nierfalen kunnen veroorzaken.

In hoofdstuk 3 staan de assays beschreven die zijn ontwikkeld voor het bestuderen 

van transportprocessen over de apicale celmembraan van PTEC. Hierbij is gebruik gemaakt 
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van fluorescerende modelstoffen, waarmee de functie van BCRP, Pgp en MRP4, alsmede 

receptor-gemedieerde eiwitendocytose konden worden geevalueerd. De substraten 

Hoechst33342, chloromethylfluorescein-diacetaat (CMFDA / GS-MF) en calceïne-AM zijn 

bestudeerd in aanwezigheid of afwezigheid van bekende remmers voor, respectievelijk, 

BCRP (KO143), MRP’s (MK571) of P-gp (PSC833). Receptor-gemedieerde endocytose werd 

geanalyseerd aan de hand van de intracellulaire ophoping van GST-gelabeld receptor-

geassocieerdeiwit (RAP-GST), wat aan het megaline-cubiline-receptorcomplex bindt. Uit 

het onderzoek is gebleken dat de getestte modelsubstraten en -remmers niet specifiek 

zijn voor de bestudeerde transporteiwitten. Desondanks kunnen condities zo gekozen 

worden dat wel een uitspraak over de activiteit van individuele transporteiwitten kan 

worden gedaan. De ontwikkelde assays zijn vervolgens in hoofdstuk 4 toegepast, waarin 

de effecten van de uremische toxines p-cresylsulfaat (pCS) en p-cresylglucuronide (pCG) op 

niertubulusceltransport en progressie van nierfalen werd bestudeerd. Bij nierfalen hopen 

deze afbraakproducten zich op in het lichaam wat kan bijdragen aan een verder verlies 

van nierfunctie. Het onderzoek wees uit dat pCS en pCG substraten en remmers zijn voor 

de transporteiwitten BCRP en MRP4. Daarnaast bleek dat blootstelling aan pCS leidde tot 

een toename in de aanwezigheid en functie van BCRP in PTEC; pCG daarentegen had  

een negatieve invloed op PTEC-specifieke karakteristieken. Hieruit hebben we 

geconcludeerd dat de afbraakproducten kunnen bijdragen aan verergering van nierfalen 

door aantasting van de functie van PTEC.

In hoofdstuk 5 is met de niercellijn de interactie onderzocht tussen twee 

geneesmiddelen tegen kanker, te weten cetuximab, een monoklonaal antilichaam gericht 

tegen de epidermale groeifactorreceptor (EGFR), en methotrexaat, een chemotherapeutisch 

en antiinflammatoir geneesmiddel. Eerst is het effect van methotrexaat op de activiteit 

van de niertransporters OAT1, BCRP, P-gp en MRP4 onderzocht met behulp van 

de eerder ontwikkelde fluorescentie-assays. Hieruit bleek dat het middel de OAT1-

gemedieerde opname van fluoresceïne, en de BCRP- en MRP4-gemedieerde uitscheiding 

van, respectievelijk, Hoechst33342 en GS-MF verminderde. Een gelijktijdige toediening 

van cetuximab zorgde voor een vermindering in aanwezigheid en activiteit van OAT1  

en BCRP, terwijl die van P-gp en MRP4 werden verhoogd. Met behulp van een Pamchip-

kinasearray zijn de mechanismen die hierbij betrokken zijn verder onderzocht. Hieruit 

bleek dat cetuximab een intracellulaire signaleringsroute activeert die de veranderingen 

in de expressie en activiteit van de niertransporters veroorzaakt. Tenslotte kon worden 

aangetoond dat voorbehandeling van de cellen met cetuximab ervoor zorgt dat 

methotrexaat verminderd wordt opgenomen en hierdoor minder schadelijk is voor  

de niercellen. Deze interactie kan in gunstige zin gebruikt worden om de therapeutische 

effectiviteit van methotrexaat te verhogen en de nierbijwerkingen te verminderen. 

Voor de behandeling van eindstadium-nierfalen wordt nog naar nieuwe 

mogelijkheden gezocht, waaronder ook op cellen-gebaseerde therapieen om het 

herstel van de beschadigde nieren te bevorderen. Stamcellen zijn hiervoor een goede 

mogelijkheid. In hoodstuk 6 is onderzoek gedaan naar de mogelijkheid van menselijke, 
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foetale, nierstamcellen (KSPC) om zich te ontwikkelen to gedifferentieerde PTECs. Cellen 

werden getest op de aanwezigheid van differentiatiemarkers en vergeleken met ciPTECs 

in functieontwikkelen wanneer ze langere tijd in kweek werden gehouden. Daarnaast 

is onderzocht hoe de cellen zich 3-dimensionaal ontwikkelen in een hiervoor geschikt 

medium, zgn. Matrigel. De resultaten toonden aan dat wanneer KSPCs in PTEC-medium 

worden gekweekt ze ook PTEC karakteristieken gaan vertonen, zoals de aanwezigheid 

van MRP4, P-gp en BCRP op genniveau. Uit functionele testen is vervolgens gebleken dat 

ook de activiteit van MRP4 en P-gp kon worden waargenomen in kweek, terwijl BCRP niet 

actief aanwezig was. In Matrigel vormden de cellen functionele, buisachtige structuren. 

Uit de resultaten beschreven in dit hoofdstuk hebben we geconcludeerd dat de foetale 

KSPC zich kunnen ontwikkelen tot PTEC wanneer ze onder de juiste omstandigheden 

worden gekweekt.

Tot slot zijn de resultaten van dit proefschrift in hoofdstuk 7 bediscussieerd, met 

bijzondere aandacht voor de toepassingen van de in dit proefschrift beschreven 

ontwikkelde methode om nierfunctie te kunnen bestuderen met behulp van 

fluorescentietechnologie en de rol van de EGFR in het aansturen van transporteiwitten in 

de nier. In het hoofdstuk staat verder beschreven hoe het niercelmodel, ciPTEC, een rol 

kan spelen bij de ontwikkeling van nieuwe geneesmiddelen door als menselijk-testsysteem 

te dienen waardoor mogelijk minder proefdieren nodig zijn voor het onderzoek naar de 

veiligheid van potentieel nieuwe middelen. Vervolgens zijn de toepassing van ciPTEC in 

een biologische kunstnier alsmede nieuwe ontwikkelingen binnen het nierregeneratie-

onderzoek nog kort aangestipt. Het hoofdstuk wordt afgesloten met aanbevelingen voor 

implementatie van in vitro-testsystemen in nierfarmacologisch onderzoek.
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RESUMO EM PORTUGUÊS
A presente tese descreve a investigação da função e regulação de transportadores renais 

em células de túbulos proximais in vitro, incluindo o desenvolvimento de métodos viáveis 

utilizando células humanas representativas da fisiologia renal. Os rins são responsáveis pela 

manutenção da homeostase corporal e pela remoção de resíduos da circulação sistémica. 

Um número de transportadores de xenobióticos, dependentes de energia, está presente 

nas células epiteliais dos túbulos proximais (CETP) e são responsáveis pela capacidade 

de excreção dos rins. Do lado basolateral, as CETP expressam os transportadores 

de absorção organic anion transporter 1 e 3 (OAT1 e 3) e organic cation transporter 

2 (OCT2); do lado apical, entre outros, expressam os transportadores de efluxo breast 

cancer resistance protein (BCRP), P-glycoprotein (P-gp), multidrug resistance proteins 2  

e 4 (MRP2 e MRP4) e as  multidrug and toxin extrusion proteins 1 e 2 (MATE1 e MATE2). 

Juntos, estes transportadores removem uma variedade de solutos, incluindo fármacos 

e toxinas urémicas. A interrupção das funções normais dos rins conduz ao frequente 

desenvolvimento de doença renal crónica (DRC), caracterizada pela perda progressiva de 

função renal ao longo de um prolongado período de tempo. A DRC é uma das principais 

preocupações para a saúde pública e frequentemente culmina em doença renal terminal, 

para a qual os tratamentos disponíveis actualmente consistem em diálise e transplante 

renal. Uma melhor compreensão da função renal é importante para o desenvolvimento 

de novas estratégias no tratamento de doenças renais. Até á data vários modelos in 

vitro representativos da fisiologia de túbulos proximais estão disponíveis. No entanto 

apenas poucas linhas celulares retêm a actividade de transporte membranar nativa como 

as conditionally immortalized human proximal tubule cell line (ciPTEC), que expressam 

um importante número de transportadores presentes em CEPT, endogenamente.  

O capítulo 1 apresenta uma revisão geral do papel das CEPT na fisiologia renal e descreve 

os fundamentos para o uso de ciPTEC no estudo de transportadores de xenobióticos  

em detalhe.

No capítulo 2 é revista a importância do BCRP para a função renal. A expressão  

de BCRP é baixa quando comparada com outros transportadores ABC (ATP binding 

cassette) presentes em CEPT, no entanto a sua actividade permite a excreção de um 

elevado número de substancias endógenas e de fármacos amplamente utilizadas, inclusive 

em quimioterapia. Incidentalmente, BCRP está intrinsecamente associado a multi-

resistência em quimioterapia e por outro lado os fármacos utilizados no tratamento  

de cancro influenciam a sua expressão e actividade. 

O capítulo 3 descreve um conjunto de ensaios desenvolvidos para estudar os 

mecanismos de transporte apical em CETP. Recorrendo ao uso de métodos baseados 

em fluorescência, as funções de BCRP, P-gp e MRP4, tal como a absorção de proteínas 

por endocitose mediada por receptores, foi determinada. Os substratos Hoechst33342, 

chloromethylfluorescein-diacetate (CMFDA/GS-MF) e calcein-AM foram utilizados na 

presença ou ausência dos inibidores padrão para BCRP (KO143), MRP’s (MK571) ou 
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P-gp (PSC833), respectivamente. A endocitose mediada por receptores foi determinada 

analisando a acumulação intracelular de receptor associated protein, marcada com 

fluorescência (RAP-GST), um ligando do complexo megalin-cubilin receptor. A retenção 

de Hoechst33342, GS-MF e calcein na presença de KO143, MK571 and PSC833 revelou 

a redundância de afinidades entre os transportadores. Enquanto KO143 e MK571 

bloquearam BCRP, P-gp e MRP4, PSC833 bloqueou BCRP e P-gp, mas não MRP4. As células 

acumularam RAP-GST, em endossomas, de forma dependente da concentração e do 

tempo. No geral, métodos baseados em fluorescência surgem aqui como uma ferramenta 

viável e reprodutível para determinar a actividade dos mecanismos apicais de transporte, 

in vitro. Os substratos e inibidores padrão utilizados não aparentam ser específicos para 

os transportadores designados, reflectindo a complexidade das interacções que ocorrem, 

in vivo, em CETP.

No capítulo 4 foram estudados os efeitos das toxinas urémicas p -cresyl sulfate (pCS) 

e p -cresyl glucuronide (pCG) no efluxo renal e progressão de DRC. Em pacientes com 

DRC, as toxinas urémicas acumulam-se devido a uma deficiente excreção renal e podem 

contribuir para a progressão da doença. Ao expor ciPTEC a pCS e pCG foi demonstrado 

que estas toxinas inibem competitivamente as actividades de BCRP e MRP4. Além disso, 

pCS teve um impacto positivo na expressão e função de BCRP. Por outro lado pCG 

promoveu alterações fenotípicas, aumentando a expressão de vimentin enquanto diminui 

os níveis de E-cadherin, indicando a indução de uma transição epitélio-mesenquimal. 

Estes resultados suportam a evidência prévia que aponta para o envolvimento de toxinas 

urémicas na progressão de DRC, afectando o fenótipo e a função dos túbulos renais.

A interacção de dois fármacos utilizados no tratamento de cancro – cetuximab, 

um anticorpo monoclonal recombinante anti-epidermal growth factor receptor (EGFR) 

e methotrexate uma agente quimioterapêutico e anti-inflamatório – foi investigada ao 

nivel das CEPT, no capitulo 5. A actividade de OAT1, BCRP, P-gp e MRP4 foi investigada 

recorrendo a ensaios de fluorescência em ciPTEC, modificadas para sobre-expressar OAT1. 

O methotrexate inibiu a absorção de fluorescein mediada por OAT1, e diminuiu o efluxo 

de Hoechst33342 e GS-MF mediado por BCRP e MRP4. Após exposição a cetuximab 

as actividades de OAT1 e BCRP foram desreguladas negativamente, enquanto as 

actividades de P-gp e MRP4 sofreram um incremento positivo. Os mecanismos implicados 

na regulação da actividade dos transportadores foram subsequentemente estudados, 

analisando a actividade de cinases através do Pamchip kinase microarrays e previsões de 

sinalização celular. A análise da sinalização (pathway analysis) e ensaios farmacológicos 

confirmaram que a exposição a cetuximab activou a cascata EGFR-AKT-MEK, conduzindo 

a profundas alterações na expressão e actividade dos transportadores renais. Por ultimo, foi 

demonstrado que o pré-tratamento com cetuximab reduziu a absorção de methotrexate 

em ciPTEC e consequentemente o seu potencial tóxico. Em conjunto, cetuximab atenua 

a nefrotoxicidade induzida por methotrexate, regulando a actividade de transportadores 

renais via EGFR. Estes resultados abrem possibilidades para co-medicação com efeitos 

nefro-protectores. 
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O capítulo 6 é dedicado ao estudo da função e potencial de diferenciação de células 

progenitoras renais fetais humanas (CPRFT). A expressão de marcadores de diferenciação 

e a função destas células foram testadas em meio de cultura específico para CETP, em 

passagens sequenciais (P6-P9). Adicionalmente, cultura em matrigel foi usada para 

determinar a sua diferenciação tridimensional. Os resultados mostram que as células 

adquiriram um fenótipo similar ao de CETP em sucessivas passagens, aumentando 

a expressão de MRP4 e P-gp, mantendo constante a expressão de BCRP ao nivel genético. 

Ensaios funcionais demonstraram que a actividade de MRP4 e P-gp aumentou em 

sucessivas passagens, enquanto BCRP se manteve inativo apesar da sua expressão. Em 

matrigel as CPRFT formaram estruturas funcionais, similares a túbulos após dois dias em 

cultura. Estes resultados indicam que  CPRFT são funcionalmente activas in vitro, apesar 

de imaturas e que a sua diferenciação pode ser direccionada para um fenótipo de CETP 

em cultura, ao longo to tempo e passagens sucessivas.

Por último, o capítulo 7 oferece uma discussão aprofundada e um resumo dos 

resultados obtidos. É aqui demonstrado que o estudo da actividade de diferentes 

transportadores renais de xenobióticos pode ser efectuado com recurso a métodos 

baseados em fluorescência. O papel de EGFR como um componente fundamental para 

sinalização celular e regulação de transportadores foi elucidado após a investigação da 

interacção entre dois fármacos anticancro, ao nível molecular. Finalmente foi demonstrado 

que é possível diferenciar CPRFT em CETP funcionalmente activas. No geral este trabalho 

contribui para melhorar a nossa compreensão sobre a actividade de transportadores renais 

em condições fisiológicas e oferece uma nova abordagem para explorar a regulação do 

transporte de xenobióticos e interacções farmacológicas nos rins.
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LIST OF ABBREVIATIONS
3R’s  Replacement, reduction and refinement

ABC  Adenosine tri-phosphate binding cassette

ADME   Absorption, distribution, metabolism and excretion

Ahr   Aryl hydrocarbon receptor

AKI  Acute kidney injury 

Akt  Alpha serine-threonine protein kinase

AQP  Aquaporins

ASP+  4-(4-(dimethylamino) styryl)-N-methylpyridinium

a.u.  Arbitrary units

BAK  Bio-artificial kidney

BCRP  Breast cancer resistance protein 

Ca2+  Calcium

cAMP   Cyclic adenosine monophosphate 

CD  Cluster of differentiation 

cDNA  Complementary deoxyribonucleic acid

ciPTEC  Conditionally immortalized human proximal tubule epithelial cells

CKD  Chronic kidney disease

CM  Complete medium 

CMFDA   Chloromethylfluorescein-diacetate 

Creb1  cAMP responsive element binding protein 1

CRISPR  Clustered regularly interspaced short palindromic repeats

CTX  Cetuximab 

CYP  Cytochrome enzymes

DAPI  4’,6-diamidino-2-phenylindole

DMEM  Dulbecco’s modified eagle medium 

DMSO  Dimethyl sulfoxide

DN  Double negative

DP  Double positive

E1S  Estrone-sulfate

E2  17-estradiol

EGFR  Epidermal growth factor receptor

EMT  Epithelial-to-mesenchymal transition

Erbb2  Receptor tyrosine-protein kinase

ESRD  End stage renal disease

eYFP  Yellow fluorescent protein 

FCS  Fetal calf serum 

FVB  Friend Leukemia virus B strain

GAP  GTPase-activation protein

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
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GFR  Glomerular filtration rate

GS-MF  Glutathione-methylfluorescein

GTP  Guanosine tri-phosphate

HBSS  Hank’s balanced salt solution 

HEK293  Human embryonic kidney 293 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HK-2  Human kidney 2

HPLC  High-performance liquid chromatography

HPV  Human papilloma virus

hTERT  Human telomerase reserve transcriptase

HUGO  Human genome organization 

IC50  Half maximal inhibitory concentration

IL-1β  Interleukin 1-β 

IL-6  Interleukin 6

iPS  Induced pluripotent stem cells

ITC  International transporter consortium 

K+  Potassium

KDa  Kilo-dalton

KEAP1  Kelch-like ECH-associated protein 1

Klf4  Kruppel-like factor 4

Km  Michaelis-Menten constant 

KSPC  Ketal kidney-specific progenitor cells

LC/MS-MS Liquid chromatography/tandem mass spectrometry

MAPK  Mitogen activated protein kinase

MATE1  Multidrug and toxin extrusion 1 

MATE2  Multidrug and toxin extrusion 2

MDCK  Madin-Darby canine kidney 

MDR  Multi-drug resistance

Mg2+  Magnesium

MgCl2  Magnesium chloride 

mRNA  Messenger ribonucleic acid

MRP2  Multidrug resistance protein 2 

MRP4  Multidrug resistance protein 4

mTOR  Mechanistic target of rapamycin

MTT  Dimethylthiazol bromide 

MTX  Methotrexate

Na2+  Sodium 

NADH  Nicotinamide adenine dinucleotide

NaOH  Sodium hydroxide 

NBD  Nucleotide-binding domain
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NF-kβ1  Nuclear factor kappa light polypeptide gene enhancer 

Nrf2  Erythroid-derived 2

OAT1  Organic anion transporter 1 

OAT3  Organic anion transporter 3 

OAT4  Organic anion transporter 4

OATP4C1 Organic anion transporter polypeptide 

OCT2  Organic cation transporter 2 

Oct4  Octamer binding transpiration factors 4

OCTN1  Carnitine transporters 1

OCTN2  Carnitine transporters 2

PAH  Polycyclic aromatic hydrocarbons

PB  Presto blue

PBS  Phosphate buffer solution

pCG  pP-cresyl glucuronide

PCR  Polymerase chain reaction 

pCS  pP-cresyl sulfate

PDK  Phosphoinositide dependent protein kinase

P-gp  P-glycoprotein

PI3K  Phosphoinositide 3-kinase

PKA  Protein kinase A

PKC  Protein kinase C

PLCγ  Phospholipase C-γ
PO4

3−  Phosphate

PODXL  Podocalyxin

Pparα  Peroxisome proliferator-activated receptor α
PTEC  Proximal tubule epithelial cells 

PTK  Protein tyrosine kinase

RAP-GST Fluorescently labeled receptor associated protein

RPTEC  Renal proximal tubule epithelial cell line

SCCHN  Advanced squamous cell carcinoma of the head and neck

SD  Standard deviation

SEM  Standard error of the mean 

SFM  Serum free medium 

SGLT2  Sodium glucose co-transporter 2 

SLC  Solute carrier family

SNP  Single nucleotide polymorphism 

SOX2  Sex determining region Y-box2

STK  Serine/threonine kinase

SULT  Sulfotransferase

SV40T  Simian virus 40 large T antigen
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TKI  Tyrosine kinase inhibitors 

TMRF  Transcutaneous measurement of renal function

TNα  Tumor necrosis factor α
UGT  Glucuronosyltransferases

URAT  Urate transporter 
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