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Abstract 

Multidrug resistance protein 4 (MRP4) is a member of subfamily C of the ATP-binding cassette 

superfamily of membrane transport proteins. In polarized cells, MRP4 localizes to the apical or 

basolateral plasma membrane depending on the tissue type. To gain insight into mechanisms regulating 

MRP4 plasma membrane trafficking, its interactions with the PDZ domain-containing CortBP1, a 

member of Shank2 family of adapter proteins, were investigated. Since CortBP1 is known to recruit 

proteins involved in endocytosis, it was hypothesized that CortBP1 plays a role in MRP4 internalization 

from the plasma membrane. Ectopic expression of CortBP1 led to decreased total MRP4 levels in 

HEK293T cells and cell surface biotinylation experiments and confocal microscopy showed that this 

decrease was at the plasma membrane. Pull-down experiments indicated that the interaction between 

CortBP1 and MRP4 requires the last four amino acids 1322ETAL of the transporter. They also suggested 

that MRP4 may exist in a complex with CortBP1 and endocytic proteins. In SH-SY5Y and BE(2)-C 

human neuroblastoma cells, RNAi-mediated knockdown of endogenous SHANK2 isoforms (including 

CORTBP1) resulted in increased total MRP4 levels. Confocal microscopy of SHANK2-depleted BE(2)-C 

cells suggested that this increase occurred at the plasma membrane. These observations demonstrate that 

the internalization of plasma membrane MRP4 is regulated by CortBP1, and possibly other SHANK2 

family members. In addition to PDZ domain-containing adapter proteins, N-glycans can regulate the 

apical membrane localization of some proteins. Whether this is true for MRP4 is unknown. Based on in 

silico analyses and topological models of human MRP4, it was hypothesized that it is glycosylated at 

Asn746 and Asn754. Single substitutions of these Asn residues with Gln (N746Q, N754Q) increased the 

electrophoretic mobility of MRP4; double substitutions (N746/754Q) increased its mobility further such 

that it was comparable to wild-type MRP4 deglycosylated with PNGase F. Importantly, confocal 

microscopy indicated that the apical membrane localization of the single and double Asn mutants in 

polarized LLC-PK1 cells was comparable to wild-type MRP4. This suggests that N-glycans are not 

required for apical membrane localization of MRP4, at least in LLC-PK1 cells. Overall, the results of 

these studies provide novel insights into the membrane trafficking of MRP4.  
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Chapter 1 

Introduction and Literature Review 

1.1 ATP-binding cassette superfamily of membrane proteins 

The ABC transporter superfamily contains a functionally diverse array of polytopic 

integral membrane proteins that are found in all living organisms (Dean and Allikmets, 2001). 

ABC transporters are present in the cytoplasmic membranes of prokaryotes, and in both the 

plasma membrane and organellar membranes in eukaryotes (Dean, 2005). Solute-transporting 

ABC proteins  share a highly conserved ATPase domain(s), which couples the chemical energy 

released from the binding and hydrolysis of ATP (and release of ADP) to drive the 

conformational changes within the transporter to translocate a wide variety of solutes across lipid 

membranes (Dean and Annilo, 2005; Holland, 2011). Prokaryotic ABC transporters use this 

energy to import or export solutes (substrates) whereas, to date, eukaryotic ABC transporters 

have been shown to be exclusively exporters (Holland, 2011).   

In the human genome, 48 ABC proteins have been identified, which are divided into 7 

subfamilies (ABCA to ABCG) based on sequence and structural homology (Dean and Annilo, 

2005; Dean, 2005). Based on their patterns of tissue expression and substrate preference, most of 

these eukaryotic ABC proteins have important physiological and pharmacological roles critical to 

maintaining cellular homeostasis. Certain ABC transporters are involved in the extrusion of 

important bioactive molecules and mutations in multiple ABC proteins have been associated with 

various human diseases (Table 1). In addition, some ABC transporters can play important roles in 

protecting organs from toxic xenobiotics (e.g. environmental toxins and pharmaceutical agents). 

However, due to the broad substrate range of these xenobiotic transporters, this protective 

function can also adversely affect the efficacy and/or toxicity of various therapeutic and
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Table 1: Diseases and disorders associated with ABC Proteins 

Transporter 
(Common name) 

Gene 
Symbol 

Major Tissue/Organ 
Distribution 

Membrane Substrates (known) Disease/disorder References 

ABCA1 ABCA1 Ubiquitous Plasma Phospholipid, cholesterol Tangier disease (Quazi and Molday, 
2011) 

ABCA2 ABCA2 Brain, kidney, lung, 
heart, nervous system, 
hematopoietic cells 

Plasma Cholesterol Alzheimer’s disease 
(suspected) 

(Mack et al., 2008) 

ABCA3 ABCA3 Lung (alveoli, type 2 
cells) 

Lamellar 
granules 

Surfactant lipids Surfactant 
metabolism 
dysfunction 

(Whitsett et al., 
2010) 

ABCA4 ABCA4 Retina Plasma Retinal-
phosphatidylethanolamine 
conjugates 

Stargardt disease; 
retinitis pigmentosa; 
cone rod dystrophy; 
age-related macular 
degeneration 

(Pollock and 
Callaghan, 2011) 

ABCA12 ABCA12 Lung, skin Lamellar 
granules 

Lipids Harlequin ichthyosis (Scott et al., 2013) 

ABCB1 (MDR1; P-
glycoprotein) 

ABCB1 Epithelia, blood-brain 
barrier 

Plasma (apical) β-amyloid  Alzheimer’s disease 
(suspected) 

(Vogelgesang et al., 
2011) 

ABCB2 (TAP1) ABCB2 T-lymphocytes Endoplasmic 
reticulum 

Peptide fragments 
 

Bare lymphocyte 
syndrome I 

(Seyffer and Tampe, 
2014) ABCB3 (TAP2) ABCB3 

MDR3 ABCB4 Hepatocytes Plasma 
(canalicular) 

Long chain 
phosphatidylcholines 

Progressive familial 
intrahepatic 
cholestasis (PFIC) 3 

(Nicolaou et al., 
2012) 

ABCB7 ABCB7 Ubiquitous Mitochondrial Components of cytosolic Fe-S 
clusters 

X-linked 
sideroblastic anemia 

(Zutz et al., 2009) 

ABCB11 (BSEP) ABCB11 Hepatocytes, kidney Plasma 
(canalicular) 

Monovalent conjugated bile 
acids (e.g. 

PFIC 2; benign 
recurrent 

(Soroka and Boyer, 
2014) 
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taurochenodeoxycholate, 
glychodeoxycholate, 
taurocholate) 

intrahepatic 
cholestasis (BRIC) 2 

MRP2 ABCC2 Hepatocytes, intestines, 
kidney 

Plasma (apical) Conjugated bilirubin, bile salts Dubin-Johnson 
syndrome 

(Keppler, 2014) 

ABCC6 ABCC6 Hepatocytes, kidney, 
intestines 

Plasma ATP Pseudoxanthoma 
Elasticum; 
generalized arterial 
calcification of 
infancy 

(Jansen et al., 
2014;Varadi et al., 
2011) 
 

CFTR ABCC7 Lung, intestine, 
pancreas, sweat glands,  

Plasma (apical in 
most tissues) 

Chloride ion, bicarbonate ion Cystic fibrosis (Lukacs and 
Verkman, 2012) 

SUR1 ABCC8 Pancreatic beta cells Plasma Subunits of Kir 6.1, Kir 6.2 K+ 

channel regulator 
Congenital 
hyperinsulism; type 
2 diabetes 

(Bennett et al., 
2010) 

SUR2A/B ABCC9 Cardiac myocytes, 
skeletal muscles  

Plasma Dilated 
cardiomyopathy; 
Cantu syndrome  

(Nichols et al., 
2013) 

ABCC11 ABCC11 Ubiquitous Plasma Glutathione-conjugated 
sulfanylalkanols 

Axillary osmidrosis; 
earwax type 

(Baumann et al., 
2014) 

ALD ABCD1 Ubiquitous Peroxisomal Very long chain fatty acids 
(VLCFA) 

Adreno-
leukodystrophy 

(Engelen et al., 
2014) 

ABCG2 (BCRP) ABCG2 Hepatocytes, colon 
enterocytes, placenta 

Plasma (apical) Uric acid Gout, hyperuricemia (Sakurai, 2013) 

ABCG5 (Sterolin-1) ABCG5 Enterocytes, 
Hepatocytes 

 

Plasma (apical) Cholesterol, plant sterols 
 

Sitosterolemia; 
gallstones 

(Othman et al., 
2013) ABCG8 (Sterolin-2) ABCG8 
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non-therapeutic drugs by influencing their absorption, distribution, and/or excretion and 

elimination (ADME) (Slot et al., 2011). For example, overexpression of the multidrug resistance 

protein 1 (MRP1/ABCC1) (Cole et al., 1992; Cole, 2014), P-glycoprotein (MDR1/ABCB1) 

(Gillet and Gottesman, 2012; Ueda et al., 1986) and ABCG2 (also known as breast cancer 

resistance protein (BCRP)) (Doyle et al., 1998; Robey et al., 2011) in various human tumour cells 

have been linked to the acquisition of multidrug resistance (MDR) both in vitro and in vivo, often 

leading to the failure of chemotherapy (Tamaki et al., 2011).  

1.2 ABC transporter subfamily C 

Investigations of tumour cells that did not overexpress P-glycoprotein (ABCB1) led to 

the discovery that overexpression of MRP1 (encoded by ABCC1) can also contribute to MDR 

(Cole et al., 1992; Cole, 2014). This discovery led to the establishment of the ABCC family (also 

known as the MRP/CFTR), which has a total of 13 members (including 1 pseudogene, ABCC13) 

(Slot et al., 2011) (Figure 1.1). While eight of the ABCC proteins have been characterized as 

ATP-dependent transporters of organic anions and other solutes, the subfamily also contains three 

functionally atypical members. These are ABCC7, better known as the cystic fibrosis 

transmembrane conductance regulator (CFTR), and the sulfonylurea receptors 1 and 2 (SUR1 and 

SUR2A/B) encoded by ABCC8 and ABCC9, respectively. CFTR is a cAMP-activated Cl- 

selective ion channel (Lukacs and Verkman, 2012; Riordan et al., 1989) whereas ABCC8 and 

ABCC9 act as ATP sensors for the inwardly-rectifying potassium channels Kir 6.1 and 6.2, 

respectively (Bryan et al., 2007). 

 Based on their membrane topology, the 12 ABCC members have been divided into two 

subgroups termed “short” and “long” (Borst et al., 2000; Slot et al., 2011). The long ABCC 

members include ABCC1, 2, 3, 6, 8, 9 and 10 (corresponding to MRP1, 2, 3, 6, SUR1, SUR2, 

and MRP7, respectively) whereas the short members include ABCC4, 5, 7, 11, and 12 

(corresponding to MRP4, 5, CFTR, MRP8, and 9, respectively) (Figure 1.2). The short and long 
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ABCC proteins all have the prototypical ABC 4-domain core structure consisting of two 

hydrophobic membrane spanning domains (MSD1, MSD2) and two hydrophilic nucleotide 

binding domains (NBD1,NBD2), connected by cytoplasmic and extracellular loops. The long 

ABCC proteins have an additional hydrophobic MSD (MSD0) at their NH2-termini (Slot et al., 

2011) (Figure 1.2-1.3). The core MSD1 and MSD2 each contain six transmembrane (TM) α-

helices while MSD0 has five TM α-helices. The core MSDs come together to form the 

transmembrane pore through which substrates are recognized and transported. The roles of MSD0 

and its associated cytoplasmic and extracellular loops are somewhat unclear and may depend on 

the ABCC protein. For example, structural and functional studies with MRP1 have suggested that 

MSD0 appears to partially contact other MSDs and may have a passive role in MRP1’s substrate 

recognition and translocation (Bakos et al., 1998; Rosenberg et al., 2010; Westlake et al., 2005). 

In SUR1, MSD0 has important roles in regulating the trafficking and activity of Kir6.2 (Pratt et 

al., 2011).     

The NBDs of ABC proteins are composed of two subdomains: a catalytic core and a 

structurally diverse α-helix (Rees et al., 2009). The catalytic core consists of the following 

sequence motifs: A-loop, Walker A (GxxGxGK(S/T), where x is any amino acid), Q-loop, 

Walker B (φφφφD, where φ is a hydrophobic residue), D-loop and the H-loop. The α-helix 

contains the ABC signature motif (commonly known as the C motif; characterized by the residues 

LSGGQ or LSVGQ) (Rees et al., 2009). This signature motif distinguishes ABC transporters 

from other proteins with ATPase activity (e.g. AAA+, kinases, helicases).    

The conserved sequence motifs of the NBDs are critical for the binding and enzymatic 

hydrolysis of ATP. These motifs are involved in binding the adenine ring and the β and γ 

phosphates of an ATP molecule as well as catalyzing the attack of an “activated” water molecule 

on the γ phosphate. Binding and hydrolysis of an ATP molecule occurs at the interface of the two 

NBD domains, where the β and γ phosphates of the ATP molecule are bound by the Walker A 
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and B motifs of NBD1 and the C signature motif of NBD2. More specifically, the Walker A motif 

contains conserved Lys and (Ser/Thr) residues that are involved in binding the oxygen atom of 

the β phosphate, whereas two tandem Asp residues in the Walker B motif (in this case φφφφDD 

for ABCC members) interact with an Mg2+ ion that is coordinated to the nucleotide (Holland, 

2011; Rees et al., 2009; Walker et al., 1982). Furthermore, an aromatic residue within the A-loop 

is thought to be involved in stacking with the adenine ring of the ATP molecule through π-π 

interactions (Ambudkar et al., 2006).  

While the roles of the Walker motifs are well established, amino acids involved in ATP 

hydrolysis have been a subject of much debate (Jones and George, 2012). A conserved Glu 

residue within the D-loop has been suggested to be involved in coordinating and activating the 

nucleophilic water molecule for base-catalyzed hydrolysis of the γ-phosphate (Geourjon et al., 

2001; Jones and George, 2012). A conserved His residue from the H-loop has been suggested to 

form a catalytic dyad with the D-loop Glu residue and keeping it in a catalytically competent 

conformation (Zaitseva et al., 2005; Zhou et al., 2013). The conserved Gln residue from the Q-

loop has been suggested to coordinate the nucleophilic water for the hydrolysis reaction (Jones 

and George, 2012). Finally, the Q-loop is presumed to be involved in the interaction of the NBDs 

and MSDs, particularly in the coupling of nucleotide hydrolysis to the conformational changes of 

the MSDs during substrate binding and translocation (Zolnerciks et al., 2014).
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Figure 1.1: Unrooted dendrogram of the human ABCC proteins 

Shown is an unrooted dendrogram illustrating the relative degree of homology of the human 
MRP/ABCC proteins. The dendrogram is based on the amino acid sequences of the full-length 
ABCC proteins. Alignments were analyzed by Clustal Omega and the dendrogram was generated 
using Phylip’s Drawgram(http://evolution.genetics.washington.edu/phylip/getme.html). The 
“short” and “long” ABCC proteins are highlighted by the blue and red clouds, respectively.   
 

http://evolution.genetics.washington.edu/phylip/getme.html
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Figure 1.2: Topology of "short" and "long" ABCC proteins 

Predicted topology of the “short” (ABCC4, 5, 7, 11, 12) and “long” (ABCC1, 2, 3, 6, 8, 9, 10) 
ABCC proteins. The long ABCCs contain three MSDs (MSD0, MSD1, and MSD2) with 17 TM α-
helices and the NH2-terminus is extracellular. The short ABCCs contain two MSDs (MSD1, 
MSD2) with 12 α-helices and the NH2-terminus is intracellular. All ABCC proteins contain two 
cytoplasmic NBDs (NBD1, NBD2) with three characteristic highly conserved motifs: Walker A, 
Walker B and Motif C (ABC signature).  
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Figure 1.3: The minimal ABC transporter 

A cartoon depicting the core structure (MSD1-NBD2-MSD2-NBD2) of an ABC transporter. 
Solutes are transported through the transmembrane pore formed by the MSDs, while transport is 
powered by ATP binding and hydrolysis by the two NBDs. The NBDs are characterized by the 
presence of several highly conserved motifs including the Q-loop, D-loop, H-loop, Walker A 
(GxxGxGKS/T, where “x” represents any amino acid), Walker B (hhhhD; where “h” represents 
any aliphatic residue) and “C” signature motif (LSGGQQ/R/KQR). These motifs are involved in 
the coupling of ATP binding and hydrolysis to the movement of solutes across the cell 
membrane.
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1.3 Multidrug resistance protein 4 (MRP4) 

  This thesis focuses on the ABCC member known as MRP4 encoded by ABCC4. MRP4 

was initially discovered by screening an expressed sequence tag (EST) database (Kool et al., 

1997). Soon after, it was functionally identified in a drug resistant human T-lymphoid cell line, as 

mediating the ATP-dependent efflux of 9-(2-phosphonylmethoxyethyl) adenine (PMEA) (also 

known as adefovir), a monophosphorylated nucleotide drug used to treat patients infected with 

human immunodeficiency virus (HIV) (Schuetz et al., 1999). The human ABCC4 gene is located 

on chromosome 13q32.1, and encodes a polypeptide of 1325 amino acids, the shortest member of 

the ABCC subfamily. Based on amino acid sequence analysis, MRP4 has a typical 4-domain 

structure consisting of two MSDs each followed by an NBD (Figure 1.2-1.3).  

1.4 ABCC4 gene: structure, regulation and polymorphisms 

1.4.1 Human ABCC4 structure 

ABCC4 spans approximately 281 kb and consists of 31 exons (Lamba et al., 2003). Based 

on sequence alignments with other ABCC members, MSD1 of MRP4 is encoded by the first eight 

exons (1-8) of ABCC4 while each of the NBDs is encoded by four exons: 9-13 for NBD1 and 25-

28 for NBD2. MSD2 is encoded by exons 14-24 and the remaining exons (29-31), encode the 

COOH-terminal portion of MRP4 (Lamba et al., 2003). Three additional cDNAs encoding 

alternatively spliced forms of MRP4 have been described from a lung cDNA library (Lamba et 

al., 2003). The transcripts encoded by these cDNAs contain additional exons (exon 1a/1b), which 

disrupt the open reading frame by generating premature termination codons. It is believed that the 

resulting non-functional mRNAs are most likely detected and degraded by the nonsense-mediated 

mRNA decay (NMD) surveillance pathway (Lamba et al., 2003; Popp and Maquat, 2013).  

The functional significance of these alternatively spliced mRNAs remains unclear. There 

have been reports of nonsense transcripts that can bypass the NMD surveillance/quality control 
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pathway through re-initiation of translation after the premature termination codon (Neu-Yilik et 

al., 2011). For MRP4, it has been proposed that NMD-insensitive alternatively spliced ABCC4 

mRNA would result in the synthesis of a NH2-terminally truncated version of this transporter 

(Lamba et al., 2003). More specifically, the truncation would result in the deletion of the first 44 

amino acids, a region that is present in varying lengths in all ABCC family members. In the long 

MRPs, it is designated as cytoplasmic loop 3 (CL3) (Figure 1.2). In MRP4 and other short MRPs 

that do not have a MSD0, these first 44 amino acids could be considered as “leader” sequences. In 

contrast to the demonstrated functional importance of portions of the CL3 for MRP1 and MRP2  

(Bakos et al., 1998; Payen et al., 2005; Westlake et al., 2003), the significance of the “leader” 

sequence of MRP4 or that of any other short MRP is currently not known. Finally, it has been 

noted that this portion of MRP4 contains a highly structured amphipathic α-helix of 13 amino 

acids spanning residues 24-36. Although the significance of this α-helix is not known, it appears 

to be present in other comparable regions of ABCCs including ABCC1-6.  

1.4.2 Transcriptional regulation of ABCC4 

The proximal promoter region of human ABCC4 has been cloned, the transcriptional start 

site(s) have been mapped and the region analyzed in silico for putative transcription factor 

binding elements (Chan, 2007). The available data currently indicate that many different 

transcription factors (or, more specifically, nuclear receptors) may be involved in the regulation 

of ABCC4. Most of these nuclear receptors are considered as “xenobiotic sensors” that are often 

activated in the presence of toxic xenobiotics and regulate the expression of genes involved in 

cellular detoxification pathways (Wallace and Redinbo, 2013). To date, studies investigating the 

transcriptional regulation of human ABCC4 and murine Abcc4 have mostly focused on the role of 

hepatic and renal MRP4/Mrp4 under various physiological or pathophysiological conditions. 

Numerous transcription factors have been suggested to be directly or indirectly involved in the 

regulation of human/murine ABCC4/Abcc4 including the constitutive androstane receptor (CAR) 
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(Aleksunes and Klaassen, 2012; Assem et al., 2004; Renga et al., 2011), the peroxisome 

proliferator-activated receptor α (PPARα) (Maher et al., 2008), the farnesoid xenobiotic receptor 

(FXR) (Renga et al., 2011), the aryl hydrocarbon receptor (AhR) (Xu et al., 2010), the NFE2-

related factor 2 (Nrf2) (Aleksunes et al., 2008; Campion et al., 2008; Xu et al., 2010), and the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Verma et al., 2013). For 

example, alcohol cirrhosis in humans has been associated with significantly increased hepatic 

MRP4 protein levels, which correlate with increased NRF2 mRNA levels and decreased PXR and 

FXR mRNA levels (More et al., 2013). Obstructive cholestasis in human livers has also been 

associated with increased hepatic MRP4 protein levels; however, this increase positively 

correlated with an increase in CAR protein levels without any changes in CAR mRNA levels 

(Chai et al., 2011). In rats, administration of the chemotherapeutic agent cisplatin increased 

Mrp4/Abcc4 and Nrf2 protein and mRNA levels (Aleksunes et al., 2010). Finally, in a study of 

primary neuroblastoma tumors, high MRP4 mRNA levels were observed to correlate with the 

amplification of the MYCN oncogene and poor prognosis in patients (Henderson et al., 2011;  

Norris et al., 2005). It was shown, at least in vitro, that the MYCN oncoprotein/transcription 

factor interacted with ABCC4 promoter elements in both chromatin immunoprecipitation and 

luciferase reporter assays; furthermore, MYCN overexpression in human neuroblastoma cells 

caused an up-regulation of MRP4 protein levels (Porro et al., 2010).   

Hormonal regulation of MRP4/Mrp4 expression has also been investigated both in 

humans and rodents. Abcc4 mRNA levels were significantly higher in the liver and kidney of 

female mice than in male mice but whether this is the case in humans is not yet known (Maher et 

al., 2005). The role of sex-specific steroids on MRP4 expression was investigated using 

gonadectomized mice that were administered 5-α-dihydroxytestosterone (DHT), an androgen that 

cannot be converted to estradiol by aromatase. Reduced Abcc4 mRNA levels in these mice were 

observed, suggesting 5-DHT may regulate Abcc4 (Maher et al., 2006). In contrast, 5-DHT 
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exposure was associated with increased MRP4 protein levels in the androgen-sensitive human 

prostate cancer cell line LnCaP (Cai et al., 2007; Ho et al., 2008). However, it appears that this 

latter effect most likely occurs through an indirect and unknown mechanism since DHT did not 

increase the promoter activity of ABCC4 in luciferase reporter assays in LnCaP cells (Ho et al., 

2008). Finally, in patients with prostate cancer, immunohistochemical analysis indicated that 

MRP4 protein levels were increased in prostatectomy specimens/cells compared to benign or 

non-cancerous cells. Patients who received androgen ablation therapy also had lower MRP4 

protein levels in their prostatectomy specimens than those who did not receive therapy (Ho et al., 

2008).  

1.4.3 ABCC4 polymorphisms 

Sequencing of the ABCC4 gene in different population groups revealed that it is a highly 

polymorphic gene (Abla et al., 2008; Gradhand et al., 2008; Saito et al., 2002). Synonymous, 

non-synonymous, and insertion/deletion single nucleotide polymorphisms (SNPs) have been 

identified in multiple studies and a list of all variants can be found in the dbSNP database 

(http://www.ncbi.nlm.nih.gov/SNP/). There is considerable variation in the coding region of 

ABCC4 at synonymous sites but relatively low variation at non-synonymous sites, similar to most 

other ABC transporters (Abla et al., 2008). It has been suggested that ABCC4 has a lower 

tolerance for non-synonymous than synonymous variations, possibly due to the deleterious effects 

of the former (Leabman et al., 2003). Genetic polymorphisms in drug metabolizing enzymes, 

transporters, and receptors have been linked to inter-individual differences in the efficacy and 

toxicity of therapeutic agents as well as predisposition to genetic and other diseases. For example, 

polymorphisms in ABC transporters have been implicated in various diseases including X-linked 

adrenoleukodystrophy (ABCD1) (Moser et al., 2007), cystic fibrosis (ABCC7/CFTR) (Lukacs 

and Verkman, 2012), and Pseudoxanthoma elasticum (ABCC6) (Varadi et al., 2011) to name a 

few (Table 1).  

http://www.ncbi.nlm.nih.gov/SNP/
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Currently, it is not known whether any of the polymorphisms or allelic variants of the 

ABCC4 gene are associated with any disease. Gradhand et al. (2008) observed that cholestasis 

was associated with a 3-fold increase in hepatic MRP4 protein levels in human tissue samples and 

they also identified many ABCC4 polymorphisms in healthy human livers (Gradhand et al., 

2008). However, due to the small sample size of the study, these variations were not statistically 

significant in predicting changes in MRP4 mRNA or protein levels (Gradhand et al., 2008). On 

the other hand, several potential clinically relevant polymorphisms in the coding and non-coding 

regions of ABCC4 have been identified based on the sequencing of the gene from patients who 

experienced dose-limiting toxicities of some drugs that are substrates of MRP4 (discussed 

below). It is very likely that these patients experienced toxicities due to reduced function and/or 

levels of MRP4 at the apical plasma membrane in the kidney proximal tubules. Accumulation of 

these MRP4 drug and metabolite substrates in the kidney can result in renal tubulopathy as well 

as increased systemic exposure of these molecules (discussed below).   

In vitro studies have demonstrated that a non-synonymous SNP (2269G>A; E757K) in 

ABCC4, which is common in the Japanese population (allelic frequency of 14.8%), results in 

reduced plasma membrane localization of MRP4 in HEK cells (Janke et al., 2008; Krishnamurthy 

et al., 2008). The E757K mutation is located on the fourth ECL of MRP4 and currently it is not 

understood how the resulting change in amino acid in this region affects plasma membrane levels 

of MRP4. However, others including the Cole group (unpublished data), and Leslie group 

(unpublished data) have data indicating that this mutation has no effect on MRP4 plasma 

membrane levels or localization in HEK cells or in xenopus laevis. Nonetheless, it was observed 

that in Japanese patients with inflammatory bowel disease (IBD), those who have experienced 

dose-limiting toxicity (i.e. leukopenia) to the bioactive monophosphorylated forms of nucleoside 

analogs (i.e. 6-MP, 6-TGN), were more likely to carry the variant MRP4 containing the E757K 

mutation (Ban et al., 2010).  
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 Patients testing positive for HIV are often treated with nucleoside analog-reverse 

transcriptase inhibitors (NRTI), which require conversion by intracellular enzymes into their 

pharmacologically active triphosphate forms to exert their anti-viral effects (i.e. inhibition of HIV 

DNA chain elongation) (Robbins et al., 1998). HIV+ patients with 4131T>G, 3724G>A, and 

3463A>G variants of ABCC4 treated with the NRTI drugs lamivudine, zidovudine, and tenofovir 

are reported to have significantly increased intracellular concentrations of the active triphosphate 

forms of these drugs, respectively (Anderson et al., 2006; Kiser et al., 2008). Currently, it is not 

fully understood if or how these three SNPs affect MRP4 protein levels or function.  

The 3463A>G mutation is located in a non-coding region (intron) of ABCC4. It has been 

hypothesized that this type of SNP (i.e. functional intronic polymorphisms) may increase the 

probability of alternate ABCC4 mRNA splicing and potentially affecting MRP4 protein levels 

(Cooper, 2010; Kiser et al., 2008).The 4131T>G SNP is located in the 3’-untranslated region 

(UTR) of the gene, while 3724G>A is a synonymous SNP located in exon 27. Polymorphisms in 

the 3’-UTR could affect regulation by miRNA and perhaps, the 4131T>G variation results in 

improved base pairing between ABCC4 mRNA and an unknown miRNA, leading to suppression 

of gene expression but this remains to be demonstrated experimentally. 

It has been reported that ABCC4 mRNA can be regulated by two specific miRNAs:  

miRNA-124a and miRNA-506 (Markova and Kroetz, 2014). These miRNAs reduced MRP4 

protein levels by 20-30% in HEK293T/17 cells. In addition, these miRNAs were shown to bind to 

the 3’-UTR of ABCC4 in luciferase reporter assays, which led to significant reductions in 

luciferase activity. These in vitro results were further supported by the observation that miRNA-

124a and miRNA-506 levels also negatively correlated with MRP4 protein levels in human 

kidney samples (Markova and Kroetz, 2014). 

Finally, with regards to the ABCC4 3724G>A synonymous SNP, it has been 

demonstrated that synonymous SNPs can affect mRNA splicing, stability, structure, 
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translatability and consequently folding of some proteins (Hunt et al., 2009). For example, the 

synonymous SNP 3435C>T in exon 26 of ABCB1 has been demonstrated to alter the activity and 

substrate specificity of P-glycoprotein (P-gp) (Fung et al., 2014; Kimchi-Sarfaty et al., 2007; Tsai 

et al., 2008). This synonymous SNP results in a rare codon substitution, which has been 

suggested to delay ribosomal progression, or translational rate which in turn affects co-

translational folding and insertion into the ER. It is postulated that such a delay can promote 

alternative protein folding pathways that can result in altered protein conformation and substrate 

specificity (Fung et al., 2014; Kimchi-Sarfaty et al., 2007; Tsai et al., 2008).  

1.5 Tissue expression and subcellular localization of MRP4 

Knowing the pattern of tissue distribution and subcellular localization of a transporter is 

crucial to revealing its pharmacological as well as (patho)physiological functions. Human MRP4 

mRNA or protein is readily detected in most normal tissues and major organ systems (Borst et al., 

2007; Russel et al., 2008). MRP4 mRNA and protein levels in normal tissues were found to be 

highest in the prostate and moderate amounts were detected in the kidney (Lee et al., 1998). More 

specifically, human MRP4 protein has been detected in the apical membrane of the kidney 

proximal tubule, (Park et al., 2014; van Aubel et al., 2002), the basolateral membrane of 

hepatocytes in the liver (Rius et al., 2003), the tubuloacinar cells in the prostate (Lee et al., 2000), 

the plasma membrane of erythrocytes (de Wolf et al., 2007; Klokouzas et al., 2003), the zona 

reticularis of the adrenal glands (Zelcer et al., 2003), the δ-granule and plasma membrane in the 

platelets (Jedlitschky et al., 2004), the luminal (apical) side of the brain capillary endothelial cells 

and in astrocytes of white matter (Nies et al., 2004), the basolateral membrane of the choroid 

plexus in the blood-brain-barrier (Leggas et al., 2004), the jejunum (basolateral) (Taipalensuu et 

al., 2001), pancreatic ductal cells (Hagmann et al., 2009), smooth muscle cells (Hara et al., 2011; 

Sassi et al., 2008), and the plasma membrane of cardiac myocytes (Sassi et al., 2012).   
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 Subcellular localization studies indicate that among the ABCC family members, MRP4 

is very unusual in its capacity to localize to both apical and basolateral membranes depending on 

the type of polarized cell.  For example, in prostate tubuloacinar cells (Rius et al., 2005), 

hepatocytes (Rius et al., 2003) and choroid plexus epithelium (blood-CSF) (Leggas et al., 2004), 

MRP4 is localized to the basolateral membrane, whereas it is found at the apical membrane of 

renal proximal tubule cells (van Aubel et al., 2002) and the luminal side of brain capillary 

endothelium or blood-brain barrier (BBB) (Leggas et al., 2004). While the role(s) of dual 

localization of MRP4 have been a subject of ongoing investigation, they are suggested to be 

important under some pathophysiological conditions such as the elimination of excess bile acids 

under cholestatic conditions (Russel et al., 2008; Thomas et al., 2008).    

1.6 Pharmacological substrates of MRP4 and its role in drug disposition and 

elimination 

Initially described as a transporter of PMEA (adefovir), subsequent studies revealed that 

MRP4 has broad pharmacological substrate specificity and can affect the disposition and 

elimination of a variety of clinically important drugs (International Transporter Consortium et al., 

2010; Russel et al., 2008; Schuetz et al., 1999; Sprowl et al., 2013) (Table 2). Many drug 

substrates of MRP4, however, can also be transported by other SLC and ABC transporters (e.g. 

P-gp, MRP1, MRP2, MRP5 ABCG2, MATEs, OATs, OCTNs). This overlapping substrate 

specificity, combined with the variable tissue distribution, substrate affinity, genetic 

polymorphisms, drug-drug interactions, and protein-protein interactions of these other SLC and 

ABC transporters can result in a complex pharmacokinetic profile of a given drug (DeGorter et 

al., 2012; Konig et al., 2013; Yoshida et al., 2013). Nonetheless, in vitro and in vivo studies with 

Abcc4-/- mice have suggested that Mrp4 can restrict or reduce retention of drugs in the brain and 

in CSF (Leggas et al., 2004; Sane et al., 2014), protect the bone marrow, thymus, spleen, kidney 

and intestine from drug-induced toxicity (Aleksunes et al., 2010; Belinsky et al., 2007), as well as 
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modulate intestinal and/or gastric absorption and renal elimination of drugs and their metabolites 

(Furmanski et al., 2013; Imaoka et al., 2007; Ming and Thakker, 2010; Park et al., 2014).  

As mentioned, MRP4 can efflux various anti-viral, anti-bacterial, anti-cancer, and 

cardiovascular drugs (Russel et al., 2008) (Table 2). For example, in vitro studies have shown 

that MRP4 can transport various NRTIs/NtRTIs (or their phosphorylated metabolites), which are 

part of a cocktail of drugs (highly active anti-retroviral therapy or HAART) used to treat 

HIV/AIDS patients. Many of these drugs such as adefovir or tenofovir (i.e. NtRTIs) contain a 

phosphate group and can be effluxed directly by MRP4 or can be further phosphorylated by 

intracellular kinases (i.e. to a diphosphate form) to become pharmacologically active (Imaoka et 

al., 2007; Kohler et al., 2011). In contrast, other drugs such as azidothymidine, lamivudine, and 

ganciclovir (i.e. NRTIs), need to be converted into their monophosphate forms inside the cell to 

exert their antiviral activity as well as become substrates for MRP4 (Adachi et al., 2002; Schuetz 

et al., 1999). Many of these NRTIs/NtRTIs are eliminated from the kidneys by MRP4 (Imaoka et 

al., 2007).  

Other SLC and ABC transporters, as mentioned above, are also involved in the uptake 

and efflux of these drugs and/or their metabolites into renal tubular cells for elimination into urine 

(Morrissey et al., 2013; Park et al., 2014). Importantly, co-administration of drug substrates that 

are known to inhibit MRP4 (e.g. ibuprofen) may potentially lead to the accumulation of 

NRTIs/NtRTIs and/or their metabolites in the kidneys, which can result in renal dysfunction 

(Fanconi syndrome) (Konig et al., 2013). For example, in HIV+ patients, increased dosages of 

adefovir and tenofovir often lead to dose-limiting nephrotoxicity (Fisher et al., 2001; Jafari et al., 

2014; Karras et al., 2003). Based on the apical membrane localization of MRP4 in the proximal 

tubules, it has been postulated that this transporter could be involved. In support of this, 

administration of adefovir or tenofovir to Abcc4-/- mice resulted in increased accumulation of 

these drugs only in the kidneys relative to wild-type mice and was associated with nephrotoxicity 
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in knockout animals. Notably, apart from the kidneys, these drugs did not accumulate in any other 

organs of these Abcc4 knockout mice (Imaoka et al., 2007; Kohler et al., 2011).  

Several clinically important anti-cancer drugs are also transported by MRP4. These 

include the quinolone DNA topoisomerase I inhibitors topotecan (Leggas et al., 2004) and 

irinotecan/CPT-11 (and its active metabolite SN-38) (Norris et al., 2005) , monophosphorylated 

forms of the purine anti-metabolites 6-mercaptopurine (6-MP) and 6-thioguanine (6-TG) 

(Wielinga et al., 2002), and the folate anti-metabolite methotrexate (Chen et al., 2002). Early 

studies reported that intravenous administration of topotecan to Abcc4-/- mice resulted in 

enhanced accumulation of this drug in brain tissues and the CSF (Leggas et al., 2004). Based on 

this observation, it was suggested that MRP4 at the choroid plexus may limit the penetration (and 

diminish the therapeutic efficacy) of topotecan in the treatment of tumors or metastases of the 

central nervous system (CNS) (Leggas et al., 2004). However, more recent studies in mice have 

demonstrated that P-gp and Abcg2 (or breast cancer resistance protein; Bcrp) are the two 

dominant transporters that restrict topotecan access to the brain, whereas Mrp4 has no effect (de 

Vries et al., 2007). The reasons for these discrepant observations are not known. 
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Table 2: Selected endogenous and clinically relevant solutes transported by ABCC4/MRP4 

ENDOGENOUS/PHYSIOLOGICAL 

METABOLITES 

 KM (µM) REFERENCES 

DHEAS  2 (Zelcer et al., 2003) 

PGE1 2.1 (Reid et al., 2003) 

PGE3 2.9 (Tanaka et al., 2014) 

PGE2  3.4 (Rius et al., 2005) 

Leukotriene B4 (+GSH) 5.2 (Rius et al., 2008) 

Chenodeoxycholylglycine (+GSH) 5.9 (Rius et al., 2006) 
 

Cholyltaurine (+GSH)  7.7 (Rius et al., 2006) 

cGMP  9.7 (Chen et al., 2001) 

TxB2 9.9 (Rius et al., 2005) 

TxB3  11.9 (Tanaka et al., 2014) 

PGF3α 12.1 (Tanaka et al., 2014) 

Ursodeoxycholyltaurine (+GSH) 12.5 (Rius et al., 2006) 

PGF2α  12.6 (Rius et al., 2005) 

Cholate (+GSH) 14.8 (Rius et al., 2003) 

Cholylglycine (+GSH) 25.8 (Rius et al., 2003) 

E217βG 30 (Chen et al., 2001) 

cAMP 45 (Chen et al., 2001) 

ADP  170 (Jedlitschky et al., 
2004) 

Folate 170 (Chen et al., 2002) 

CLINICALLY RELEVANT DRUGS  KM (µM) REFERENCES 
Adefovir (PMEA) >1000 (Imaoka et al., 2007) 

(Schuetz et al., 1999) 
Acyclovir    (Smeets et al., 2004) 
Nelfinavir   (Fukuda et al., 2013) 
Tenofovir  >1000 (Imaoka et al., 2007) 
Topotecan    (Tian et al., 2005) 
Methotrexate,  220 (El-Sheikh et al., 2007) 
Furosemide    (Hasegawa et al., 2007) 
Ceftizoxime  18 (Ci et al., 2007) 
Cefazolin  80 (Ci et al., 2007) 
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6-Mercaptopurine   (Chen et al., 2001) 
6-Thioguanine   (Chen et al., 2001) 
INHIBITORS/MODULATORS  IC50 (µM) REFERENCES 

Quercetin 1 (Wu et al., 2005) 

Sulindac 2.1 (El-Sheikh et al., 2007) 

Indomethacin 5 (El-Sheikh et al., 2007) 

Ceefourin-1 7.9 (Cheung et al., 2014) 

Ceefourin-2 8 (Cheung et al., 2014) 

MK-571  20 (Rius et al., 2003) 

Sildenafil 20 (Reid et al., 2003) 

Ibuprofen  26 (Reid et al., 2003) 

Celecoxib 35 (El-Sheikh et al., 2007) 

Sulfinpyrazone  40 (Smeets et al., 2004) 

Probenecid 100 (Rius et al., 2003) 



 

 

 

22 

N

NN

N

NH2

O

OHO

O

P

O

HO

 

cAMP 

NH

NN

N

O

O

OHO

O

P

O

HO

NH2

 

cGMP 

N

NN

N

NH2

O

OHOH

OP

O

P

OH

O

HO

OH

 

ADP 

HO
OH

OH

O

HO

 

PGE2α 

O

HO
OH

OH

O

 

PGE1 

O

HO
OH

OH

O

PGE2 

O

HO
OH

OH

O

 

PGE3 

HO
OH

OH

O

HO

 

PGE3α 

O

OH

OH

O

HO

OH

 

TxB2 

O

COOH

OH

HO

OH

 

TxB3 

O

O

H H

H

S

-
O

O

O  

DHEAS 

 

Figure 1.4: Structures of selected endogenous substrates of ABCC4/MRP4
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While irinotecan and SN-38 are transported by MRP4 in vitro, the plasma concentration of these 

drugs in Abcc4-/- mice and wild-type littermates were similar. Studies in Mdr1a/b-/- mice suggest 

P-gp is maybe more likely to regulate the plasma clearance of these drugs, at least in rodents 

(Tagen et al., 2010).  

The thiopurine analogues 6-MP and 6-TG are often used to treat acute lymphoblastic 

leukemia (ALL) in children and also used in immunosuppressive therapies (de Beaumais and 

Jacqz-Aigrain, 2012). 6-MP is activated inside the cell to the monophosphate nucleotide 6-thio-

IMP, which subsequently inhibits several enzymes of de novo purine nucleotide synthesis. 

However, the accumulation of these active metabolites can cause dose-limiting hematopoietic 

toxicity (i.e. myelosuppression, leukopenia) (Disanti et al., 2006). Deficiencies arising from 

genetic polymorphisms in the thiopurine metabolizing enzyme thiopurine S-methyltransferase 

(TPMT) can increase exposure to 6-MP/6-TG (Wang et al., 2010); however, the inability to 

extrude active metabolites of these thiopurines may further exacerbate thiopurine toxicity. This 

has been demonstrated in Abcc4-/- mice where administration of 6-TG led to toxicity associated 

with increased accumulation of 6-TG nucleoside and 6-TG monophosphate in bone marrow 

myelopoietic cells (Krishnamurthy et al., 2008). 

1.7 Physiological substrates of MRP4 

In addition to xenobiotics, MRP4 can also transport, at least in vitro, a wide array of 

structurally diverse endogenous molecules in their native or conjugated forms that have important 

physiological functions (Figure 1.4). These solutes include ADP and cyclic nucleotides (i.e. 

cAMP, cGMP) (Chen et al., 2001; de Wolf et al., 2007; Jedlitschky et al., 2004; Reid et al., 2003; 

Wielinga et al., 2003), various eicosanoids (e.g. PGE1, PGE2, PGE3, PGF2α, PGF3α, TxB2,TxB3, 

LTB4,) (Reid et al., 2003; Rius et al., 2005; Rius et al., 2008; Tanaka et al., 2014), folic acid 

(Chen et al., 2002) , and several steroid and bile acid conjugates (e.g. DHEAS, E217βG, 

cholylglycine) (Chen et al., 2001; Rius et al., 2003; Rius et al., 2006; Zelcer et al., 2003).  
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1.7.1 cAMP and cGMP   

The second messenger cAMP has long been known to be actively exported from many 

different cell types including erythrocytes, hepatocytes, endothelial and epithelial cells, neuronal 

cells, and fibroblasts (Hofer and Lefkimmiatis, 2007) but the transporter(s) responsible for its 

active extrusion remained unknown until the identification of MRP4. However, MRP4 is not the 

only ABC transporter with the capacity to efflux cAMP since, at least in vitro, MRP5 (ABCC5) 

and MRP8 (ABCC11) can also transport this nucleotide (Guo et al., 2003; Jedlitschky et al., 

2000; Reid et al., 2003; Wielinga et al., 2003).The in vitro affinity (KM) of cAMP for MRP8 has 

not yet been reported but its (apparent) relative affinities for MRP4 and MRP5 were determined 

to be 44 µM and 379 µM, respectively. In contrast to Dictyostelium discoideum, the functional 

role of extracellular cAMP in vertebrates is poorly understood (Bankir et al., 2002; Kessin, 2000; 

Miura and Siegert, 2000). It is believed that extracellular cAMP in the circulation may act in a 

paracrine fashion through its enzymatic conversion into adenosine, which in turn can bind to 

adenosine receptors. This has been suggested in the pancreatohepatorenal cAMP-adenosine 

pathway (Bankir et al., 2002; Jackson et al., 2007; Vallon et al., 2006). In this pathway, glucagon 

secreted by the pancreas stimulates hepatocytes to generate and efflux cAMP into systemic 

circulation; subsequently ectophosphodiesterases in the kidneys convert cAMP into adeonosine, 

which in turn binds to renal adenosine receptors and affects glomerular filtration rate and 

reabsorption of solutes by proximal tubules.   

The active extrusion of cGMP has also been demonstrated in many different cell or tissue 

types including erythrocytes, neuronal cells, hepatocytes, aortic endothelial cells, lung epithelial 

cells, pancreatic cells, and kidney epithelial cells, and recent reports suggest that this second 

messenger has important roles in cell proliferation and tumor biology (Bian and Murad, 2014; 

Sager and Ravna, 2009). Early studies demonstrated that the efflux of cGMP into the extracellular 

space was sensitive to the non-specific organic anion transporter inhibitor probenecid (Flo et al., 

1995; Sager, 2004; Sager and Ravna, 2009). The export of cGMP by members of the 
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ABCC/MRP family was first reported for MRP5 (Jedlitschky et al., 2000) and subsequently for 

MRP4 and MRP8 (Chen et al., 2001; Guo et al., 2003; Wielinga et al., 2003). cGMP was 

transported with relatively high affinity by MRP5 (KM 2.1 µM); and MRP4 (9.7 µM). 

Extracellular cGMP and its derivatives 5’GMP and guanosine can have many different effects 

depending on the type of tissue where these molecules are found. For example, these molecules 

have been reported to provide protection against glutamate-induced oxidative stress during 

ischemic stroke, epilepsy and neurodegenerative diseases (Albrecht et al., 2013; Montoliu et al., 

1999). In the kidneys, extracellular GMP has been shown to regulate the transepithelial 

reabsorption of sodium and chloride ions (Neant and Bailly, 1993; Sasaki et al., 2004). 

In addition to their effects in the extracellular milieu, cAMP and cGMP are important 

intracellular second messengers that can regulate diverse cellular signaling pathways (Derbyshire 

and Marletta, 2012; Pierre et al., 2009). Receptor (i.e. GPCR/transmembrane) and ligand-

mediated activation of soluble or transmembrane based adenylyl and guanylyl cyclases provide a 

source of cAMP and cGMP, respectively, and these second messengers can interact with several 

cellular proteins, including phosphodiesterases (PDEs) (Maurice et al., 2014), protein kinases (i.e. 

PKA, PKG) (Arencibia et al., 2013), exchange proteins activated by cAMP (EPAC) (Schmidt et 

al., 2013) and various cyclic nucleotide gated ion channels (Kaupp and Seifert, 2002).  

cAMP and cGMP-mediated activation of PKA and PKG, respectively, can regulate a 

large number of cellular processes by phosphorylating their target proteins, leading to either 

activation or inhibition of a particular signaling pathway depending on the cell type.  However, 

similar to other signaling molecules, the capacity of these second messengers to modulate a 

specific pathway is tightly regulated as they are efficiently hydrolyzed and inactivated by PDEs 

(Maurice et al., 2014). In addition, there is convincing evidence that the intracellular 

concentrations of these signaling molecules (most notably of cAMP) are not homogenous 

throughout the cell but can exhibit substantial spatiotemporal variations in different subcellular 
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compartments (Lefkimmiatis and Zaccolo, 2014; Maurice et al., 2014). It is believed that a sub-

population of proteins involved in cAMP metabolism and signaling pathways such as PKA, 

phosphatases, and PDEs, are spatially constrained within different compartments of the cell 

through sequestration mediated by A-kinase anchor proteins (AKAPs). Such arrangements have 

been demonstrated to generate intracellular cAMP gradients and the activation of specific 

“signaling complexes” inside the cell (Calebiro and Maiellaro, 2014; Welch et al., 2010). 

Although MRP4 was shown to efflux cAMP and cGMP in vitro, it was initially suggested 

that MRP4 was unlikely to play a significant role in regulating total cellular cyclic nucleotides 

levels since PDEs already provided a powerful and rapid control of the intracellular 

concentrations of these signaling molecules (Borst et al., 2000; Kruh and Belinsky, 2003). 

Furthermore, it was argued that MRP4-mediated cAMP transport would be an energetically 

unfavorable process as a means of regulating total cyclic nucleotide levels within the cell since it 

can potentially lead to the depletion of cellular purine pools and other potentially adverse effects 

(Hofer and Lefkimmiatis, 2007). Nevertheless, numerous subsequent in vitro and in vivo studies 

(discussed below in Section 1.8) have provided convincing evidence that MRP4 does indeed play 

a role in regulating “local” intracellular cAMP/cGMP levels and can affect signaling pathways 

that depend on these cyclic nucleotides. 

1.7.2 ADP 

In addition to cAMP and cGMP, it has also been reported that MRP4 can transport ADP 

(Jedlitschky et al., 2004), which is an important physiological agonist that plays a vital role in 

normal hemostasis and thrombosis. In human platelets, MRP4 is predominantly detected in the δ-

granule membrane, and to a lesser extent in the plasma membrane (Jedlitschky et al., 2004; 

Jedlitschky et al., 2010). It is believed that the localization of MRP4 in the δ-granule membrane is 

responsible for the import of ADP into these granules (Jedlitschky et al., 2012). In addition to 

ADP, δ-granules contain other molecules such as ATP and serotonin that are released through 
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exocytosis when platelets are activated by vascular injury (e.g. contact with von Willebrand 

factor and collagen). ADP, together with other mediators such as platelet-secreted-thromboxane 

A2 (TxA2) and thrombin released from exocytosis of α-granules, then act as soluble agonists for 

further platelet activation (Wang et al., 2012). As more platelets are activated in this process, they 

aggregate to form a “platelet plug” which reduces blood loss at the site of injury. The inability to 

efficiently form a platelet plug results in prolonged bleeding times, which are often observed in 

patients with platelet storage pool deficiency (PSPD) (Sandrock and Zieger, 2010). Platelets from 

PSPD patients are characterized by a reduced content of either α or δ-granules, and the resulting 

coagulopathy is termed α-SPD or δ-SPD, respectively (Sandrock and Zieger, 2010). Furthermore, 

as demonstrated by Jedlitschky et al. (2010, 2012), (and discussed below in Section 1.8.3), 

platelets from these patients often have reduced MRP4 levels in their δ-granule membranes or the 

transporter is mislocalized to the plasma membrane (Jedlitschky et al., 2010; Jedlitschky et al., 

2012). 

1.7.3 Eicosanoids 

Eicosanoids, including prostanoids (prostaglandins, thromboxanes, and prostacyclin) and 

leukotrienes, are biologically active lipids that have broad roles in human health and disease 

(Greene et al., 2011; Haeggstrom and Funk, 2011; Ricciotti and FitzGerald, 2011; Wang and 

Dubois, 2010). Prostanoids are synthesized in a multi-step process initiated by the release of 

arachidonic acid from nuclear membranes by phospholipase A2, which is subsequently converted 

by cyclooxygenases (COX-1,-2,-3) and tissue-specific isomerases to form PGE1, PGE2, PGE3, 

PGI2, PGD2, PGF2α, and TXA2 (Ricciotti and FitzGerald, 2011). The leukotrienes consist of LTB4 

and the cysteinyl leukotriene LTC4 and the latter’s metabolites, LTD4, and LTE4. LTC4 and LTB4 

are also synthesized from arachidonic acid by 5-lipoxygenase (5-LO), located on the nuclear 

envelope into LTA4, which in turn is converted into LTB4 and LTC4 by LTA4 hydrolase and 

microsomal LTC4 synthase, respectively (Haeggstrom and Funk, 2011).   
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Prostanoids are generally known to be released into the pericellular space by many 

different cell types in various organ system including vascular muscle smooth cells (VSMCs), 

platelets, mast cells, kidneys, endothelium, uterus, and airways. They exert their effects through 

interacting with a diverse subfamily of GPCRs on the plasma membrane. For example, PGE2 can 

interact with four different prostanoid GPCRs (EP1-4) (Ricciotti and FitzGerald, 2011). Early 

studies suggested that these lipid mediators were released slowly by simple diffusion at 

physiological pH, whereas the solute carrier organic anion transporter known as 

OATP2A1/SLCO2A1 or prostaglandin transporter (PGT) is primarily involved in the re-uptake 

of PGE2, PGE2α, and PGD2 back into the cell (Bao et al., 2002; Schuster, 1998; Schuster, 2002). 

This influx of these prostanoids mediated by PGT was thought to be solely responsible for their 

metabolic clearance from the pericellular space and subsequent inactivation inside the cell by 

prostaglandin dehydrogenases (PGDH) (Holla et al., 2008; Subbaramaiah et al., 2011).  

In addition to diffusion, it is now clear that MRP4 can actively efflux some prostanoids 

from cells including PGE1, PGE2, PGE3, PGF2α, and PGF3α as well as the thromboxanes TXB2 

and TXB3, which are the inactive metabolites of TXA2 and TXA3, respectively (Reid et al., 2003; 

Rius et al., 2005; Tanaka et al., 2014). The physiological consequences of prostanoid extrusion by 

MRP4 are only partly understood. Some, such as PGE2, are known to affect cellular migration, 

apoptosis, angiogenesis, inflammation and immune responses (Cole, 2014; Fletcher et al., 2010; 

Ricciotti and FitzGerald, 2011). For example, it was observed that abrogation of PGE2 transport 

in Abcc4-/- mice decreased peripheral blood PGE2 levels in vivo, which was associated with an 

increased threshold for inflammatory nociceptive responses (i.e. pain) in these mice (Lin et al., 

2008). 

In a study of human colorectal tumor samples, it was found that MRP4 protein levels 

were substantially increased, whereas the protein levels of PGT and PGDH (more specifically 15-

PGDH) were decreased (Holla et al., 2008). Furthermore, in an in vitro study, similar changes in 
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PGT, 15-PGDH, and MRP4 protein levels were also reported in bone-marrow derived myeloid 

antigen presenting cells (APCs) when these APCs were treated with conditioned media from CT-

26 colonic tumour cells (Eruslanov et al., 2010). It has been suggested that increased MRP4 and 

decreased PGT or 15-PGDH protein levels are expected to increase extracellular PGE2 levels. 

Importantly, in the context of the tumor microenvironment, increased PGE2 is known to play a 

role in tumor-induced immunosuppression and immune escape (Eruslanov et al., 2010; Kalinski, 

2012; Kochel and Fulton, 2014). In line with this view, increased MRP4 protein levels were also 

observed in tumors from neuroblastoma patients who were never treated with any therapeutic 

drugs that were substrates of MRP4. It has been suggested that perhaps increased extrusion of 

PGE2 by MRP4 may be involved in neoplastic transformation and progression of neuroblastoma 

tumors (Fletcher et al., 2010; Henderson et al., 2011). 

 In vitro, the leukotriene LTC4 is transported (with differing efficiencies) by most 

members of the MRP family including MRP1-3, 6-8 whereas LTB4 has only been reported to be 

extruded by MRP4 (Rius et al., 2008; van de Ven et al., 2009). Similar to the prostanoids, the 

leukotrienes exert their effects in a paracrine fashion by interacting with GPCRs at the plasma 

membrane (e.g. LTB4 binds to BLT1/2 and LTC4 binds to CysLT1 and CysLT2). In contrast to 

prostanoids, the biosynthesis of leukotrienes appears mostly restricted to cells derived from bone 

marrow such as granulocytes (i.e. neutrophils, eosinophils, basophils), monocytes and 

macrophages, mast cells, dendritic cells and B-lymphocytes (Haeggstrom and Funk, 2011). LTB4 

is released primarily by activated neutrophils, macrophages, and mast cells, and acts as a highly 

potent chemo-attractant for other leukocytes. The cysteinyl leukotriene LTC4 is released by most 

of the cell types described above and its extracellularly metabolized products (i.e. LTD4 and 

LTE4) are generally known to promote extravasation of plasma by increasing the permeability of 

post-capillary venules, which facilitates the migration of immune cells to the site of inflammation 

(Afonso and Parent, 2013; Funk, 2001; Lammermann et al., 2013). Since MRP4 is expressed in 
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many of these immune cells (i.e. macrophages, dendritic cells, monocytes) that can synthesize 

LTB4, it has been suggested that the inhibition of this transporter’s ability to extrude this 

leukotriene could be useful in the treatment of various autoimmune diseases (Rius et al., 2008; 

van de Ven et al., 2009). Currently, many non-steroidal anti-inflammatory drugs (NSAIDS such 

as indomethacin, celecoxib, and sulindac) have been reported to inhibit MRP4 (Russel et al., 

2008). These drugs were initially developed as inhibitors of cyclooxygenase (COX-1,2) activity 

but it is possible that their anti-inflammatory effects could also partially be explained by the 

inhibition of LTB4 extrusion by MRP4.  

1.7.4 Bile acids 

Bile acids and their conjugates are generated by the catabolism of cholesterol in 

hepatocytes and they primarily act as physiological detergents which facilitate the intestinal 

absorption of lipids and lipid-soluble vitamins (i.e. Vitamin A, D, E, K) (Boyer, 2013; Chiang, 

2013). In addition, these amphipathic molecules can act as ligands for various nuclear receptors 

(i.e. FXR, PXR) as well as the ubiquitously expressed GPCR known as GP-BAR1 (G-protein bile 

acid-activated receptor 1; also known as TGR5) regulating different cell signaling pathways (e.g. 

JNK1/2, AKT, and ERK1/2) involved in lipid and glucose metabolism (Claudel et al., 2011; 

Duboc et al., 2014; Trauner et al., 2010). Importantly, the activation of the nuclear receptor FXR 

in liver hepatocytes and in enterocytes of the gastrointestinal tract by bile acids (e.g. cholic acid, 

chenodeoxycholic acid) has been shown to regulate the expression of transporters involved in the 

enterohepatic circulation of bile acids, which is the process by which these amphipathic 

molecules are reabsorbed and recycled back into the liver (Baghdasaryan et al., 2013; Matsubara 

et al., 2013; Schaap et al., 2014).  

Previous studies have shown that conjugated bile acids or bile salts can be excreted into 

the bile duct (canalicular efflux) by the bile acid export pumps ABCB11 (BSEP), ABCG2 

(BCRP) and ABCC2 (MRP2) present at the canalicular membrane (Alrefai and Gill, 2007; 
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Hayashi and Sugiyama, 2013; Robey et al., 2011). At the sinosoidal membrane (basolateral 

efflux), MRP3 can transport some bile salts (i.e. taurocholate, glycocholate) albeit with low 

affinity (Zelcer et al., 2003). Some of these amphipathic molecules are also suggested to be 

substrates of MRP1 (Mrowczynska et al., 2005). 

It was reported that Fxr-/- mice expressed increased hepatic Abcc4 mRNA levels and 

reduced protein levels of Bsep, which suggested a potential role of for Mrp4 in bile acid 

homeostasis (Schuetz et al., 2001). A similar adaptive response was also observed in rats with 

obstructive cholestasis (Denk et al., 2004). Subsequent studies have shown that monoanionic bile 

acids (both unconjugated and preferably conjugated) can be co-transported with glutathione 

(GSH) by MRP4 with high affinity (Rius et al., 2003; Rius et al., 2006; Zelcer et al., 2003). 

Furthermore, based on the relative affinities of the transporters that extrude bile salts, it was 

suggested that in hepatocytes, the sinusoidal (basolateral) MRP4 may compete with canalicular 

BSEP for bile acids/salts under certain conditions (Rius et al., 2006). For example, in progressive 

familial intrahepatic cholestasis (PFIC), hepatic MRP4 has been suggested to protect the liver by 

mediating the extrusion of excess bile salts/acids into the systemic circulation for their subsequent 

elimination into urine by apically-localized MRP4 in the kidney proximal tubules. This idea is 

supported by the observation that in many PFIC patients, hepatic MRP4 mRNA and protein 

levels were significantly higher than in control patients (Gradhand et al., 2008; Keitel et al., 2005; 

Pfeifer et al., 2014).   

1.8 Selected roles of MRP4 in human physiology and disease 

1.8.1 MRP4 in the eye 

Hypoxic conditions in the retina cause retinopathy of prematurity (ROP), a disease in 

which blood vessels of the blood-retinal barrier (BRB) grow and branch in an aberrant manner. 

ROP is prevalent among prematurely born babies, and causes vision loss (Jordan, 2014). 

Investigations into the cellular basis of ROP indicate that hypoxic conditions in mouse retina are 
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associated with decreased Mrp4 immunostaining in the endothelial cells (ECs) of the BRB. These 

ECs were also observed to undergo increased cellular proliferation (Tagami et al., 2009).  

Since EC proliferation and migration are key steps in angiogenesis (Michaelis, 2014), it 

was of interest to determine whether extrusion of cyclic nucleotides by MRP4 could affect these 

cellular processes. Contrary to what was observed in mice, however, RNAi-mediated knockdown 

of MRP4 in human retinal endothelial cells (HRECs) did not affect their proliferation. Rather, 

downregulation of MRP4 led to suppression of apoptosis and enhanced cell migration (Tagami et 

al., 2010). These apparently discrepant findings are not fully understood. Elevated cAMP levels 

have been previously reported to inhibit apoptosis of vascular ECs (Torella et al., 2009) and 

promote migration of brain ECs in rats (Bir et al., 2012). Interestingly, in other studies, it was 

observed that in aortic ECs and vascular ECs, elevated cAMP levels can inhibit and promote 

proliferation, respectively (Torella et al., 2009). Furthermore, it should be noted that the MRP4 

substrate PGE2 has been shown to promote both cell proliferation and migration in vascular ECs 

in mice (Rao et al., 2007; Yanni et al., 2009).  

It is worth noting that Abcc4-/- mice do not exhibit any overt abnormalities in the 

development of retinal vasculature (Matsumiya et al., 2012). It has been postulated that Abcc4-/- 

mice may have developed some form of compensatory mechanisms for the lack of Mrp4 (i.e. 

increased expression of PDEs or Mrp5) (Matsumiya et al., 2012). However, after Abcc4-/- mice 

were administered forskolin in the retina, their retinal vasculature exhibited abnormal structural 

features characteristic of reduced cellular migration and increased apoptosis (i.e. decreased vessel 

stability), which were not observed in wild-type littermates. This suggested that, at least in mice, 

the regulation of cAMP levels by MRP4 could be involved in the formation of vasculature 

surrounding the eye (Matsumiya et al., 2012).   

The contractile and relaxation characteristics of the trabecular meshwork (TM) cells in 

the eye has been shown to modulate aqueous humor (AH) drainage and can affect intraocular 
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pressure (IOP) (Wiederholt et al., 2000). Increased IOP can restrict blood flow in the eye, which 

can cause the optic nerve fibers to die and result in the loss of vision if left untreated (Wiederholt 

et al., 2000). Previous reports have suggested that the accumulation of cyclic nucleotide levels in 

TM cells could improve AH outflow and reduce IOP by promoting TM cell relaxation (Bartels et 

al., 1982; Zhou et al., 2000). In a recent study, inhibition of MRP4 in cultured human TM cells 

with the non-selective MRP inhibitor MK-571 or the pan-PDE inhibitor IBMX was associated 

with significantly increased basal levels of cAMP and cGMP and decreased phosphorylation of 

myosin light chain (MLC), which is indicative of TM cell relaxation (Pattabiraman et al., 2013). 

Decreased MLC phosphorylation was also observed when MRP4 was knocked down in these 

cells with siRNA. Although the levels of both cyclic nucleotides were increased, only cGMP-

mediated PKG activation was associated with the observed relaxation. These in vitro results were 

consistent with the observations that topical application of MK-571 in the eye relieved IOP in 

Dutch-belted rabbits (Pattabiraman et al., 2013). Although these results were attributed to the 

inhibition of MRP4, the exclusive reliance of their conclusions on results obtained with the non-

specific MK-571 inhibitor means that other MRPs (including MRP5) could also be involved. 

Therefore, these conclusions have to be viewed with some caution.   

1.8.2 MRP4 in the cardiovascular system 

The role of cAMP and cGMP in regulating smooth muscle cells (SMCs) has been well 

established, where increased cAMP and cGMP levels (through inhibition of PDEs) can reduce 

vascular SMC proliferation and migration (Fukumoto et al., 1999). The ability to modulate cAMP 

and cGMP levels in these cell types has important health implications because SMC proliferation 

is a fundamental process involved in numerous vascular disorders, including atherosclerosis, 

post-angioplasty restenosis, pulmonary arterial hypertension (PAH), and vein graft disease (Dzau 

et al., 2002). Evidence obtained from studies of both rat and human SMCs indicate that down-

regulation of MRP4 can result in a significant increase in total cAMP levels when these cells are 
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treated with forskolin. This increase can be further enhanced by inhibition of PDEs, suggesting 

that PDEs and MRP4 could play complementary roles in cAMP homeostasis (Sassi et al., 2008). 

It is of interest to note that only decreased MRP4 (and not PDE inhibition) was sufficient to 

activate the PKA pathway leading to the increased phosphorylation and activation of the cAMP-

responsive element binding protein (CREB), a repressor of SMC proliferation (Sassi et al., 2008).  

A role for MRP4 in SMC proliferation is further supported by the observation that in 

patients with PAH, MRP4 levels are increased (Hara et al., 2011). Moreover, in mice with 

hypoxia-induced pulmonary hypertension (PH) (characterized by increased right ventricular 

systolic pressure (RVSP) and muscle hypertrophy), systemic administration of the non-specific 

MRP inhibitor MK-571 led to an increase in PKA and PKG activity in pulmonary arterial SMCs 

(PASMCs), which was associated with decreased RVSP (Hara et al., 2011). Finally, consistent 

with previous observations, Abcc4-/- mice exposed to hypoxic conditions did not exhibit any of 

the traits of PH (i.e. increased RVSP and right ventricular hypertrophy) compared to wild-type 

mice, thus supporting previous conclusions that MRP4 may play a role in regulating cellular 

signaling pathways dependent on the intracellular levels of cAMP and cGMP (Hara et al., 2011).  

In addition to SMC, MRP4 is expressed in cardiac myocytes (Sassi et al., 2012; Sellers et 

al., 2012). In these cells, increases in cAMP levels from β-adrenergic receptor-mediated 

activation of adenylyl cyclase can activate PKA, which can phosphorylate and regulate key 

proteins involved in the excitation-contraction coupling of cardiac muscles (Lohse et al., 2003). It 

has been reported Abcc4-/- mice develop age-dependent cardiac hypertrophy (Sassi et al., 2012). 

More specifically, these mice at a young age (3 months) appeared to have normal heart function 

and morphology, but gradually developed cardiac hypertrophy (by 9 months) with increased heart 

mass, cardiomyocyte size, and thickness of the left ventricular wall. Interestingly, it was also 

observed that young Abcc4-/- mice displayed a marked up-regulation of PDE3A protein levels, 

perhaps as a compensatory mechanism for the absence of MRP4 (Sassi et al., 2012). The increase 
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in PDE3A levels was transient, since the levels of this PDE in older Abcc4-/- mice were similar to 

those in wild-type littermates. Finally, cardiac myocytes from older Abcc4-/- mice exhibited 

increased cAMP accumulation as well as enhanced contractility when treated with the β-

adrenergic receptor agonist isoproterenol (Sellers et al., 2012). Similar increases in cAMP levels 

and hypercontractability were also observed in cardiac myocytes from wild-type mice after 

treatment with the non-specific MRP inhibitor MK-571. Taken together, these findings suggest 

that MRP4-mediated cAMP efflux, together with PDEs, play an important role in controlling 

cardiac myocyte functions dependent on cAMP signaling.  

1.8.3 MRP4 in the immune system 

ABC transporters are expressed in many different cells of the immune system and have 

important functions in regulating the antigen-independent innate responses as well as the antigen-

dependent adaptive responses (van de Ven et al., 2009). Most notable is the ABCB2/3 (TAP1/2) 

heterodimeric transporter, which shuttles proteasomal degradation products into the ER where 

they are loaded onto the major histocompatibility complex (MHC) class I molecules and 

presented on the surface of APCs (Seyffer and Tampe, 2014). Other transporters expressed in the 

immune system include P-gp, MRP1, MRP4, and ABCG2, and are involved in many different 

processes ranging from cellular migration to secretion of pro-inflammatory lipid mediators such 

as PGE2, LTC4, and LTB4 (van de Ven et al., 2009). 

The migratory capacity of dendritic cells (DCs) from peripheral organs to lymph nodes is 

critical for the development of T-cell-mediated (adaptive) immune responses (Forster et al., 2012; 

Martin-Fontecha et al., 2009). Migration of DC was found to be impaired in Abcc1(-/-) mice; 

however, as expected, the exogenous addition of the Mrp1 and Mrp4 substrates LTC4 and LTB4 

respectively, to cultured DC cells from these mice restored DC migration in vitro (Robbiani et al., 

2000; van de Ven et al., 2006).  
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In humans, MRP4 is expressed in epidermal and dermal DCs. Interestingly, 

pharmacological inhibition of MRP4 in human DCs (with sildenafil) or the downregulation of 

MRP4 levels (using RNAi) hampered migration of these cells. This suggested that in humans, 

MRP4 plays a more important role that MRP1 in DC migration (van de Ven et al., 2008). 

Although some studies have shown that PGE2 is responsible for human DC cell migration, 

exogenous addition of PGE2 as well as other known MRP4 substrates such as LTB4, LTD4, or 

cyclic nucleotides (cAMP or cGMP) into the culture medium did not restore migration (Legler et 

al., 2006; van de Ven et al., 2008).  

In marked contrast to what was observed in human DC, DC migration in Abcc4(-/-) mice 

and the ability of these mice to mount an immune response was not affected (van de Ven et al., 

2009). Furthermore, in a murine Abcc4(-/-) lung inflammation model, the recruitment of 

neutrophils and eosinophils in the lungs after the mice were challenged with lipopolysaccharide, 

cigarette smoke or ovalbumin (allergen) was not affected (Schymeinsky et al., 2013). Taken 

together, these observations suggest that the physiological role(s) of MRP4/Mrp4 might differ 

between mouse and human, which in turn could be due to the species differences in substrate 

specificity of this transporter.  

As mentioned earlier, MRP4 mRNA and protein levels have been detected in human 

peripheral blood cells other than DCs including macrophages, megakaryocytes, platelets, and 

erythrocytes (Jedlitschky et al., 2004; Jorajuria et al., 2004; Wu et al., 2005). Interestingly, as 

these mature blood cells develop from the differentiation of CD34+ pluripotent progenitor cells, a 

lineage-specific regulation of MRP4 mRNA levels was observed (Oevermann et al., 2009). For 

example, increased MRP4 mRNA levels were observed in CD34+ progenitor cells that were 

differentiated into megakaryocytes; whereas MRP4 mRNA levels decreased substantially during 

differentiation into mature leukocytes (Oevermann et al., 2009).  



 

 

 

37 

The presence of ABC transporters such as P-gp and ABCG2 in undifferentiated or 

progenitor CD34+ hematopoietic cells has been reported previously and to be associated with the 

"side population phenotype" in hematopoietic stem cells (Guo et al., 2009; Hirschmann-Jax et al., 

2004; Tang et al., 2010). This has potentially important clinical significance for acute myeloid 

leukemia (AML) because undifferentiated leukemic blast cells are thought to overlap with the 

hematopoietic stem cell side population (Guo et al., 2009; Hirschmann-Jax et al., 2004; Tang et 

al., 2010). Since these blast cells are known to express drug transporters that can confer resistance 

to various cytotoxic agents, it has been postulated that this enables them to survive 

chemotherapeutic treatments and underly AML relapse (Jones and Armstrong, 2008). MRP4 has 

been detected in AML blast cells and it has been suggested that cAMP extrusion by MRP4 in 

these cells can play an important role in AML cell proliferation and differentiation (Copsel et al., 

2011). Treatment of human U937 AML cells with the pan-transporter inhibitor probenecid or 

shRNA-mediated knockdown of MRP4 levels resulted in increased intracellular cAMP levels 

which were associated with inhibition of cell proliferation and differentiation (Copsel et al., 

2011).  

As described earlier in Section 1.7.2, MRP4 has been predominantly detected in the 

dense granule membrane (or δ-granules) in normal human platelets, and to a lesser extent in the 

plasma membrane. It has been hypothesized that MRP4 is involved in the active transport of ADP 

into these granules and this is supported by in vitro transport studies (Jedlitschky et al., 2004). 

Furthermore, the transporter has been suggested to be involved in the regulation of thrombus 

formation (Borgognone and Pulcinelli, 2012; Jedlitschky et al., 2004; Lien et al., 2014). 

Interestingly, Jedlitschky et al. (2004) identified a Hermansky-Pudlak syndrome (HPS) patient 

with severe deficiency in granular ADP levels (i.e. δ-SPD) and showed that in this patient, MRP4 

was mostly localized at the plasma membrane rather than in the dense granule membrane. Follow 

up studies revealed that δ-SPD can be stratified into two groups (Jedlitschky et al., 2010). The 
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first group (atypical δ-SPD) was similar to that described before (i.e. only platelets exhibited low 

MRP4 and granular ADP levels). However, normal levels of MRP4 were present in other 

haematopoetic cell types (i.e. lymphocytes) and sequencing of ABCC4 did not reveal any 

mutations that could explain the lack of MRP4 in platelets. The second group (classical δ-SPD) 

was characterized by lower levels of granular ADP, ATP, and serotonin resulting from reduced 

numbers of dense granules in platelets, but normal levels of MRP4 could be detected at the 

plasma membrane (Jedlitschky et al., 2010). It was suggested that the dense granules in 

“classical” δ-SPD failed to form in an appropriate manner as most of their constituents 

mislocalized to the plasma membrane; however, the mechanism underlying this observation is 

currently not known (Jedlitschky et al., 2010).  

Altered distribution of MRP4 was also observed in platelets from patients who had 

undergone coronary arterial bypass grafting (CABG) and treated with aspirin to reduce post-

surgical cardiovascular complications (i.e. formation of thrombi) (Mattiello et al., 2011). Aspirin 

is known to inhibit platelet COX-1 resulting in reduced TXA2 synthesis and consequently 

decreases platelet activation. Aspirin can be transported by MRP4 in vitro and megakaryocytes 

treated with this drug are reported to exhibit increased MRP4 protein levels in platelets as well 

(Massimi et al., 2014). In CABG patients treated with aspirin, MRP4 predominantly localized at 

the plasma membrane of platelets, instead of the dense granules. Based on these observations, it 

has been suggested that mislocalization of MRP4 to the plasma membrane likely contributes to 

the development of aspirin resistance that is frequently observed in CABG patients (Gasparovic 

et al., 2014; Massimi et al., 2014).  

1.9 Regulation of plasma membrane trafficking by PDZ domain interactions 

As discussed in the previous sections, MRP4 has important pharmacological and 

physiological roles that are dependent on the localization of this transporter at the correct plasma 

membrane domain (i.e. apical or basolateral). The molecular mechanisms that govern the 
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numerous protein trafficking pathways to the plasma membrane are generally cell-type specific 

and are critically dependent on interactions with a diverse array of proteins and membrane 

phospholipids (Bohdanowicz and Grinstein, 2013; Cao et al., 2012; Stoops and Caplan, 2014).  

The overall trafficking process to the plasma membrane usually involves 1) sorting of the 

protein from the trans-Golgi network to the apical or basolateral domain, 2) anchorage or 

retention of the protein at the plasma membrane, and 3) endocytic retrieval of the protein 

followed by either recycling back to the plasma membrane, insertion into the transcytotic 

pathway, or targeting for lysosomal degradation (Cao et al., 2012). It is now appreciated that PDZ 

domain-containing proteins not only play an important role in plasma membrane trafficking, but 

they can also regulate the biological function and/or activity of many membrane proteins at the 

plasma membrane. The term PDZ is derived from the first three proteins in which PDZ domains 

were identified: PSD-95 (postsynaptic density-95), Drosophila tumour suppressor protein Dlg-1 

(discs large 1), and tight junction protein ZO-1 (zonula occludens 1) (Sheng and Sala, 2001). 

PDZ domain-based proteins have been described as a “hub” that can control the flow of cellular 

information arising from different signal transduction pathways (Ferrell and Cimprich, 2003; 

Good et al., 2011; Pawson and Scott, 1997). Specifically, they have been shown to regulate the 

function and cell surface density of many membrane proteins in response to hormones and growth 

factors by spatial and temporal organization of regulatory multiprotein complexes. PDZ domain-

containing proteins and their interactions play key roles in maintaining the physiological function 

of many different organ systems, some of which include inorganic phosphate reabsorption in the 

kidneys (Blaine et al., 2011; Lanzano et al., 2011), electrolyte and fluid secretion in the intestines 

(Ghishan and Kiela, 2012; Seidler et al., 2009), and bile formation and detoxification in the liver 

(Claperon et al., 2011; Claperon et al., 2012).  

1.9.1 Characteristics of PDZ domain-mediated interactions 
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The PDZ domain is one of the most abundant protein–protein interaction modules found 

in all metazoans (Ye and Zhang, 2013). A typical PDZ domain is 80-100 amino acids in length 

and contains six β-strands and two α-helices. The six β-strands form a partially “open barrel” or 

solvent-exposed ligand binding groove with each of its opening sides flanked by one α-helix 

(Doyle et al., 1996; Ye and Zhang, 2013). In their canonical binding mode, PDZ domains can 

bind to other PDZ domains (i.e. homotypic interactions) or bind to other protein interaction 

modules (i.e. heterotypic interactions) to form large “supramodules” (Sengupta et al., 2009; 

Verpelli et al., 2012). A PDZ domain can also bind to short stretches of amino acids, known as 

PDZ-binding motifs. A PDZ domain-binding motif typically consists of five to seven amino acids 

located at the COOH-termini of target proteins (Doyle et al., 1996; Tonikian et al., 2008). In most 

cases, these interactions display rather weak binding affinities (with KD values in the range of a 

few micromolar to tens of micromolar) (Ye and Zhang, 2013). Peptide ligands in the canonical 

mode bind in an anti-parallel fashion in the "extended groove" created by the open barrel 

configuration. In this configuration, the COOH-termini of peptide ligands bind to the so-called 

"PDZ signature motif" or the GLGF motif (Doyle et al., 1996).  

Non-canonical modes of interaction between PDZ domains and ligands have also been 

described. These include the recognition of internal peptide fragment from target proteins that 

adopt an extended conformation that allows them to bind to the peptide binding groove of a PDZ 

domain (Penkert et al., 2004). In addition to the canonical PDZ-ligand interaction, distal charge-

charge interactions involved in binding between a PDZ domain and a target protein have also 

been described (Tyler et al., 2010).  

PDZ domains can occur in single or multiple copies (mostly in tandem) and according to 

the type of PDZ-binding motif they bind, they have been historically divided into three different 

classes: class I, II, and III (Luck et al., 2012). Bioinformatics analyses indicated that a predictive 

correlation exists between the amino acid sequence of a PDZ domain and its binding specificity 
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(Tonikian et al., 2008). The specificities of PDZ domain-binding motifs of peptide ligands are 

mainly determined by the amino acids at position “0” (i.e. the last COOH-terminal residue) and 

“−2”. Initially, PDZ domain-binding motifs were assigned to one of three main specificity classes 

based on the amino acids in positions 0 and -2: class I (X-[T/S]-X-ϕCOOH), class II (X-ϕ-X-ϕCOOH), 

and the least common class III (X-[E/D]-X-ϕCOOH), where X is any residue and ϕ is a hydrophobic 

residue. More recent PDZ-ligand interaction studies indicate that residues further upstream (i.e. at 

positions −1, −3, −4 and −5) of the peptide ligands can also contribute to binding specificity 

(Luck et al., 2012; Tonikian et al., 2008). This has led to the expansion of the canonical three-

class system to 16 distinct specificity classes (Tonikian et al., 2008).  

Since the interactions between PDZ domains and their ligands are reversible, they can be 

subject to various modes of regulation. For example, phosphorylation of Ser/Thr or Tyr residues 

in some PDZ domain-binding motifs has been demonstrated to weaken or even disrupt their 

interaction with PDZ domains (Ye and Zhang, 2013). In addition, several PDZ proteins contain 

PDZ domain-binding motifs at their COOH-terminal ends, which can bind to their own PDZ 

domains and thus prevent them from binding to other ligands (Bhattacharya et al., 2010;LaLonde 

et al., 2010).  

There is also evidence suggesting that long range allosteric conformational changes can 

modulate the target binding properties of PDZ domains. This form of regulation has been 

demonstrated for the PDZ domain-containing adapter protein Na+/H+ exchanger regulatory factor 

1 (NHERF1), which has two PDZ domains (PDZ1, PDZ2) and one ezrin-radixin-moesin (ERM) 

binding domain (as discussed in Section 1.9.2). Upon binding to ezrin, NHERF1 undergoes 

significant conformational changes in the region linking PDZ2 to its ERM domain, as well as in 

the region linking PDZ1 to PDZ2. These conformational changes induced by ezrin result in 

increased binding affinity of the PDZ domains of NHERF1 (Li et al., 2009). 

1.9.2  NHERF family of PDZ domain-containing adapter proteins 
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The NHERF family of PDZ domain-containing proteins consists of four members, which 

include NHERF1, NHERF2, NHERF3, and NHERF4 (Figure 1.5A). The NHERF proteins have 

been studied for their capacity to regulate the plasma membrane trafficking and function of 

various GPCRs as well as membrane transporters that are involved in transepithelial transport of 

solutes, ions and water in several epithelial tissues (Ardura and Friedman, 2011). The founding 

member of this family, NHERF1 (also known as EBP50), was initially identified as a 

phosphoprotein that interacted with NH2-terminal peptide fragments of the cytoskeletal proteins 

ezrin and moesin (Reczek et al., 1997).  

The consequences of the interactions between NHERF1 and the Cl- channel 

CFTR/ABCC7 have been extensively studied, some of which are presented in Figure 1.5B-D and 

others are reviewed in detail in Section 1.9.6. In addition to CFTR, studies have identified 

NHERF1 as a co-factor, which inhibited the activity of the renal sodium transporter Na+/H+ 

exchanger isoform 3 (NHE3) (Weinman et al., 1993). Further investigations into additional 

factors that regulated the activity of NHE3 (using yeast-two-hybrid screens with the COOH-

terminal domain of NHE3 as bait) led to the identification of NHERF2 (also known as E3KARP) 

(Yun et al., 1997). NHERF2 is a homolog of NHERF1 and both proteins possess two PDZ 

domains in tandem, with ~87-63% sequence identity between corresponding PDZ domains. The 

two proteins also possess a COOH-terminal ERM domain.  

NHERF3 (also known as PDZK1) was first identified in a group of proteins that were up-

regulated in the kidneys of rats on a phosphate deficient diet (Gisler et al., 2001). In contrast to 

the domain organization of NHERF1 and NHERF2, NHERF3 possesses four PDZ domains in 

tandem and does not have an ERM-binding domain. NHERF4 (also called PDZK2/IKEPP) was 

initially identified in a search for proteins interacting with the type IIa Na+-Pi co-transporter 

(NaPiIIa) (Gisler et al., 2001). Similar to NHERF3, it possesses four PDZ domains in tandem and 
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is most closely related to NHERF3. The four PDZ domains of NHERF4 share ~30-50% of amino 

acid identity with their corresponding PDZ domains in NHERF3. 

Tissue distribution studies have revealed that NHERF1 is expressed predominantly in 

polarized epithelial cells of many different organ systems including the kidney (proximal 

tubules), liver (hepatocytes), lungs (airway epithelium), and gastrointestinal tract (small intestine, 

colon) (Reczek et al., 1997). NHERF3 has a tissue distribution profile similar to NHERF1 (Gisler 

et al., 2001). NHERF2 expression is highest in the lungs (pulmonary alveoli) but is also found in 

similar tissues as NHERF1. In the kidney, however, NHERF2 is mostly found in the glomeruli 

and collecting ducts (Wade et al., 2001). Finally, unlike NHERF1, NHERF2, and NHERF3, 

NHERF4 expression is mostly restricted to the proximal tubules of the kidney and the small 

intestine (Thelin et al., 2005). Subcellular localization studies indicate that both NHERF1 and 

NHERF3 typically localize at the apical membrane of polarized cells. These regions are also 

enriched with cytoskeletal proteins belonging to the ezrin-radixin-moesin family (Yun et al., 

1998). Similar to NHERF1, NHERF2 is found at the apical membrane (Reczek et al., 1997); but 

localization of NHERF2 in a region below the apical membrane has also been demonstrated. 

Finally, NHERF4 localizes to a sub-apical region in the kidney proximal tubule similar to 

NHERF2 (Thelin et al., 2005). 
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Figure 1.5: NHERF family members and their role in regulating CFTR activity 

A) Overview of the domain organization of NHERF family members. NHERF1 (50 kDa) and 
NHERF2 (50 kDa) have two PDZ domains and an ERM-binding domain. NHERF3 (70 kDa) and 
NHERF4 (70 kDa) have four tandem PDZ domains but no ERM-binding domain. B) NHERF1 is 
a positive regulator of CFTR. CFTR can be activated by dimerization induced by NHERF1 
(shown) and NHERF3. NHERF1 can bridge interactions between PKA and CFTR. PKA can 
phosphorylate the cytoplasmic regulatory domain (not shown) of CFTR and activate the channel. 
C) NHERF1 can mediate clustering of CFTR and β2-adrenergic receptor (β2-AR). Activation of 
β2-AR elevates cAMP levels and consequently, increases PKA-mediated phosphorylation of 
CFTR. D) NHERF1 and CAL can compete for binding to CFTR. NHERF1 is required for 
efficient recycling of CFTR to the plasma membrane. NHERF1 can also anchor CFTR to the 
actin cytoskeleton at the plasma membrane. CAL is a negative regulator of CFTR. NHERF1 can 
be trafficked to the lysosomes for degradation by CAL. Figure is modified from (Guggino and 
Stanton, 2006).  
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1.9.3 SHANK family of PDZ domain-containing adapter proteins 

The SH3-ankyrin repeat (SHANK) family of PDZ domain-containing proteins is another 

group of proteins important for trafficking of membrane proteins. SHANK proteins were initially 

identified as multivalent scaffolds in the post-synaptic density (PSD) of excitatory synapses in the 

brain (Lim et al., 1999).The SHANK family consists of three members: SHANK1, SHANK2, and 

SHANK3 (Figure 1.6A, B). SHANK proteins have multiple protein–protein interaction domains, 

some of which are conserved among all SHANK family members. SHANK proteins contain an 

ankyrin (ANK) repeat-containing domain, a Src homology 3 (SH3) domain, a PDZ domain, a 

proline-rich region (prr), multiple polyproline helices (ppI), and a sterile alpha motif (SAM) 

domain (Jiang and Ehlers, 2013; Sheng and Kim, 2000). SHANK proteins are part of a group of 

post-synaptic proteins that are involved in synapse formation and regulating the function of 

metabotropic glutamate receptors (mGluRs) and N-methyl-D-aspartate receptors (NMDARs) at 

the PSD (Grabrucker et al., 2011; Guilmatre et al., 2014) (Figure 1.6C). Some members of the 

SHANK family have also been implicated in the etiology of autism spectrum disorder (ASD) 

(Carbonetto, 2014). 

In all SHANK proteins, domain composition is differentially regulated by tissue-

dependent alternative splicing of SHANK mRNA (Lim et al., 1999; Sheng and Kim, 2000). The 

alternative splice variants of SHANK1 and SHANK3 proteins are only partly characterized 

(Studtmann et al., 2014; Wang et al., 2014). In contrast, the alternative splice variants of 

SHANK2 proteins and their tissue distribution are better studied. The longest variant or isoform 

of SHANK2 (also known as SHANK2E) has all of the protein interaction domains; the 

intermediate isoform, PROSAP1A, lacks the ANK repeat-containing domain; and the shortest 

isoform, CORTBP1, lacks both the ANK repeat-containing domain and the SH3 domain (Figure 

1.6B) (McWilliams et al., 2004). In humans, all SHANK proteins are found in the brain, but only 

SHANK1 is brain-specific (Lim et al., 1999; Naisbitt et al., 1999; Sheng and Kim, 2000). 

SHANK2E and CORTBP1 mRNAs are found in the liver, brain, placenta, lung, kidney, and 
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pancreas, whereas PROSAP1A mRNA is found mostly in the brain (Leblond et al., 2012). In 

addition, SHANK2E and CORTBP1 proteins localize at the apical membrane in pancreatic, 

colonic, hepatic, and renal epithelia (Han et al., 2006). SHANK3 mRNA is present at different 

levels in all human tissues (Lim et al., 1999). However, SHANK3 protein has only been detected 

in the brain and protein levels in other tissues are currently uncertain (Chen et al., 2014).  

As suggested by the presence of multiple protein–protein interaction domains in SHANK 

proteins, they can interact with a diverse array of proteins at the plasma membrane. Some of the 

known SHANK2 interactions are summarized in Table 3. In general, SHANK2 proteins play an 

important role in the coordination of actin dynamics (Du et al., 1998; Soltau et al., 2002; 

Qualmann et al., 2004; Kim et al., 2009; Durand et al., 2011) and connecting plasma membrane 

proteins to the endocytic machinery (Okamoto et al., 2001; Lu et al., 2007). Finally, in addition to 

regulating the function of ionotropic NMDARs (Boeckers et al. 1999, Nasibitt et al. 1999) and 

mGluRs (Tu et al., 1999; Verpelli et al., 2011), SHANK2E and CORTBP1 are also reported to 

regulate the function and/or plasma membrane levels of CFTR, NHE3, and NaPiIIa (Dobrinskikh 

et al., 2010; Lee et al., 2007; Lee et al., 2010). 
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Figure 1.6: Interactions of SHANK-related adapter proteins 

A) Domain arrangements of the SHANK family of adapter proteins. ANK, 6 ankyrin repeats; 
SH3, src-homology 3; PDZ, PSD-95/DLG-1/ZO-1; prr, proline-rich region; ppI, polyproline 
helix, SAM, sterile alpha motif. B) Alternative splice variants of SHANK2 proteins. SHANK2E 
(220 kDa), PROSAP1A (180 kDa), CORTBP1 (165 kDa). C) SHANK proteins interact with 
receptors, ion channels, cytoskeletal proteins, scaffolding proteins, enzymes, and signaling 
molecules. SHANK proteins also perform a variety of functions at the post-synaptic density 
(PSD) including actin-based cytoskeletal remodeling, synapse formation, AMPARs, mGluRs, 
NMDARs clustering and endocytosis, and the regulation of synaptic transmission and plasticity. 
Figure adapted from (Jiang and Ehlers, 2013). 
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Table 3: The SHANK family domains and protein-protein interaction partners 

DOMAIN INTERACTION 
PARTNER 

MOTIF FUNCTIONAL 
CONSEQUENCES 

REFERENCES 

ANK α-fodrin COOH-
terminal 
spectrin 
repeat 21 

Mediates interaction 
between membrane 
receptors at PSD and 
cytoskeletal α-fodrin  

(Bockers et al., 
2001) 

sharpin aa 172-305 Binds to α1-integrin and 
β1-integrin 

(Lim et al., 2001) 

SH3 GRIP1  Mediates interaction 
between AMPA-type 
Glutamate receptor, 
glutamate receptor δ2, 
and mGlur1 

(Uemura et al., 
2004) 

Cav1.3 COOH-
terminal (-
PxxP-) 

Mediates interaction 
with Cav1.3 with 
macromolecular 
signaling complex 
formed by SHANK 

(Zhang et al., 
2005) 

Densin-180 COOH-
terminal (-
PxxP-) 

SHANK antagonizes 
dendrite branching by 
interacting with Densin-
180 

(Quitsch et al., 
2005) 

PDZ GKAP COOH-
terminal (-
QTRL-) 

Ternary complex of 
SHANK/GKAP/PSD95 
cross links AMPARs 
and NMDARs at the 
PSD 

(Naisbitt et al., 
1999) 

GluA1 COOH-
terminal (-
ATGL-) 

Recruits GluA1 to the 
plasma membrane and 
promotes formation of 
new synapses 

(Roussignol et al., 
2005) 

βPIX COOH-
terminal (-
ETNL-) 

GEF for Rho GTPases 
and modulates actin 
dynamics; 
ternary complex of 
SHANK2 and βPIX  is 
involved in the 
regulation of NHE3 
activity 

(Lee et al., 2010) 

Phospholipase C 
β3 

COOH-
terminal (-
NTQL-) 

Regulates mGluR-
mediated Ca2+ signaling  

(Hwang et al., 
2005) 

CFTR COOH-
terminal (-
DTRL-) 

Increases CFTR Cl- 
secretion; 
phosphorylated 

(Koeppen et al., 
2014; Lee et al., 
2007) 
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SHANK2E spliceform 
increases plasma 
membrane levels of 
CFTR 

NHE3 COOH-
terminal (-
STHM-) 

Increases the plasma 
membrane levels of 
NHE3 and attenuates 
the cAMP-dependent 
inhibition of NHE3 
activity. 

(Lee et al., 2010) 

NaPiIIa COOH-
terminal (-
ATRL-) 

Down-regulates plasma 
membrane levels of 
NaPiIIa 

(Dobrinskikh et 
al., 2010) 

Shank proteins PDZ Anti-parallel 
dimerization 

(Im et al., 2003) 

prr Dynamin-2 COOH-
terminal 
proline rich 
region 
(PRR) 

A small GTPase 
involved in membrane 
fission. Along with 
cortactin, dynamin-2 
regulates actin 
dynamics during 
endocytosis. 

(Okamoto et al., 
2001) 

SPIN90 Proline rich 
domain 

Modulates actin 
dynamics and interacts 
with PSD-95; SPIN90 
modulates dendritic 
spine morphology 

(Kim et al., 2009) 

ppI Cortactin SH3 
domain 

Stabilizes and promotes 
formation of actin 
filaments by interacting 
with F-actin and 
Arp2/3; SHANK cross-
links plasma membrane 
proteins with the actin 
cytoskeleton 

(Hering and 
Sheng, 2003) 

Homer EVH1 
domain 

Crosslinks mGluRs, 
modulates IP3-receptor 
dependent Ca+2 release 
from the ER, and binds 
to dynamin‑3, which 
regulates postsynaptic 
AMPAR endocytosis; 
HOMER-SHANK 
complex acts as an 
assembly platform for 
other proteins at the 
PSD 

(Hayashi et al., 
2009) 

SAM Shank proteins SAM Oligomerization of 
Shank proteins 

(Sheng and Kim, 
2000) 
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1.9.4 Regulation of CFTR and MRP4 by PDZ-domain containing adapter proteins 

Since CFTR is the closest homolog of MRP4, the regulation of the plasma membrane 

levels and function of this Cl- channel by SHANK2 and NHERF1-3 is reviewed below (Ameen et 

al., 2007; Guggino and Stanton, 2006; Jordan et al., 2008). CFTR has emerged as the only known 

ion channel in the human ABC superfamily. During its evolutionary history, CFTR also acquired 

a phosphorylation-sensitive “regulatory domain” (R) located between NBD1 and MSD2, which is 

absent from all other ABC proteins including MRP4 (Jordan et al., 2008; Sebastian et al., 2013). 

Many of the consensus phosphorylation sites within the R domain of CFTR have been shown to 

be phosphorylated by specific kinases (e.g. PKA, PKC, AMPK, cGKII) under different cellular 

conditions (Alzamora et al., 2011). In turn, these post-translational modifications can regulate the 

Cl- and HCO3
- secretion activity of CFTR.  

In polarized epithelia from lung, pancreas, intestine, and kidney, and in all reported 

cultured cell lines (e.g. MDCKI, LLC-PK1, MDCKII), CFTR localizes to the apical membrane. 

However, basolateral localization of CFTR has been recently reported in retinal pigment 

epithelial (RPE) cells (Lehmann et al., 2014). The mechanisms that regulate Cl- secretion and the 

apical targeting of CFTR are of great interest because of their importance in the autosomal 

recessive disease cystic fibrosis (CF). Some mutations identified in this protein (e.g. ΔF508) can 

result in impaired trafficking to the plasma membrane, while others adversely affect its Cl- 

conductance or channel gating properties (e.g. R117C, L227R). All of these mutations have been 

associated with CF (Lukacs and Verkman, 2012; Okiyoneda and Lukacs, 2012). CFTR harbors a 

functional class I PDZ-binding motif (DTRL) at its COOH-terminus, which binds to the PDZ 

domain of SHANK2 (SHANK2E and CORTBP1), the PDZ1 and PDZ2 domains of both 

NHERF1 and NHERF2, as well as the PDZ1, 3, 4 domains of NHERF3 (Guggino and Stanton, 

2006; Kim et al., 2004; Li et al., 2005; Sun et al., 2000; Wang et al., 2000). Like CFTR, MRP4 

also has a functional class I PDZ-binding motif (ETAL) at its COOH-terminus, which binds to 
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NHERF1 (PDZ1, PDZ2 domains; Cole lab unpublished) and PDZ3 domain of NHERF3 (Hoque 

and Cole, 2008; Park et al., 2014).   

1.9.5 Regulation of CFTR and MRP4 by NHERF1-3 

After demonstrating that CFTR could bind to NHERF1, it was hypothesized that this 

adapter protein may be involved in targeting CFTR to the apical membrane (Moyer et al., 1999). 

Indeed, it was reported that deletion of the PDZ-binding motif of CFTR caused the 

mislocalization of CFTR from the apical membrane to the basolateral membrane in dog kidney 

(MDCKI) and human airway (16HBE14o-) epithelial cells (Moyer et al., 1999). Subsequent 

studies have reported that MDCK1 cells have very low levels of NHERF1 in contrast to the 

16HBE14o- epithelial cells (Hoque et al., 2009; Rubino et al., 2014). However, studies with 

polarized MDCKII cells using a COOH-terminus peptide of CFTR (amino acids 1370-1480; 

including its PDZ binding motif) fused to a green fluorescent protein (GFP) indicated that the 

PDZ-binding motif was essential but not sufficient for targeting to the apical membrane 

(Milewski et al., 2001). Truncated versions of this COOH-terminal peptide also revealed that 

additional motifs/regions within the COOH-terminus, spanning amino acids 1370-1394 and 1404-

1425 were also necessary (Milewski et al., 2001). Furthermore, disruption of the PDZ-binding 

motif of CFTR (DTRL), either by COOH-terminal deletions or masking it with epitope tags, did 

not abrogate the apical distribution of the Cl- channel in polarized MDCKII, Caco-2 (intestinal), 

HTE (tracheal), or PANC-1 (pancreatic) cells (Benharouga et al., 2003). These results are 

concordant with earlier findings that individuals with a S1455X mutation in CFTR (i.e. deletion 

of the COOH-terminal 26 residues of CFTR) do not exhibit any overt symptoms characteristic of 

CF (Mickle et al., 1998). Taken together, these results indicated that apical localization of CFTR 

is regulated by sorting signals other than the COOH-terminal PDZ domain-binding motif.  

PDZ domain-based interactions, however, play an important role in regulating CFTR’s 

activity in polarized epithelial cells. NHERF proteins are involved in regulating the activity of 
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CFTR as demonstrated by studies of Nherf1-/-, Nherf2-/-, and Nherf3-/- mice (Seidler et al., 2009). 

In the intestinal epithelium of these mice, localization of CFTR to the brush border membrane 

(BBM) was not grossly affected. Instead, the intestinal epithelium of Nherf1-/- and Nherf2-/- 

knockout mice exhibited abnormalities in Cl- or HCO3
- secretion under different experimental 

conditions (i.e. loss of CFTR stimulation by forskolin in Nherf1-/- mice; loss of CFTR inhibition 

by lysophosphatidic acid in Nherf2-/- mice). These phenotypes were attributed to the lack of 

proper CFTR regulation by kinases previously shown to be recruited in the vicinity of CFTR by 

NHERF1 and NHERF2 (Alzamora et al., 2011; Seidler et al., 2009). NHERF3 was shown to 

promote CFTR dimerization at the plasma membrane, which in turn increased channel activity 

(Wang et al., 2000). Consistent with these observations, intestinal epithelium from Nherf3-/- mice 

exhibited reduced secretion of Cl- and HCO3
- compared to wild-type mice.  

Recent studies have provided additional evidence that the plasma membrane stability of 

CFTR and its mutants can be increased through factors that increase interaction with NHERF1. In 

CFBE41o- airway epithelium cells, overexpression of NHERF1 promoted the formation of a 

RhoA-ROCK-ezrin multiprotein signaling complex, with actin, which in turn induced actin 

cytoskeleton reorganization and tethered ΔF508-CFTR to the cytoskeleton. This subsequently led 

to increased apical plasma membrane stability of ΔF508-CFTR (Favia et al., 2010). Similarly, the 

CFTR corrector VX-809 (lumacaftor), which is currently in Phase II clinical trials, has also been 

shown to increase the interaction between ΔF508-CFTR and NHERF1, thereby leading to the 

channel’s increased plasma membrane stability (Arora et al., 2014). A similar effect was also 

observed with vasoactive intestinal peptide (VIP), which is a topical airway gland secretagogue 

that regulates fluid secretions in the lung. The binding of VIP to its GPCR in Calu-3 lung cancer 

cells triggered a signaling cascade which increased CFTR co-localization with NHERF1 and 

increased its stability at the plasma membrane (Alcolado et al., 2014). The signaling cascade 

mediated by VIP also reduced intracellular CFTR interaction with CFTR-associated ligand 
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(CAL) which shuttles CFTR to the lysosome for degradation (Alcolado et al., 2014; Alshafie et 

al., 2014).  

Interestingly, in polarized MDCKI cells, it has been reported that CFTR not only traffics 

to the apical membrane but is also found at the basolateral membrane, albeit at much lower levels 

(Swiatecka-Urban et al., 2002). Domain selective biotinylation studies indicated that both wild-

type CFTR and a mutant lacking its PDZ-binding motif (CFTR-ΔTRL) localized to the apical and 

basolateral membranes. The internalization of CFTR-ΔTRL was not affected. Only wild-type 

CFTR was stabilized at the apical membrane through efficient recycling back to the cell surface 

after internalization, a process dependent on the presence of CFTR PDZ-binding motif 

(Swiatecka-Urban et al., 2002). Moreover, in polarized 16HBE14o- cells, down-regulation of 

NHERF1 resulted in decreased cell surface levels of CFTR, which was attributed to inefficient 

recycling, a conclusion that was also supported by studies with Nherf1-/- mice (Rubino et al., 

2014; Swiatecka-Urban et al., 2006). Taken together, these studies have established NHERF1 as 

an important regulator of the recycling pathway of CFTR. However, in some cell types which 

lack NHERF1 (i.e. MDCK1 cells), it is plausible that recycling of CFTR to the cell surface is also 

regulated by other PDZ-domain containing adapter proteins such as NHERF2 or NHERF3.   

As discussed previously in Section 1.5, MRP4 can be found at the apical or basolateral 

membrane depending on the cell type. Unlike CFTR, MRP4 localizes to the basolateral 

membrane in MDCK1 cells (Hoque et al., 2009). Interestingly, when NHERF1 was transiently 

overexpressed in this cell type, MRP4 predominantly localized to the apical membrane (Hoque et 

al., 2009). The mechanism(s) behind this domain redistribution is yet to be elucidated. It is 

plausible that like CFTR, MRP4 also traffics to both apical and basolateral membranes in 

polarized cells. Subsequently, the stability of MRP4 at the cell surface is regulated by interactions 

with other proteins (e.g. NHERF1) that either reduce MRP4 internalization or increase its 

recycling back to the plasma membrane. In polarized LLC-PK1 (porcine kidney) epithelial cells, 
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MRP4 and NHERF1 localize at the apical membrane (Hoque et al., 2009; LaLonde et al., 2010). 

Whether this is due to MRP4’s interaction with NHERF1 or other PDZ-based adapter proteins, is 

yet to be elucidated.   

In contrast to the role of NHERF1 as a stabilizing factor for MRP4 at the apical 

membrane in MDCK1 cells, this adapter protein is also an internalization factor for MRP4 in 

unpolarized HEK293T and HeLa (Hoque and Cole, 2008). This role of NHERF1 for MRP4 is 

markedly different than that observed for CFTR. More specifically, down-regulation of 

endogenous NHERF1 in these cell types decreases internalization and increases plasma 

membrane level of MRP4 (Hoque and Cole, 2008). Although not discussed in this review, it is 

important to note that the PDZ domains of NHERF1 can be phosphorylated at numerous sites by 

different kinases in a cell-type specific manner and these post-translational modifications can 

differentially affect NHERF1’s binding affinity and consequently, its biological function(s) 

(Weinman et al., 2007). This may explain, at least in part, the different roles of NHERF1 that 

have been described for CFTR and MRP4 in different cell types (i.e. MDCK1, HEK293T).  

The different role(s) of NHERF1 in regulating membrane MRP4 and CFTR is not 

without precedence. The ability of NHERF1 to regulate the internalization of plasma membrane 

proteins, particularly GPCRs, has been previously reported. Thus NHERF1 can promote 

endocytosis of some GPCRs (e.g. PTHR1, P2Y12) by mediating their interaction with β-arrestin-2 

(Klenk et al., 2010;Nisar et al., 2012). This multi-domain adapter protein belongs to the arrestin 

family and can bind many components of the endocytic machinery, including clathrin and adapter 

protein-2 (AP2). These interactions, in turn, can facilitate plasma membrane proteins associated 

with β-arrestin-2 to be recruited efficiently into clathrin-coated pits for endocytosis (Kang et al., 

2014; Klenk et al., 2010; McMahon and Boucrot, 2011; Nisar et al., 2012).  

β-arrestin 2 also has the ability to recruit ubiquitin ligases and promote ubiquitination of 

plasma membrane proteins (Becuwe et al., 2012). The ubiquitination of plasma membrane 
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proteins can lead to their internalization to the lysosomes. This process has been reported to be 

mediated by the ESCRT (endosomal sorting complex required for transport) protein complexes 

(Henne et al., 2011). At present, it is not known whether cell surface MRP4 is ubiquitinated or 

whether its interaction with NHERF1 involves β-arrestin-2. Furthermore, a role for β-arrestin-2 in 

regulating cell surface levels of CFTR has not been reported; however, CFTR has been shown to 

be ubiquitinated under certain conditions and directed to lysosomes by the ESCRT protein 

complexes (Glozman et al., 2009).  

In addition to NHERF1, MRP4 can also bind to NHERF3 (Park et al., 2014). 

Interestingly, NHERF3 can also bind MRP4 and CFTR simultaneously and it has been suggested 

that this interaction can restrain the two ABCC proteins in spatial proximity at the cell surface (Li 

et al., 2007). It is further postulated that MRP4 may influence CFTR’s channel activity by 

effluxing cAMP, which is necessary for PKA-mediated phosphorylation of the R domain and 

activation of the Cl- channel. Transient overexpression of NHERF3 in HEK293T cells only 

reduced the internalization, but not recycling, of MRP4 at the cell surface. This, in turn, led to 

increased cell surface levels of MRP4 (Park et al., 2014). Additionally, in Nherf3-/- mice, Mrp4 

levels were substantially reduced at the apical membrane of renal proximal tubules, compared to 

wild-type mice (Park et al., 2014). These results indicate that NHERF3 and NHERF1 have 

opposing effects and the factors that can regulate the levels of these two adapter proteins and their 

ability to interact with MRP4 (e.g. binding affinity/specificity) can influence the steady-state 

levels of the transporter at the plasma membrane. The mechanism by which NHERF3 exerts its 

effect on MRP4 is yet to be elucidated but similar results were observed previously for the 

glutamate transporter EAAC1 and the high-density lipoprotein (HDL) receptor known as 

scavenger receptor class B type I (SR-BI) (D'Amico et al., 2010; Yesilaltay et al., 2009). In both 

cases, NHERF3 was shown to bind to these proteins and promote their retention at the plasma 

membrane. For EAAC1, it was suggested that NHERF3 reduced the glutamate transporter’s 
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interactions with endocytic proteins (i.e. AP2, clathrin), which increased its plasma membrane 

levels (D'Amico et al., 2010). 

1.9.6 Regulation of CFTR by Shank2 

The PDZ domain of a rat CortBP1 was initially demonstrated to associate with the PDZ-

binding motif of CFTR in a yeast two-hybrid assay (Kim et al., 2004). Subsequent experiments 

with CFTR-expressing NIH 3T3 cells revealed that overexpression of CortBP1 reduced cAMP-

induced phosphorylation of CFTR. This resulted in reduced channel gating, but the plasma 

membrane levels of CFTR were not affected. In addition, Cl- secretion was augmented in T84 

epithelial cells when endogenous CORTBP1 in this cell type was knocked down with antisense 

RNA. These results indicate that CORTBP1 has an inhibitory effect on CFTR function (Kim et 

al., 2004).  

Based on in vitro and in vivo work, the molecular basis for this negative regulation was 

suggested to be mediated by CORTBP1’s ability to interact with CFTR and recruit the 

phosphodiesterase PDE4D to the vicinity of the Cl- channel (Lee et al., 2007). Although not 

explicitly demonstrated, it was assumed that the recruitment of PDE4D results in increased 

hydrolysis of cAMP reducing activation of CFTR (Lee et al., 2007). These conclusions were 

further supported by experiments with Shank2-/- mice (Jung et al., 2014). Comparison of tissue 

lysates from wild-type and Shank2-/- mice revealed that Shank2E was the predominant isoform in 

pancreatic, renal and intestinal epithelia. Nonetheless, as was expected from studies with 

CortBP1, the Shank2-/- mice exhibited aberrant fluid and ion transport in the intestine, colon, and 

rectum, which was attributed to hyperactivation of Cftr (Jung et al., 2014).      

Although a functional difference between Shank2E and CortBP1 was not observed in the 

intestinal, pancreatic or colonic epithelial cells in the above studies, recent work has suggested 

that Shank2 isoforms may behave differently depending on their cellular context. It has been 

recently reported that Shank2E has a consensus serum and glucocorticoid-induced protein kinase 
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1 (SGK1) phosphorylation site that is absent in CortBP1 and ProSAP1A (Koeppen et al., 2014). 

Furthermore, in the airway epithelial CFBE41o- cells, phosphorylation of this site by SGK1 

increased plasma membrane levels of CFTR. Currently, the molecular mechanism underlying this 

observation is not fully understood but it has been hypothesized that phosphorylation of Shank2E 

may disrupt its interaction with CFTR (Koeppen et al., 2014). This could make the PDZ-binding 

motif of CFTR more available for interactions with other PDZ-domain containing proteins 

including NHERF1 (as discussed previously in Section 1.9.5). As yet, Shank2 interactions with 

other ABC proteins have not been reported. 

1.10 Role of N-glycosylation in apical membrane trafficking 

1.10.1 Apical and basolateral trafficking signals 

The establishment and maintenance of cell polarization is critical for normal epithelial 

cell function. This is initiated by an epithelial polarity program (EPP) which is regulated by a 

network of proteins and lipid mediators (Rodriguez-Boulan and Macara, 2014). EPP guides 

epithelial-specific cytoskeletal rearrangements and induces the formation of junctional 

complexes. Importantly, EPP establishes polarized trafficking machinery that recognizes specific 

sorting signals located on proteins and lipids, and delivers them to the appropriate surface to form 

apical and basolateral domains. In polarized epithelial cells, the TGN is the primary sorting 

station for newly synthesized proteins and lipids that are targeted to the cell surface. However, 

subsequent cargo sorting along the biosynthetic, transcytotic, and recycling routes can also occur 

in distinct endosomes including the apical sorting endosome (ASE), basolateral early endosome 

(BSE), apical recycling endosome (ARE), and common recycling endosome (CRE) (Cao et al., 

2012; Stoops and Caplan, 2014).  

As mentioned earlier, MRP4 is sorted to the apical or basolateral membrane in polarized 

epithelial cells depending on the cell type. Factors that determine basolateral sorting have been 

relatively well defined (Cao et al., 2012; Stoops and Caplan, 2014). Their properties and potential 



 

 

 

58 

role in the plasma membrane trafficking of MRP4 will be briefly reviewed here. Basolateral 

signals consist of simple peptide motifs that are usually located in the cytoplasmic domain of 

cargo proteins and resemble signals that regulate clathrin-mediated endocytosis (CME). Some of 

the well characterized motifs are Tyr-based (i.e. YxxΦ, NPxY; x indicates any amino acid and Φ 

a bulky hydrophobic amino acid), whereas others are diLeu-based (i.e. LL/LI motifs). In addition, 

similar to CME, clathrin has also been shown to play an important role in basolateral sorting of 

certain membrane proteins (McMahon and Boucrot, 2011; Weisz and Rodriguez-Boulan, 2009). 

 Basolateral sorting is mediated by the clathrin adapter protein (AP) complexes (Cao et 

al., 2012; Stoops and Caplan, 2014). Among the five AP complexes that have been identified to 

date (AP-1, AP-2, AP-3, AP-4, and AP-5), basolateral sorting mediated by the AP-1 complex has 

been the most extensively studied. The AP-1 complex is present in two forms, AP-1A and AP-

1B. These AP complexes share three of the four subunits (β1, γ and σ1) and differ only in the 

fourth or medium subunit (µ subunit): μ1A (AP-1A) or μ1B (AP-1B). AP-1A is found in all 

tissue types whereas AP-1B is expressed only in epithelial cells. The exact mechanisms by which 

AP-1A and AP-1B perform basolateral sorting of proteins are somewhat controversial. Some 

evidence suggests that both adapters localize to the TGN and CRE where they perform similar 

sorting functions but differ in their affinity for basolateral cargo proteins (Gravotta et al., 2007). 

Conversely, some studies indicate that AP-1B preferentially sorts basolateral plasma membrane 

proteins in both biosynthetic and recycling routes whereas AP-1A functions only in the 

biosynthetic route (Cancino et al., 2007).  

In contrast to basolateral sorting signals, apical sorting signals on cargo proteins are 

diverse and less well defined. These include N-glycans and O-glycans in the ectodomain, 

specialized transmembrane domains, lipid rafts, glycosylphosphatidylinositol (GPI) anchors and 

uncharacterized sequences or motifs in the cytoplasmic domain (Cao et al., 2012; Stoops and 

Caplan, 2014; Vagin et al., 2009). Since ABCC proteins including MRP4 are N-glycosylated, 
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evidence supporting the role of N-glycans in apical trafficking of membrane proteins will be 

reviewed below. To date, the effects of this post-translational modification on the function and 

plasma membrane trafficking of MRP4 have not been reported.  

1.10.2 N-glycosylation and its role in protein folding, stability, and quality control in the ER 

N-glycosylation is catalyzed by the ER-localized oligosaccharyltransferases (OST) co-

translationally during translocation of a polypeptide chain into the ER. During this post-

translational modification, OST transfers a 14-molecule oligosaccharide core from a dolichol-

phosphate precursor to an accessible glycosylation sequon, which is an Asn residue within a 

consensus sequence on the nascent chain (i.e. Asn-x-Thr/Ser, where x is any amino acid except 

Pro) (Mohorko et al., 2011; Pfeffer et al., 2014; Schwarz and Aebi, 2011). Specific residues 

within this oligosaccharide core are then removed by ER resident glucosidases and α-

mannosidases, whereas various glycosyltransferases (GTs) in the Golgi catalyze optional 

branching and elongation of the carbohydrate chains (Gloster, 2014). These modifications, 

however, are sensitive to various cellular conditions, some of which include cell-type dependent 

expression of various GTs in the Golgi and the spatial location of sequons in the protein’s tertiary 

structure (Liu and Neelamegham, 2014).     

N-linked glycans can play an essential role in the folding and quality control of newly 

synthesized glycoproteins. These carbohydrate moieties facilitate efficient folding of 

glycoproteins by allowing interactions with the lectin-like chaperones calnexin and calreticulin 

(i.e. calnexin/calreticulin-mediated folding cycles) (Tannous et al., 2014). Furthermore, N-linked 

glycans on misfolded proteins are recognized by the ER chaperone EDEM, and subsequently 

retrotranslocated and eliminated by the ER-associated degradation (ERAD) machinery. This 

ensures that only properly folded membrane and secretory proteins are exported out of the ER 

(Benyair et al., 2014). In addition to these chaperone-mediated effects, N-linked glycans can also 

affect the overall stability of membrane proteins. Finally, these large carbohydrate structures can 
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affect the local secondary structure of proteins and contribute to their folding dynamics by 

influencing the conformation of residues proximal to the site of glycosylation (Price et al., 2010; 

Shental-Bechor and Levy, 2009). 

1.10.3 N-glycosylation and apical membrane trafficking 

While N-glycans (and O-glycans) are important for preventing misfolding and 

intracellular retention of various plasma membrane glycoproteins, several lines of evidence have 

suggested that these carbohydrate structures on some proteins may facilitate their apical 

membrane localization in polarized cells (Vagin et al., 2009). It has been reported that removal of 

N-glycosylation sequons by site-directed mutagenesis in some apical glycoproteins (e.g. glycine 

transporter GLYT2) can result in their increased basolateral membrane localization (Martinez-

Maza et al., 2001). On the other hand, insertion of artificial N-glycosylation sequons into non-

apical membrane proteins can increase their apical membrane localization (Benting et al., 1999; 

Vagin et al., 2009). However, the presence of N-glycans on a protein does not always ensure that 

it will be distributed to the apical domain. Many N-glycosylated membrane proteins also possess 

basolateral sorting signals and localize to the basolateral domain of polarized cells. Basolateral 

sorting signals are reported to be cis-dominant over apical signals (Schuck and Simons, 2004), for 

reasons that are poorly understood. It has been speculated that AP-1B may be more efficient (i.e. 

AP-1B may possess higher binding affinity for its peptide motifs than lectins that bind to glycans) 

in capturing cargo proteins during sorting at the TGN (Cao et al., 2012; Stoops and Caplan, 2014; 

Weisz and Rodriguez-Boulan, 2009). 

The mechanism by which the presence of N-glycans can facilitate apical sorting of 

glycoproteins is poorly understood. Since N-glycans are composed of carbohydrate moieties, 

lectin-based receptors are speculated to be involved in apical sorting (Cao et al., 2012; Stoops and 

Caplan, 2014; Weisz and Rodriguez-Boulan, 2009). Some early studies have suggested that the 

vesicular integral protein 36 (VIP36), a transmembrane lectin that recognizes high-mannose type 
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glycans, and which was initially thought to localize in post-Golgi compartments, promotes apical 

localization of glycoproteins (Hara-Kuge et al., 2002). In MDCK1 cells, VIP36 is enriched at the 

apical membrane and overexpression of this lectin in this cell type increases the relative apical 

content of VIP36-recognized glycoproteins (Hara-Kuge et al., 2002). Subsequent studies 

indicated that VIP36 predominantly localizes in the ER-Golgi intermediate compartment 

(ERGIC) and may not be directly involved in apical trafficking (Weisz and Rodriguez-Boulan, 

2009). Other lectins that are suspected to be involved in apical trafficking in polarized MDCK1 

cells include the galactose-binding lectins, notably galectins-3,-4,-9 (Delacour et al., 2005; 

Delacour et al., 2006; Mo et al., 2012; Straube et al., 2013). Galectins are cytosolic proteins that 

are secreted out of the cell where they bind to cell surface proteins and internalize into endosomal 

compartments (Viguere et al., 2014). Although their secretion and endocytosis is partly 

understood, studies have indicated that galectins-3,-4,-9  are associated with lipid rafts found at 

various cellular locations including the TGN, plasma membrane and cellular compartments 

involved in membrane trafficking (e.g. recycling endosomes) (Viguere et al., 2014).  

Lipid rafts are also thought to have a role in apical sorting (Simons and Sampaio, 2011). 

Lipid rafts are tightly packed detergent-resistant microdomains of the plasma membrane that are 

enriched in glycosphingolipids and cholesterols. Many apical membrane proteins are found in 

detergent resistant fractions and decreasing cellular cholesterol (by administration of lovastatin) 

impairs apical protein transport, whereas basolateral transport is not affected (Lingwood and 

Simons, 2010; Simons and Sampaio, 2011).The unique biophysical properties and composition of 

lipid rafts have been suggested to influence their sorting at the TGN, with a propensity for them 

to be enriched at the apical domain of polarized cells (Cao et al., 2012). Studies with model 

membrane systems have indicated that lipid rafts and raft-associated membrane proteins (i.e. GPI-

anchored proteins, glycoproteins) often exist as “ordered nanoscale entities” within the 

surrounding “disordered lipid environment”. The immiscibility between the ordered and 
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disordered states allows smaller raft entities to coalesce or cluster to form larger rafts. Continuous 

growth of the raft in this manner induces membrane curvature which results in tubulation, fission 

of membrane vesicles enriched with lipid rafts and its associated components (i.e. apical transport 

carrier). The critical element in this process, which is the “clustering” event, does not occur 

spontaneously in vivo. The coalescence of lipid rafts is suggested to be actively mediated by 

lectin-like clustering agents and their ability to bind to carbohydrate moieties (N- and O-glycans) 

(Cao et al., 2012; Lingwood and Simons, 2010; Simons and Gerl, 2010; Simons and Sampaio, 

2011).  
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1.11 Rationale, hypotheses, and objectives 

The regulation of MRP4 by the CortBP1 isoform of Shank2 

As reviewed in Chapter 1, the closest homolog of MRP4 is the apically localized Cl- 

channel CFTR. The factors that govern the apical membrane trafficking of this channel (i.e. 

endocytosis, recycling, and degradation) have been intensively studied largely due to the severity 

and prevalence of CF. In contrast to CFTR, however, the molecular mechanism(s) responsible for 

MRP4’s plasma membrane trafficking remained essentially unexplored until Hoque and Cole 

demonstrated the importance of NHERF1’s interaction with this transporter (Hoque and Cole, 

2008; Hoque et al., 2009).  

NHERF1 and its family members have been extensively studied for their ability to 

regulate the function and plasma membrane trafficking of CFTR. However, emerging data have 

revealed that in addition to the NHERF family of adapter proteins, the Shank2 family of PDZ-

based proteins, notably CortBP1 and Shank2E, also interact with and regulate CFTR (Jung et al., 

2014; Kim et al., 2004; Koeppen et al., 2014; Lee et al., 2007; Lee et al., 2010). This raises the 

possibility that the Shank2 family of adapter proteins may also be involved in MRP4 plasma 

membrane trafficking.  

The first major goal of this thesis research was to investigate whether the CortBP1 

isoform of Shank2 interacts with MRP4 and, if so, to determine whether the outcome of this 

interaction affects MRP4 plasma membrane trafficking in unpolarized cells. Since preliminary 

experiments indicated that CortBP1 reduced total MRP4 levels in cell lysates, it was hypothesized 

that internalization of MRP4 from the plasma membrane is mediated by CortBP1. To test this 

hypothesis, the first objective was to use pulldown assays to determine whether MRP4 directly 

interacted with CortBP1 and, if so, to determine whether the PDZ-binding motif of MRP4 and the 

PDZ domain of CortBP1 were required. The second objective was to use cell-surface 

biotinylation, immunofluorescence, and pharmacological assays to elucidate the fate of 
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endogenous plasma membrane MRP4 in unpolarized cells ectopically expressing wild-type 

CortBP1. The third objective was to use pulldown assays to determine if any previously identified 

endocytic binding partners of CortBP1 (e.g. cortactin, dynamin-2, β-PIX) could be found in a 

complex with MRP4. The final objective was to use RNA interference to knockdown endogenous 

CortBP1 in a more clinically relevant cell culture systems (i.e. BE(2)-C and SH-SY5Y human 

neuroblastoma cells) and determine the consequences on total and plasma membrane MRP4 

levels in these cell types.  

 

The Role of N-glycosylation in the subcellular localization of MRP4 

As discussed in Section 1.10.3, N-glycosylation is one of many factors that can promote 

the routing of plasma membrane proteins to the apical domain in polarized cells. Although 

previous studies have demonstrated that MRP4 is a 170 kDa N-glycosylated protein (Adachi et 

al., 2002; Hoque and Cole, 2008), the location of the N-glycosylation sequons, the cell-type 

dependent variation in N-glycosylation, and importantly, whether these attached oligosaccharides 

are involved in MRP4’s ability to sort to the appropriate membrane in polarized cells have not 

been examined. 

Thus, the second major goal of this thesis research was to gain insight into the potential 

functional importance of N-glycosylation of human MRP4. Although in silico analyses indicate 

the presence of multiple putative N-glycosylation sequons, it was hypothesized that the Asn 

residues at positions 746 and 754 were the sites most likely to be utilized since they are predicted 

to be located in an extracellular loop and are highly conserved in MRP4 orthologs. Additionally, 

because N-glycosylation has the potential to regulate membrane trafficking, it was further 

hypothesized that disruption of N-glycosylation would affect apical membrane localization of 

MRP4 in polarized LLC-PK1 cells, but not its basolateral membrane localization in polarized 

MDCK1 cells or in unpolarized HEK293T cells. To test these hypotheses, the first objective was 
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to use site-directed mutagenesis to disrupt the N-glycosylation sites by mutating Asn-746 and 

Asn-754 to Gln, (both singly and in combination) and then compare the electrophoretic mobilities 

of the mutant proteins with wild-type MRP4, before and after enzymatic deglycosylation with 

PNGase F. The second objective was to gain insight into the heterogeneity of MRP4 N-

glycosylation by examining the relative electrophoretic mobilities of endogenous MRP4 in a 

panel of cell lines derived from tissues of different origins. The final objective was to determine 

whether N-glycosylation affected the subcellular localization of ectopically expressed 

recombinant MRP4. Thus, both unpolarized HEK293T cells and polarized MDCK1 (basolateral) 

and LLC-PK1 (apical) epithelial cells were transduced with lentiviral particles containing either 

eGFP-tagged wild-type MRP4 or its N-glycosylation mutants and analyzed by confocal 

microscopy.   
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Chapter 2 

The Regulation of MRP4 by the CortBP1 Isoform of Shank2 

2.1 Introduction 

The maintenance of cellular homeostasis depends on the spatial and temporal 

organization of many different biological processes, one of which includes the regulated 

movement of solutes across the plasma membrane by transport proteins. One such plasma 

membrane transporter is MRP4 which, as reviewed in Chapter 1, is a member of the MRP/ABC 

“C” subfamily of ABC transporters that effluxes a wide variety of structurally diverse 

endogenous and xenobiotic organic anions. 

Similar to other plasma membrane transporters, the pharmacological and physiological 

roles of MRP4 are dependent on the amount of this protein located at the appropriate cell surface 

in a given tissue. In polarized cells, MRP4 has the unusual property of being able to localize to 

either apical or basolateral membranes depending on the tissue (Rius et al., 2003; van Aubel et 

al., 2002). The molecular mechanisms that regulate membrane localization and cell surface levels 

of MRP4 are poorly understood but, as summarized in Chapter 1, interactions with PDZ domain-

containing adapter proteins are important. MRP4 has a consensus class I PDZ-binding motif (i.e. 

X-(S/T)-X-φ, where X represents any residue and φ is a hydrophobic residue) at its COOH-

terminus (1322ETAL), which has been shown to interact with several PDZ domain-containing 

adapter proteins including NHERF1, NHERF3, and SNX27 (Hayashi et al., 2012; Hoque and 

Cole, 2008; Park et al., 2014). According to the human genome, the PDZ domain is one of the 

most common protein-protein interaction modules and PDZ domain-containing adapter proteins 

have emerged as a group of proteins that can act as platforms for the assembly of protein 

complexes that can regulate a broad range of cellular functions (Pawson and Nash, 2003). Some 

of these complexes, such as those involving the NHERF family of adapter proteins, regulate the 
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membrane levels and activity of various ion channels and transporters in many different types of 

epithelia (Farinha et al., 2013).  

Amino acid sequence comparisons of the human ABC “C” subfamily members show that 

the chloride channel CFTR/ABCC7 is the closest homolog of MRP4 (Dean and Allikmets, 2001; 

Jordan et al., 2008; Sebastian et al., 2013). Like MRP4, CFTR also possesses a class I PDZ-

binding motif at its COOH-terminus, which can interact with many different PDZ domain-

containing adapter proteins that regulate the cell surface levels and activity of this chloride 

channel (Ameen et al., 2007; Guggino and Stanton, 2006). Like CFTR, both NHERF1 and 

NHERF3 also interact with MRP4 (Hoque and Cole, 2008; Park et al., 2014). Despite these 

similarities, however, the functional consequences resulting from the interaction between these 

PDZ domain-containing adapter proteins with MRP4 is different than those observed for CFTR, 

at least for NHERF1. As described in Chapter 1, both NHERF1 and NHERF3 increase the 

activity and cell surface levels of CFTR. In contrast, NHERF1 is involved in the down-regulation 

of cell surface MRP4, whereas NHERF3 increases the transporter’s cell surface levels (Hoque 

and Cole, 2008; Park et al., 2014).   

In addition to the NHERF family of PDZ domain-containing adapter proteins, CFTR 

activity is also regulated by the CortBP1 isoform of Shank2, a member of the Shank family of 

“scaffolding” proteins (Shank1-3) (Jung et al., 2014; Kim et al., 2004; Lee et al., 2007), whose 

properties have been described in Chapter 1. Unlike Shank1 and Shank3, isoforms of Shank2 (i.e. 

Shank2E, ProSAP1A, and CortBP1) are expressed in various epithelial cells (Leblond et al., 

2012). The smallest of these isoforms is CortBP1 (160 kDa) which, in addition to a PDZ domain, 

contains a prr, a ppI, and a SAM domain. The PDZ domain of CortBP1 can interact with the 

PDZ-binding motif of CFTR and this interaction has been shown to inhibit CFTR function both 

in vitro and in vivo (Jung et al., 2014; Lee et al., 2007) . Based on these studies of CFTR, and the 

known presence of the Shank2 isoforms and MRP4 in the same type of epithelial cells (e.g. 
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kidney proximal tubules), it was of interest to determine whether CortBP1 is involved in the 

regulation of cell surface levels of MRP4. 

2.2 Materials and methods 

2.2.1 Materials 

The transfection reagent jetPRIME® was purchased from Polyplus Transfection (Illkirch, 

France). Puromycin dihydrochloride (P8833), Triton X-100 (T8787), 4, 6-diamidino-2-

phenylindole (DAPI) (D9542), mouse mAb IgG1 against α-tubulin (DM1A), mouse mAb IgG1 

against transferrin receptor (TfR) (C2063) and mAb IgG1 anti-hemagglutinin (HA) conjugated 

agarose (A2095) were all obtained from Sigma-Aldrich (Oakville, ON). Sulfo-NHS-SS-biotin 

(b2104) was obtained from ProteoChem (Rockford, IL). NeutrAvidin Agarose Resin (#29200) 

was purchased from Pierce (Thermo Scientific, Rockford, IL). Protease inhibitor cocktail and 

PhoSTOP were purchased from Roche Diagnostics (Indianapolis, IN). Bovine serum albumin 

(BSA) was from ICN Biomedicals (Aurora, OH). Mutagenic oligonucleotide primers were 

obtained from IDT Inc. (Coralville, IA). Alexa Fluor®488 conjugated F(ab')2 fragment of goat 

anti-rat IgG (H+L), Alexa Fluor®546 conjugated F(ab')2 fragment of goat anti-mouse IgG (H+L), 

and Alexa Fluor®633 conjugated F(ab')2 fragment of goat anti-mouse IgG (H+L) were from 

Invitrogen (Carlsbad, CA). Rat mAb M4I10 IgG2a against human MRP4 was purchased from Enzo 

Life Sciences (Farmingdale, NY) (Leggas et al., 2004). Mouse mAb IgG1 against SHANK2 

(human/rat) (N23B/6) was obtained from NeuroMab (Davis, CA). Rabbit polyclonal antibody 

against SHANK2 (human/rat/mouse) (NBP1-68678) was purchased from Novus Biologicals 

(Oakville, ON). Protein A/G Plus Agarose (sc-2003), mouse mAb IgG1 against LAMP-2 (H4B4) 

(sc-18822), rabbit polyclonal antibody against HA (Y-11) (sc-805), rabbit polyclonal antibody 

against dynamin II (sc-166526), mouse mAb IgG1 against cortactin (E-4) (sc-55588), rabbit 

polyclonal antibody against β-PIX/ARHGEF7 (sc-25418), rabbit polyclonal antibody against 
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human Na+/K+-ATPase (sc-28800) and mouse mAb IgG2a against GFP (sc-9996) were all 

purchased from Santa Cruz Biotechnology (Dallas, TX). 

2.2.2 Expression vectors and site-directed mutagenesis 

The rat pcDNA3.1(-)HA-rCortBP1/Shank2 construct (encodes rCortBP1 HA tagged at 

NH2-terminus) was obtained from Dr. Min Goo Lee (Yonsei University College of Medicine, 

Korea) and has been described previously (Lim et al., 1999). The generation of the full length 

pEGFP-C3-MRP4-WT (encodes MRP4 eGFP tagged at NH2-terminus) and pEGFP-C3-MRP4-

ΔETAL (mutant eGFP-MRP4 lacking the last four amino acids) expression vectors has been 

previously described (Hoque and Cole, 2008). The pcDNA3.1(-)Myc-β-PIX construct (encodes 

β-PIX Myc tagged at NH2-terminus) was obtained from Dr. Alan Mak (Queen’s University, 

Kingston). The pLKO.1 lentiviral empty vector was obtained from Dr. Andrew Craig (Queen’s 

University, Kingston). Oligonucleotide-directed mutagenesis experiments were performed using a 

QuickChange kit (Stratagene, La Jolla, CA) with the pcDNA3.1-rCortBP1 plasmid according to 

the manufacturer's protocol. His-109 and Phe-50 of rCortBP1 were substituted with Ala and His, 

respectively, using the following mutagenic primers (substituted nucleotides are underlined): 

H109A, 5'-CGT CAA GGT GGG CGC CAG GCA GGT GGT G-3'; F50H, 5'-GAA AGA CAA 

CGA GGG CTT TGG ACA TGT GCT CCG AGG-3'. The fidelities of the construct and 

substituted nucleotides were confirmed by sequencing (ACGT Corp., Toronto, ON). 

2.2.3 shRNA constructs targeting human SHANK2 

Three pLKO.1 lentiviral shRNA constructs targeting all mRNA splice variants of human 

SHANK2 (NM_012309.3): (SHANK2E, AB208025); (PROSAP1A, AB208026); (CORTBP1, 

AB208027) were obtained from Open Biosystems (GE Healthcare, Lafayette, CO). The RNAi 

Consortium (TRC) codes and antisense sequences were as follows: C-11 (TRCN0000040282, 5’-

TAA AGA CAT CTG AGA GAG CGG-3’); G-4 (TRCN0000040281, 5’-TAA AGA GGT TTG 

TTG AGG TCG-3’); G-5 (TRCN0000040280, 5’-TTC CTG ATA GAA AGA TTC TGC-3’). 
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2.2.4 Cell culture and transfection 

The HEK293T (ATCC), SH-SY5Y (ATCC), and BE(2)-C (obtained from Dr. Michelle 

Haber, Children’s Cancer Institute of Australia) cell lines were cultured in DMEM supplemented 

with 10% fetal bovine serum (FBS) at 37 0C and 5% CO2. HEK293T cells were transfected at 

70% to 90% confluence using jetPRIME according to manufacturer’s protocols and incubated for 

either 24 hr or 48 hr at 37 0C before processing. 

2.2.5 Generation of SH-SY5Y and BE(2)-C cells stably expressing pLKO.1 lentiviral shRNA 

constructs against human SHANK2 

Lentiviruses were produced in HEK293T cells (grown on 100-mm plates) after 

transfecting each pLKO.1 lentiviral shRNA construct (5 µg) with pCMVΔR8.91 packaging 

plasmid (5 µg) and pMD.2G envelope plasmid (2.5 µg) using jetPRIME according to 

manufacturer’s protocol. Conditioned medium was collected after 72 hr, filter sterilized through 

0.45 µm filters and stored at -80 0C. SH-SY5Y and BE(2)-C human neuroblastoma cells were 

transduced with viral supernatants, and cell populations were selected by incubating in puromycin 

(2.5 µg/ml). After several passages, levels of SHANK2 and its splice variants were analyzed by 

immunoblotting. 

2.2.6 Immunoblotting and pull-down assays 

For pull-down assays, cells were lysed at 4 0C with ice-cold lysis buffer (20 mM Tris-

HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 

protease inhibitor cocktail and PhoSTOP). Lysates were mixed with agarose or agarose 

conjugated with anti-HA antibody (anti-HA beads) (Sigma) and incubated overnight at 4 0C in 

lysis buffer. Protein complexes bound to the anti-HA beads were collected by centrifugation. The 

beads were washed with lysis buffer, centrifuged, and re-suspended in Laemmli buffer containing 

5% 2-mercaptoethanol (2-ME). Eluted proteins were separated by SDS-PAGE and 

electrotransferred to Immobilon PVDF membranes (Millipore) using a wet transfer apparatus 
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(Bio-Rad). Membranes were incubated with blocking solution (20 mM Tris-HCl, 150 mM NaCl, 

5% non-fat milk, pH 7.5) for 1 hr at room temperature and then probed with appropriate 

antibodies as detailed in the figure legends. Antigen-antibody complexes were detected using 

horseradish-peroxidase (HRP) conjugated goat anti-mouse Ig (1:10,000) (GE Healthcare), goat 

anti-rabbit Ig (1:20,000; Santa-Cruz), or goat anti-rat Ig (1:10,000; GE Healthcare) diluted in 

blocking solution and detected using an enhanced chemiluminescence (ECL) kit (Perkin Elmer, 

Woodbridge, ON). 

2.2.7 Biotinylation of cell surface proteins 

Biotinylation of cell-surface MRP4 was performed as described by (Pakuts et al., 2007) 

with minor modifications. Briefly, cells were washed with ice-cold phosphate buffered saline 

(PBS, pH 7.5) containing 0.1 mM CaCl2 and 1 mM MgCl2 for 10 min. The cells were then 

biotinylated using 2 mg/ml Sulfo-NHS-SS-Biotin (ProteoChem) diluted in biotinylation buffer 

(154 mM NaCl, 10 mM HEPES pH 7.6, 3 mM KCl, 1 mM MgCl2, 0.1 mM CaCl2, 10 mM 

glucose) for 45 min at 4 0C. Free biotin was quenched by washing cells twice with a glycine-

containing buffer (100 mM glycine, 10 mM Tris-HCl pH 7.4). Cells were subsequently lysed 

with a lysis buffer as described in Section 2.2.6. The lysates were incubated with avidin 

conjugated to agarose (UltraLink Immobilized NeutrAvidin beads, Pierce) and the mixture was 

incubated overnight with gentle mixing at 4 0C. Avidin-bound biotinylated proteins were 

centrifuged and washed with lysis buffer and re-suspended in Laemmli buffer containing 5% 2-

ME. Proteins were eluted from the beads by heating at 37 0C, resolved by SDS-PAGE, 

electrotransferred and immunoblotted with antibodies as described previously. 

2.2.8 Indirect immunofluorescence analyses 

Immunofluorescence staining was performed on cells plated on poly-l-lysine (0.01%) 

coated #1.5 coverslips (Electron Microscopy Sciences, Hatfield, PA). Cells were fixed and 

permeabilized with 100% methanol for 5 min at -20 0C. Non-specific binding sites on the cells 
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were blocked by incubation with 1% BSA in PBS pH 7.5 (blocking buffer) for 1 hr at room 

temperature. Coverslips were subsequently incubated overnight at 4 0C with appropriate primary 

antibodies diluted in blocking buffer as indicated in the figure legends. Primary antibodies were 

detected by incubation with Alexa® Fluor conjugated goat anti-rat (488), goat anti-mouse (546) 

or goat anti-mouse (633) Igs (1:400, diluted in blocking buffer) (Invitrogen) for 1 hr at room 

temperature. Nuclei were counterstained with DAPI (1:5000) diluted in PBS. Images were 

analyzed by confocal microscopy (HCX PL APO DIC 63X/132 Oil CS objective; WaveFX-X1 

spinning disc confocal microscope Quorum Technologies Inc., Guelph, ON) at the Queen’s 

Cancer Research Institute Imaging Facility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

73 

2.3 Results 

2.3.1 MRP4 is downregulated by rCortBP1 in HEK293T cells 

Rat CortBP1 (uniprot Q9QX74-6) has 89% overall sequence identity with its human 

counterpart (uniprot Q9UPX8-4). In addition, the sequence of the COOH-terminus portion 

beyond the PDZ domain is identical for all three Shank2 isoforms (Figure 2.1A). To investigate 

the possibility that rCortBP1 could be a regulator of MRP4 levels, the HA-rCortBP1 expression 

vector was transiently transfected into HEK293T cells and 48 hr later, whole cell lysates (WCL) 

were prepared, fractionated by SDS-PAGE and immunoblotted with an anti-MRP4 mAb. MRP4 

has been previously demonstrated to be a glycoprotein (Adachi et al., 2002; Hoque and Cole, 

2008). MRP4 often appears as a broad smear on an immunoblot, presumably due to heterogeneity 

in glycosylation (Figure 2.1B).The transient expression of rCortBP1 in HEK293T cells resulted 

in an approximately 95% decrease in total MRP4 levels compared to untransfected control cells 

or cells transfected with empty vector (pcDNA3.1) (Figure 2.1B). Time course experiments 

suggested that a substantial reduction in total MRP4 levels, associated mostly with the 

disappearance of the upper portion of the smear, could be detected as early as 24 hr after 

transfection. This time period was also the minimum time needed for the expression of detectable 

amounts of rCortBP1 (Figure 2.1C). The magnitude of the down-regulation of total MRP4 levels 

by rCortBP1 also exhibited a concentration-dependent relationship (Figure 2.2A, B), where 

increasing levels of rCortBP1 resulted in a gradual disappearance of the upper portion of the 

MRP4 band.  

As described in Chapter 1, the Cl- channel activity of CFTR, but not its levels, are 

reduced by rCortBP1 (Jung et al., 2014; Kim et al., 2004; Lee et al., 2007). Thus, the results 

shown in Figure 2.1 suggested that rCortBP1 regulated MRP4 differently than CFTR. On the 

other hand, Dobrinskikh et al. (2010) demonstrated that the full-length human SHANK2 (i.e. 

SHANK2E) participated in the down-regulation of NaPiIIa by facilitating its CME and lysosomal 
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degradation (Dobrinskikh et al., 2010). Since the domain architecture of the COOH-terminus 

portion beyond the PDZ domain is identical for both rat Shank2E and CortBP1, and contains 

binding sites for proteins involved in endocytosis, it was hypothesized that rCortBP1 was also 

involved in the internalization of MRP4. 
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Figure 2.1: Effect of rCortBP1 on endogenous MRP4 levels in HEK293T cells 

A) A schematic diagram depicting the molecular weight and the domain structure of the three 
isoforms of Shank2. (ANK, ankyrin repeats; SH3, SRC-homology 3; PDZ, PSD-95/Disc-
large/ZO-1; prr, proline-rich region; ppI, poly-proline helix; SAM, sterile alpha motif). B) 
HEK293T cells were transfected with either 1 µg pcDNA3.1 empty vector or 1 µg pcDNA3.1 
expression vector containing HA-tagged rCortBP1. After 48 hr, WCL were prepared from 
transfected and un-transfected (control) cells and 20 µg protein were fractionated by 7.5% SDS-
PAGE for immunoblotting. MRP4 and rCortBP1 were detected with anti-MRP4 (mAb M4I10) and 
anti-SHANK2 (NBP1-68678) antibodies, respectively. Transferrin receptor and the α subunit of 
Na+/K+ ATPase were detected with anti-TfR and anti-Na+/K+-ATPase antibodies, respectively.  
Detection of α-tubulin was used as a loading control. C) HEK293T cells were transfected for the 
indicated time periods with 1 µg of the HA-rCortBP1 construct. WCL were prepared and 
fractionated by 7.5% SDS-PAGE for immunoblotting as described in “B”. 
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Figure 2.2: Effect of increasing levels of rCortBP1 on endogenous MRP4 levels in HEK292T 

cells 

A) HEK293T cells were transfected with the amount of rCortBP1 cDNA construct as indicated. 
After 48 hr, WCL were prepared and 15 µg protein fractionated by gradient (4-20%) SDS-PAGE 
and immunoblotted. A representative example of three independent experiments is shown. The 
SHANK2 (NBP1-68678) antibody binds a non-specific protein which is indicated by an asterisk 
(*). B) Densitometry plot indicating the percentage of total MRP4 levels remaining as a function 
of the amount of the rCortBP1 construct transfected as described in “A”. Each point represents 
the mean ± S.D. of three independent experiments. 
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2.3.2 Interaction between MRP4 and rCortBP1 is dependent on the PDZ-binding motif of 

MRP4 and the PDZ domain of rCortBP1 

The COOH-terminal class I consensus PDZ-binding motif of MRP4 (1322ETAL) has been 

previously demonstrated to be important for its functional interaction with adapter proteins 

NHERF1, NHERF3, and SNX27 (Hayashi et al., 2012; Hoque and Cole, 2008; Park et al., 2014). 

To establish whether this motif was also important for binding to the PDZ domain of rCortBP1, 

equal amounts of an eGFP-MRP4 and a mutant expression construct lacking the terminal four 

amino acids, eGFP-MRP4-ΔETAL, were transiently co-transfected with HA-rCortBP1 into 

HEK293T cells. After 24 hr, WCL were prepared and incubated with agarose beads conjugated 

with anti-HA antibody. After centrifugation, protein complexes bound to the anti-HA antibody 

were eluted with Laemmli buffer and then resolved by SDS-PAGE and immunoblotted with anti-

GFP and anti-SHANK2 antibodies. As shown in Figure 2.3, anti-HA beads pulled down nearly 

equal amounts of HA-rCortBP1 from lysates containing eGFP-MRP4 or eGFP-MRP4-ΔETAL. 

However, only eGFP-MRP4, which appears as a doublet on the immunoblot, was pulled down 

with the 165 kDa HA-rCortBP1, indicating that the 1322ETAL PDZ-binding motif of MRP4 is 

necessary for its interaction with rCortBP1.    

To further demonstrate the specificity of the PDZ-based interaction between MRP4 and 

rCortBP1, two residues within the PDZ domain of rCortBP1 that were previously demonstrated 

to be involved in substrate recognition (Figure 2.4A, B) were mutated by site-directed 

mutagenesis. Thus, Phe-50 and His-109 in the rCortBP1 construct were replaced singly and in 

combination by site-directed mutagenesis to His and Ala, respectively (i.e. F50H, H109A and 

F50H/H109A). These constructs were then transfected into HEK293T cells and 48 hr later, WCL 

were prepared for immunoblotting as before. As shown in Figure 2.5A, levels of HA-rCortBP1-

H109A were similar to wild-type rCortBP1, but the levels of the F50H and F50H/H109A mutants 

were reduced by 90 ± 5% and 92 ± 3% (n = 3), respectively. Since the levels of HA-rCortBP1-

H109A were comparable to wild-type HA-rCortBP1, this mutant was used to test whether the 
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H109A mutation in rCortBP1 was sufficient to disrupt the interaction between rCortBP1 and 

MRP4. Somewhat unexpectedly, when the mutant HA-rCortBP1-H109A was transfected into 

HEK293T cells, it was as effective as wild-type HA-rCortBP1 at decreasing endogenous MRP4 

levels (Figure 2.5B), suggesting that the H109A mutation did not have its anticipated effect. In 

pull-down assays, the anti-HA beads pulled down comparable amounts of HA-rCortBP1 and HA-

rCortBP1-H109A, but substantial amounts of eGFP-MRP4 were only pulled-down with wild-type 

HA-rCortBP1 (Figure 2.6A). The very low but detectable amount of eGFP-MRP4 pulled down 

with the HA-rCortBP1-H109A mutant suggests that the H109A mutation is not sufficient to 

completely abrogate the interaction between these two proteins and may explain why the mutant 

adapter protein behaved in a manner similar to its wild-type counterpart in the transfection 

experiments (Figure 2.5B).  

The PDZ domain of rCortBP1 has been previously shown to interact with the PDZ-

binding motif of β-PIX, a GEF involved in the regulation of actin cytoskeleton dynamics (Im et 

al., 2010; Lee et al., 2010). To test whether the H109A mutation in rCortBP1 could disrupt PDZ-

based interactions with β-PIX, pull-down assays were performed as described earlier. HEK293T 

cells were transiently co-transfected with wild-type or HA-rCortBP1-H109A and Myc-tagged β-

PIX. After 24 hr, WCL were prepared and incubated with anti-HA conjugated beads and bound 

proteins were eluted and immunoblotted as before. As shown in Figure 2.6B, the anti-HA beads 

pulled down HA-rCortBP1 and HA-rCortBP1-H109A as before. However, Myc-β-PIX was 

pulled down when wild-type but not the mutant HA-rCortBP1-H109A was present in the lysate. 

Taken together, these results indicate that the H109A mutation in rCortBP1 can inhibit the 

adapter protein’s PDZ domain-mediated interactions but the extent of the disruption appears to 

vary according to the protein binding partner involved.  
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Figure 2.3: PDZ-binding motif of MRP4 is required for interaction with rCortBP1 

HEK293T cells were co-transfected with pcDNA3.1 expression vector (1 µg) encoding eGFP-
MRP4 or eGFP-MRP4-ΔETAL and HA-rCortBP1. After 24 hr, pull-down assays were performed 
as described in Section 2.2 with 500 µg WCL protein and 10 µl anti-HA antibody conjugated to 
agarose beads. Input lysates for the pull-down assays (5%) and an aliquot of the proteins released 
from the beads were fractionated by 7.5% SDS-PAGE and immunoblotted with antibodies as 
indicated. A representative example of two independent experiments is shown. 
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Figure 2.4: Sequence alignment of Shank PDZ domains and critical residues involved in their interaction with a PDZ-binding motif 

A) Amino acid sequence alignments of the PDZ domains from the rat and human Shank family. The secondary structure elements are indicated on 
top: arrows (β-strands), coils (α-helices). The carboxylate binding loop is demarcated by a red box. The sequences were aligned using 
ClustalOmega and visualized with ESPript 3.0. The UniProt codes for each are as follows: Shank1 (rat, Q9WV48), SHANK1 (human, Q9Y566), 
Shank2 (CortBP1, rat, Q9QX74-6), Shank2 (Shank2E, rat, Q9QX74-7), SHANK2 (SHANK2E, human, Q9UPX8-3), SHANK2 (PROSAP1A, 
human, Q9UPX8-1), SHANK2 (CORTBP1, human, Q9UPX8-4), SHANK3 (human, Q9BYB0-1), Shank3 (rat, Q9JLU4). Conserved residues are 
shaded in black. B) Crystal structure depicting the PDZ domain of rat Shank1 is shown (PDB ID: 3QJM).The substrate binding pocket (yellow) 
and the carboxylate-binding loop are indicated. Side chains of the GFGF motif in the carboxylate-binding loop are shown (Phe-602, blue; Phe-600, 
purple). Phe-602 and His-663 in rat Shank1 correspond to Phe-50 and His-103 in rat CortBP1, respectively. 
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Figure 2.5: Effect of F50H and H109A mutations in rCortBP1 on interactions with 

endogenous MRP4 

A) HEK293T cells were transfected with pcDNA3.1 expression vectors (1 µg) encoding 
rCortBP1 and its PDZ domain mutant variants (F50H, H109A, F50H/H109A). After 48 hr, WCL 
(10 µg protein) were fractionated by 7.5% SDS-PAGE and immunoblotted with a mouse mAb 
anti-SHANK2 (N23B/6) antibody to detect rCortBP1. B) HEK293T cells were transfected with 
HA-rCortBP1 or HA-rCortBP1-H109A expression constructs as indicated. After 48 hr, WCL (15 
µg protein) were prepared and fractionated by 7.5% SDS-PAGE for immunoblotting with 
antibodies as indicated. In both “A” and “B”, detection of α-tubulin was used as a loading 
control. Representative examples of two independent experiments are shown.  
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Figure 2.6: Pull-down assays evaluating HA-rCortBP1-H109A’s ability to interact with 

eGFP-MRP4 and Myc-β-PIX 

A) HEK293T cells were co-transfected with pcDNA3.1 vectors (1 µg) encoding HA-rCortBP1 or 
HA-rCortBP1-H109A and pcDNA3.1 (1 µg) vector encoding eGFP-MRP4. After 24 hr, pull-
down assays were performed as described in Section 2.2 with 500 µg WCL protein and 10 µl 
anti-HA antibody conjugated to agarose beads. Input lysates for the pull-down assays (5%) and 
aliquots of the proteins released from the beads were fractionated by 7.5% SDS-PAGE and 
immunoblotted with antibodies as indicated. B) HEK293T cells were co-transfected with 
pcDNA3.1 vector (1 µg) encoding HA-rCortBP1 or HA-rCortBP1-H109A and pcDNA3.1 (1 µg) 
vector encoding Myc-β-PIX. After 24 hr, pull-down assays and immunoblotting were performed 
as described above. 
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2.3.3 rCortBP1 promotes internalization of MRP4 and its lysosomal degradation 

To determine whether the observed decrease in total MRP4 levels after ectopic 

expression of rCortBP1 was associated with decreased plasma membrane MRP4, HEK293T cells 

were transfected with HA-rCortBP1 for 24 hr after which cell surface proteins were biotinylated, 

collected with agarose beads conjugated with streptavidin, and immunoblotted with appropriate 

antibodies. In accordance with earlier observations, the total MRP4 levels were substantially 

reduced when HEK293T cells were transiently transfected with HA-rCortBP1 (Figure 2.7, IB: 

MRP4). Ectopic expression of HA-rCortBP1 also reduced the amount of cell-surface MRP4 that 

could be biotinylated and pulled down with streptavidin beads by 90-95% (Figure 2.7, IB: 

MRP4, compare pull-down lanes). The streptavidin beads also pulled down cytosolic HA-

rCortBP1 indicating that other cell surface proteins also interact with CortBP1 (Figure 2.7, IB: 

SHANK2). Additionally, in both untransfected and HA-rCortBP1 transfected HEK293T cells, 

only plasma membrane proteins were biotinylated since cytosolic GAPDH was not detected 

(Figure 2.7, IB: GAPDH). Moreover, the efficiencies of the streptavidin beads in pulling down 

biotinylated proteins were comparable (Figure 2.7, IB: Na+/K+-ATPase). Taken together, these 

results indicate that the HA-rCortBP1-mediated reduction in total MRP4 levels correlates with 

reduced levels of the transporter at the cell surface.  

   Previous studies have demonstrated using immunofluorescence techniques that a 

proportion of internalized MRP4 traffics to the endosomal-lysosomal pathway for degradation 

(Hoque and Cole, 2008). To determine if the observed decrease in total MRP4 levels in the 

presence of HA-rCortBP1 is consistent with lysosomal degradation of the transporter, HEK293T 

cells were co-transfected with eGFP-MRP4 and HA-rCortBP1 expression constructs and 48 hr 

later examined by confocal immunofluorescence microscopy (Figure 2.8). In contrast to previous 

pull-down assays with eGFP-MRP4 and HA-rCortBP1 (or their variants) where HEK293T cells 

were transfected for 24 hr, a 48 hr incubation period was necessary to observe the effects of 

rCortBP1 when eGFP-MRP4 was co-expressed exogenously (Figure 2.8A). Under these 
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conditions, immunoblotting experiments detected eGFP-MRP4 as a “doublet”, and only levels of 

the lower 190 kDa band were reduced by 80-85% when HA-rCortBP1 was co-expressed (Figure 

2.8A). Immunofluorescence images showed that as expected eGFP-MRP4 in the absence of HA-

CortBP1 localized predominantly at the plasma membrane without any substantial co-localization 

with the lysosome marker LAMP-2 (Figure 2.8B). In contrast, when rCortBP1 was co-expressed, 

eGFP-MRP4 was found in intracellular compartments where there was substantial co-localization 

with rCortBP1 (Figure 2.8C). A small fraction of internalized eGFP-MRP4 also co-localized 

with LAMP-2 suggesting that internalized MRP4 is most likely degraded in the lysosomes in 

HEK293T cells (Figure 2.8C). In some cells, eGFP-MRP4 was also observed to co-localize with 

rCortBP1 at the plasma membrane (Figure 2.8D). Taken together, these results suggest that HA-

rCortBP1 promotes the internalization and lysosomal degradation of MRP4 from the plasma 

membrane. Whether CortBP1 also migrates to the lysosomes, as observed when SHANK2E 

down-regulates NaPiIIa, is yet to be determined (Dobrinskikh et al., 2010).   

Acidification of endocytic vesicles has been established as a necessary step in various 

cellular trafficking processes including vesicle fusion with lysosomes (Mellman, 1992). Thus, it 

was of interest to determine if inhibition of acidification using the lysosmotropic agent NH4Cl 

could inhibit the internalization and degradation of MRP4 mediated by HA-rCortBP1. Weak 

bases such as NH4Cl not only accumulate inside acidic endocytic vesicles but are also trapped in 

lysosomes and inhibit lysosomal enzymes by elevating lysosomal pH (Ashfaq et al., 2011). Thus, 

HEK293T cells were transfected with HA-rCortBP1 and incubated with NH4Cl for 36 hr. 

Previous studies have demonstrated that in various cell types, 10 - 50 mM NH4Cl was sufficient 

to exert its lysosmotropic effects (Ashfaq et al., 2011; Brindley and Maury, 2005; Cavet et al., 

2001). Thus, three different concentrations of NH4Cl were tested (i.e. 6, 12, and 25 mM). 

 Transfected HEK293T cells were incubated for 36 hr with NH4Cl and then WCLs 

prepared for immunoblotting. As illustrated in Figure 2.9A, B, in the absence of NH4Cl, HA-
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rCortBP1 reduced the total MRP4 levels by 90±3% as expected; however, incubation with 6, 12, 

and 25 mM with NH4Cl partially decreased this downregulation to approximately 63%. No dose-

response relationship was observed suggesting that the maximal effect of NH4Cl was achieved at 

a concentration of 6 mM (Figure 2.9B). Incubation with 25 mM NH4Cl had no significant effect 

on the total MRP4 levels in untransfected cells. Since the effect observed with NH4Cl was 

relatively modest, it would be of interest to determine if a more substantial effect could be 

observed with other lysosmotropic agents (e.g. monensin, bafilomycin A, or chloroquine) or a 

lysosome inhibitor (e.g. leupeptin). Nonetheless, the present findings with NH4Cl are consistent 

with previous observations in suggesting that CortBP1-mediated down-regulation of cell-surface 

MRP4 involves in part, accumulation of the transporter inside the cell and its subsequent 

degradation in the lysosomes. 
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Figure 2.7: Effect of ectopically expressed rCortBP1 on the endogenous MRP4 cell surface 

levels in HEK293T cells. 

HEK293T cells were transfected with pcDNA3.1 expression vector (1 µg) encoding HA-
rCortBP1. After 24 hr, untransfected and transfected cells were cooled and surface proteins were 
biotinylated and isolated using streptavidin-conjugated beads as described in Section 2.2. Input 
lysates (1% and 5%) and an aliquot of the proteins released from the streptavidin beads were 
fractionated by 7.5% SDS-PAGE and immunoblotted with antibodies as indicated. A 
representative example of two independent experiments is shown. (*) Denotes non-specific 
bands. 
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Figure 2.8: Subcellular localization of HA-rCortBP1 and eGFP-MRP4 in HEK293T cells 

A) HEK293T cells were co-transfected with pcDNA3.1 expression vector (1 µg) encoding eGFP-
MRP4 and pcDNA3.1 expression vector (1 µg) encoding HA-rCortBP1. After 48 hr, WCL (15 
µg protein) were fractionated by 7.5% SDS-PAGE and immunoblotted with the antibodies as 
indicated. Detection of α-tubulin was used as a loading control. B) HEK293T cells were 
transfected for 48 hr with pcDNA3.1 expression vector (1 µg) encoding eGFP-MRP4 or C-D) co-
transfected for 48 hr with pcDNA3.1 expression vector (1 µg) encoding eGFP-MRP4 and 
pcDNA3.1 expression vector (1 µg) encoding HA-rCortBP1. All cells were fixed with 100% 
methanol as described in Section 2.2. eGFP (green) was used to detect MRP4. The lysosome 
marker LAMP-2 (red) was visualized with a lysosome specific antibody. The HA-tagged 
rCortBP1 (orange) was visualized with a HA-specific antibody. Nuclei were counterstained with 
DAPI (blue). Blue, green, orange, and red fluorescence were produced by excitation at 358 nm, 
488 nm, 546 nm, and 640 nm, respectively, and the signal for the emission spectrum for each was 
acquired independently. Bar, 15μm. 
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Figure 2.9: Effect of NH4Cl on rCortBP1-mediated down-regulation of endogenous MRP4 

A) HEK293T cells were transfected with pcDNA3.1 expression vector (1 µg) encoding HA-
rCortBP1 in the presence of the indicated concentrations of NH4Cl. After 36 hr, WCL (15 µg 
protein) were prepared and fractionated by 7.5% SDS-PAGE for immunoblotting with the 
antibodies as indicated. A representative example of three independent experiments is shown. B) 
Densitometry plot indicating the percentage of total MRP4 remaining. The mean ± S.D. from 
three independent experiments are indicated. (*, p<0.05; NS, not significant)  
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2.3.4 MRP4 and rCortBP1 may exist in a complex with proteins involved in endocytosis 

Previous studies have indicated that the three Shank2 family members (CortBP1, 

ProSAP1A, and Shank2E) can interact with proteins involved in clathrin-mediated endocytosis 

and actin dynamics (Chapter 1). These include β-PIX, dynamin-2 (a GTPase involved in 

membrane fission) and cortactin (which has a role in stabilization and branching of actin 

filaments by interacting with F-actin and the Arp2/3 complex). Since MRP4 appears to be 

internalized from the plasma membrane by interaction with HA-rCortBP1, it was of interest to 

determine if a protein complex that included MRP4, HA-rCortBP1, and the aforementioned 

regulators of endocytosis could be detected. To this end, HEK293T cells were transiently co-

transfected with eGFP-MRP4 and HA-rCortBP1 expression constructs and 24 hr later, WCL were 

prepared for pull-down assays. As shown in Figure 2.10, the anti-HA beads pulled down HA-

rCortBP1 as well as eGFP-MRP4, dymanin-2, cortactin and β-PIX, suggesting that these proteins 

could exist in a macromolecular complex. However, since HA-rCortBP1 itself can interact with 

dynamin-2, cortactin, and β-PIX directly, it is possible that these proteins were pulled down 

individually rather than in a complex by the anti-HA conjugated beads. Hence, additional pull-

down experiments with lysates containing eGFP-MRP4 and HA-rCortBP1 should be performed 

with anti-GFP conjugated beads. 
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Figure 2.10: Protein-protein interaction partners of rCortBP1 involved in endocytosis 

HEK293T cells were co-transfected with pcDNA3.1 expression vector (1 µg) encoding eGFP-
MRP4 and pcDNA3.1 expression vector (1 µg) encoding HA-rCortBP1. After 24 hr, pull-down 
assays were performed as described in Section 2.2 with 500 µg WCL protein and 10 µl anti-HA 
antibody conjugated to agarose beads. Input lysates for the pull-down assays (5%) and an aliquot 
of the proteins released from the beads were fractionated by 7.5% SDS-PAGE and 
immunoblotted with antibodies as indicated. A representative example of two independent 
experiments is shown. 
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2.3.5 RNAi-mediated knockdown of endogenous SHANK2 in human neuroblastoma SH-

SY5Y and BE(2)-C cells increases MRP4 levels 

 To gain some insight into the potential physiological relevance of the rCortBP1-MRP4 

interaction described in the previous sections, it was necessary to knockdown endogenous 

SHANK2 in cell lines that also express endogenous MRP4. For this purpose, WCLs prepared 

from 13 different, predominantly human, cell lines were first screened for endogenous MRP4 and 

SHANK2. As shown in the immunoblots in Figure 2.11A-B, endogenous MRP4 was detected in 

all the cell lines with the anti-MRP4 mAb (M4I10). To detect endogenous SHANK2, two 

antibodies (monoclonal N23B/6; polyclonal NBP1-68678) were tested. The anti-SHANK2 

polyclonal antibody (NBP1-68678) detected endogenous isoforms of SHANK2 in SH-SY5Y, 

BE(2)-C, Caco-2/15, LLC-PK1, and HEK293T cell lines in addition to detecting exogenously 

expressed rCortBP1 in HEK293T cells (Figure 2.11A, B). The polyclonal SHANK2 antibody 

(NBP1-68678) also detected a non-specific band in WCLs from all the cell lines. In contrast, the 

anti-SHANK2 mAb (N23B/6) could only detect the exogenously expressed rCortBP1 in 

HEK293T cells (Figure 2.11A). The others seem below the level of detection with this mAb.  

The immunoblots of the human neuroblastoma SH-SY5Y and BE(2)-C cells indicated 

that the former expressed PROSAP1A and SHANK2E whereas the latter expressed CORTBP1 

and PROSAP1A isoforms of SHANK2 (Figure 2.11A, B). In addition, SHANK2E appeared to 

be the only isoform expressed in the intestinal Caco-2/15 and porcine kidney LLC-PK1 cells. 

Finally, in human HEK293T cells, a faint band likely corresponding to PROSAP1A suggests it is 

the most prevalent SHANK2 isoform, but it was not always detected in a reliable manner in 

immunoblots (Figure 2.11A). 
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Figure 2.11: Endogenous MRP4 and SHANK2 isoforms in cell types of different origin 

A) WCLs (40 µg protein) prepared from indicated cell lines and WCL containing exogenously 
expressed rCortBP1 in HEK293T cells (10 µg protein) were fractionated by 7% SDS-PAGE for 
immunoblotting. B) WCLs (40 µg protein) from the indicated cell lines were prepared and 
fractionated as described in “A”. Endogenous MRP4 was detected with the mAb M4I10 and the 
isoforms of endogenous SHANK2 (SHANK2E, PROSAP1A, and CORTBP1) were detected with 
the polyclonal antibody NBP1-68678. A strong but non-specific band detected with the NBP1-
68678 is denoted by an asterisk (*) and is not detected with N23B/6.  
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Since the human SH-SY5Y and BE(2)-C cells express detectable levels of CORTBP1, 

they were transduced with lentivirus particles containing SHANK2 shRNA expression constructs. 

It was hypothesized that down-regulation of all endogenous SHANK2 isoforms (CORTBP1 as 

well as PROSAP1A and SHANK2E) would result in up-regulation of total MRP4 levels. Three 

different shRNA SHANK2 constructs (designated C-11, G-4, and G-5) in addition to a vector 

control construct (pLKO.1) were utilized for these experiments. The 21-bp mature antisense 

sequence encoded by each of the three shRNA constructs were designed to target unique exons 

common to all three SHANK2 mRNAs (Figure 2.12A).  

Initial knockdown experiments with SH-SY5Y cells indicated that only the G-4 shRNA 

construct behaved in the manner expected. Thus, as shown in Figure 2.12B, compared to the 

vector control, PROSAP1A levels were down-regulated by 95% by the G-4 shRNA construct 

while total MRP4 levels were up-regulated by 75%. Interestingly, SHANK2E levels also 

appeared to be upregulated two-fold (Figure 2.12B). The C-11 and G-5 shRNA constructs also 

down-regulated PROSAP1A but the expected concomitant increase in MRP4 levels was not 

observed, and therefore, these two shRNA constructs were not investigated further (Figure 

2.12B).   

In subsequent transduction experiments with SH-SY5Y cells, PROSAP1A levels were 

again down-regulated by about 70% by G-4 shRNA and MRP4 levels were increased by 45%, 

while SHANK2E levels remained unchanged (Figure 2.12C). In BE(2)-C cells, the levels of 

PROSAP1A and CORTBP1 were down-regulated by 90-95% by G-4 shRNA compared to vector 

control, whereas MRP4 levels were up-regulated by approximately 60% (Figure 2.12D). In these 

experiments with BE(2)-C cells, SHANK2E was not detected.   

At present, it is not fully understood why the G-4 shRNA did not down-regulate 

SHANK2E levels in SH-SY5Y cells. It is possible that this shRNA construct had some off-target 

effects that “neutralized” its effects on SHANK2E. Thus, in addition to “rescue” experiments (i.e. 
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ectopically expressing CORTBP1 (and possibly PROSAP1A or SHANK2E) in SHANK2 

depleted SH-SY5Y cells), the effects of other SHANK2 antisense sequences on MRP4 levels 

should be investigated. Nonetheless, these results provide evidence that, at least the PROSAP1A 

and CORTBP1 isoforms of SHANK2 are involved in the down-regulation of MRP4 levels in 

neuroblastoma cells. 

 Taken together, the available data support the conclusion that CORTBP1 (and possibly 

PROSAP1A), is involved in the internalization of MRP4 from the plasma membrane. Thus, in 

CORTBP1/PROSAP1A-depleted cells, the levels of MRP4 would be expected to increase in the 

plasma membrane. Immunofluorescence experiments indicated that while MRP4 in vector control 

transduced BE(2)-C cells is localized throughout the cytosol, MRP4 in CORTBP1/PROSAP1A-

depleted G-4 shRNA transduced cells is more localized to the cell periphery (as indicated by 

increased intensity of the MRP4 signal) (Figure 2.13A, B). Confirmation that plasma membrane 

MRP4 is increased in CORTBP1/PROSAP1A-depleted cells would require additional confocal 

experiments with plasma membrane marker proteins (e.g. Na+/K+ ATPase) and cell-surface 

biotinylation experiments. Quantitative analysis of confocal images also indicated that 

approximately 40% of G-4 shRNA transduced  BE(2)-C cells appeared to show increased plasma 

membrane levels of MRP4, whereas in only 15% of vector control transduced cells showed 

increased plasma membrane levels of MRP4 (Figure 2.13C). Taken together, these results 

strongly suggest that CORTBP1 and likely PROSAP1A isoforms of SHANK2 could be 

internalization factors of MRP4 from the plasma membrane. The relative effect of each of these 

isoforms in regulating MRP4 levels requires further detailed future investigations. 
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Figure 2.12: Effect of shRNA-mediated down-regulation of endogenous SHANK2 levels on 

endogenous MRP4 levels in SH-SY5Y and BE(2)-C human neuroblastoma cells 
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A) Exon organization of human SHANK2E, PROSAP1A, and CORTBP1 spliceforms of 
SHANK2. The three shRNA constructs C-11, G-4, and G-5 target exons 25, 24, and 23, 
respectively. B) SH-SY5Y cells transduced with lentivirus particles containing either the pLKO.1 
empty vector (vector control), or C-11, G-4, G-5 shRNA constructs as described in Section 2.2. 
C) SH-SY5Y and D) BE(2)-C cells were transduced with lentivirus particles containing the 
pLKO.1 empty vector (Vector control) or the  G-4 shRNA construct as described in "B". For all 
immunoblots, WCL (40 µg protein) were prepared and fractionated by 7.5% SDS-PAGE and 
probed with the indicated antibodies. Detection of α-tubulin was used as a loading control. 
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Figure 2.13: Localization of endogenous MRP4 in SHANK2 depleted BE(2)-C cells 

A) BE(2)-C cells were transduced with empty vector pLKO.1 (vector control) or  G-4 shRNA 
constructs. All cells were fixed in 100% methanol. Endogenous MRP4 (green) was detected with 
an anti-MRP4 mAb. Nuclei were counterstained with DAPI (blue). Blue and green fluorescence 
were produced by excitation at 358 nm and 488 nm, respectively, and the emission signal for each 
was acquired independently. The region of interest demarcated by the red box (hashed) is shown 
at 60x magnification. B) The intensity of the pixels (in arbitrary units) across cells (A to B) as 
indicated were determined and plotted using ImageJ software. The arrows indicate areas of 
increased plasma membrane MRP4. C) The percentage of BE(2)-C cells with increased plasma 
membrane MRP4 levels when transduced with either the vector control or G-4 shRNA. At least 
50 cells were analyzed for each condition. Bar, 15 μm. 
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2.4 Discussion 

Biochemical and physiological data emerging over the past decade have suggested that 

MRP4 has important roles in health and disease. The post-translational mechanism(s) that 

regulate the cell surface levels of this transporter have remained relatively unexplored. MRP4 is 

expressed in many different tissues including the kidney, liver, blood-brain barrier and appears to 

be the only transporter in the “C” subfamily with the ability to localize to the apical or basolateral 

membrane depending on the cell type (Chapter 1, Section 1.5-1.7).  Hoque and Cole (2008) first 

demonstrated that MRP4 possesses a functional COOH-terminal PDZ-binding motif (1322ETAL) 

that interacts with the PDZ domain of NHERF1 and increases cell surface MRP4 and is involved 

in the plasma membrane internalization of MRP4 (Hoque and Cole, 2008). Since then, two 

additional PDZ domain-containing adapter proteins, SNX27 and NHERF3 have been reported to 

functionally interact with the PDZ-binding motif of MRP4. Like NHERF1, SNX27 promotes 

internalization of MRP4 (and down-regulates cell surface levels), whereas NHERF3 increases 

plasma membrane stability of the transporter (Hayashi et al., 2012; Park et al., 2014).  

The purpose of the current study was to determine if the PDZ domain-containing 

scaffolding protein CortBP1 can also regulate the cellular and/or membrane levels of MRP4. In 

HEK293T cells, (which do not express detectable levels of CORTBP1), ectopic expression of 

rCortBP1 caused a profound down-regulation of endogenous MRP4 (Figure 2.1B, 2.2A). This 

decrease in steady-state MRP4 levels could be attributed to decreased biogenesis of the 

transporter related to heterologous expression (i.e. cellular toxicity) but this seems unlikely since 

transfected cells did not exhibit any signs of acute stress. A reduction in the stability of MRP4’s 

mRNA levels could also lead to a decrease in the steady-state levels of the transporter. This 

possibility cannot be formally eliminated without quantification of MRP4’s mRNA levels after 

rCortBP1 is expressed. Since the metabolic turnover rate or half-life of most mammalian ABC 

transporters in general is known to vary between 24 to 36 hr, a substantial reduction in the steady-
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state levels of MRP4 within 24 hr resulting from instability of its mRNA appears to be unlikely 

(Wakabayashi et al., 2006). 

The interaction between rCortBP1 and MRP4 was shown to depend on the presence of 

the COOH-terminal PDZ-binding motif of MRP4 (Figure 2.3). Since WCL from HEK293T cells 

were used for the pull-down assays, there is a possibility that other unknown PDZ domain-

containing proteins could be involved in bridging the interaction between MRP4 and rCortBP1. 

For example, in the PSDs of neurons where the SHANK family of scaffolding proteins was first 

characterized, many of the receptors and ion channels at the plasma membrane were shown to 

interact indirectly with Shank proteins through other PDZ-based adapter proteins such as PSD-95, 

HOMER, and GKAP (Carbonetto, 2014; Grabrucker et al., 2011; Lim et al., 1999; Sheng and 

Kim, 2000). Thus, in future studies, excluding the possibility that other adapter proteins are 

involved in the MRP4-rCortBP1 interaction needs to be addressed using pull-down assays with 

purified regions of each protein (e.g. GST-tagged COOH-terminus of MRP4 and His-tagged 

rCortBP1) containing the relevant motifs/domains. 

In addition to the MRP4 PDZ-binding motif, the PDZ domain of rCortBP1 was 

investigated for its interaction with MRP4. As described in Chapter 1, PDZ domains typically 

consist of 80 to 100 amino acids that adopt a six-stranded β-sandwich fold flanked by two α-

helices and the linear arrangement of the secondary structure being βAβBβCαAβCβDαBβE (Figure 

2.4A) (Im et al., 2003). As depicted in Figure 2.4B, the COOH-terminal PDZ-binding motif of 

target proteins interacts in an anti-parallel fashion within the peptide binding groove of the PDZ 

domain with residues within the αB-helix and the βB strand. The first His residue of the αB-helix 

(His-109 in rCortBP1, His-663 in rat Shank1) (Figure 2.4B) is believed to play an important role 

in class I PDZ-motif interaction by forming a strong hydrogen bond between its N-3 nitrogen and 

the hydroxyl group of the -2 Ser/Thr residue of the PDZ-binding motif. Mutation of His-109 to 

Ala of rCortBP1 has been shown to abrogate its interaction with CFTR (Kim et al., 2004).  
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PDZ domains also have a signature motif or carboxylate-binding motif consisting of 

GƟGƟ, where Ɵ represents a hydrophobic residue (Pedersen et al., 2014; Tonikian et al., 2008).  

In all human and rat SHANK/Shank proteins (i.e. SHANK/Shank1-3), this motif is conserved as 

GFGF (Figure 2.4A), which is located in a loop connecting the βA and βB strands (Im et al., 

2003). A crystal structure of the rat Shank1 PDZ domain bound to a COOH-terminal PDZ-

binding motif shows that the carboxylate group of the ligand interacts with the backbone amide 

groups of the GFGF PDZ domain motif through hydrogen bonds. Additionally, the side chain of 

the COOH-terminal PDZ-binding motif hydrophobic residue (e.g. φ in “X-(S/T)-X-φ”) is found 

buried in a hydrophobic pocket formed by the two Phe residues of the PDZ domain signature 

motif (i.e. GFGF) (Im et al., 2003;Lee and Zheng, 2010).  

Superposition of the crystal structures of the PDZ domain of rat Shank2 with the PDZ1 

domain of human NHERF1 indicates that the two domains possesses substantial structural 

homology and similar interactions with PDZ-binding motifs occur in both domains (Im et al., 

2003). For NHERF1, the carboxylate-binding or the signature motif of its first PDZ domain 

consists of the residues GYGF and mutation of the Phe to His in this motif has been shown to 

abrogate NHERF1’s interaction with the PDZ-binding motif of CFTR (DTRL) (Cushing et al., 

2008;Luck et al., 2012).  

Based on these studies, it was hypothesized that mutating the αB-helix His-109 and the 

terminal Phe-50 residue of the carboxylate-binding motif (i.e. GFGF) of rCortBP1 singly, and in 

combination to Ala and His, respectively, (i.e. H109A, F50H, and H109A/F50H) would reduce 

rCortBP1 interactions with MRP4. Unexpectedly, introducing the F50H and F50H/H109A 

mutations into rCortBP1 resulted in significantly lower levels of the adapter protein when 

transfected in HEK293T cells although levels of the H109A mutant were comparable to wild-type 

rCortBP1 (Figure 2.5A). It may be that the F50H mutation disrupts the conformation of 
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rCortBP1, targeting it for degradation resulting in reduced levels of mutants containing this 

substitution. 

 To our knowledge, mutations in SHANK2 that affect the levels of the full-length 

SHANK2 or its isoforms (i.e. PROSAP1A, CORTBP1) have not been previously reported. In 

some patients with ASD, certain non-synonymous polymorphisms in SHANK2 have been 

suspected to play a role in the etiology of this disorder (Leblond et al., 2012). In vitro experiments 

indicated that a neuron’s ability to form synapses is substantially reduced when these cells 

express SHANK2 with these mutations (Leblond et al., 2012). Some of these mutations are in the 

PDZ domain but none of them are in the GFGF motif or in the amino acids flanking it (Leblond 

et al., 2012). However, analysis of the folding kinetics of the PDZ domain of D1 COOH-terminal 

processing protease (D1p) from Scenedesmus obliquus suggested that the productive folding of 

the PDZ domain is driven by interactions that result in the docking of the βAβB strands with the 

αB-helix (Gianni et al., 2010). Since the GFGF motif is located in the loop region at the edge of 

the βB strand (Figure 2.4A), it is reasonable to hypothesize that the F50H mutation in rCortBP1 

altered the local folding kinetics of the βAβB region. This, in turn, may have interfered with the 

productive folding of the PDZ domain, resulting in a non-native conformation that increased 

rCortBP1’s propensity for aggregation and/or degradation. 

As mentioned, the levels of the single rCortBP1-H109A mutant were similar to the wild-

type protein. Somewhat unexpectedly, the H109A mutation did not impair rCortBP1’s ability to 

down-regulate endogenous MRP4 levels when ectopically expressed in HEK293T cells (Figure 

2.5B). Subsequent pull-down assays (Figure 2.6A) suggest that the H109A mutation may have 

only partially abrogated the interaction between rCortBP1 and MRP4. While this mutation 

appears sufficient to disrupt interactions in vitro, it is possible that weak transient interactions 

between rCortBP1 and MRP4 may still persist inside intact cells. If so, this suggests that residues 

in addition to H109 are important contributors to the interaction and are likely to be within, 
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proximal, or outside the ligand binding cavity of the rCortBP1 PDZ domain. As discussed in 

Chapter 1, the interactions between a PDZ domain and its ligand or binding partner may be more 

nuanced than originally thought. This is exemplified by studies that demonstrated the existence of 

non-canonical binding modes of certain PDZ domains (e.g. involving distal charge-charge 

interactions, or recognition of internal peptide fragments) and the contribution of residues 

upstream of the four amino acids at the COOH-terminus (i.e. ETAL for MRP4, DTRL for CFTR) 

(Tonikian et al., 2008; Tyler et al., 2010).   

It was previously demonstrated that most of the internalized MRP4 in HEK293T cells is 

recycled back to the cell surface and therefore, under steady-state conditions, MRP4 is 

predominantly found at the plasma membrane in this cell type (Hayashi et al., 2012). 

Furthermore, when NHERF1 was depleted by siRNA in HEK293T cells, the internalization and 

subsequent degradation of MRP4 was reduced but its recycling to the plasma membrane was not 

affected (Hoque and Cole, 2008). Similar results were also observed when the sorting nexin 

SNX27 was down-regulated in HEK293T cells (Hayashi et al., 2012; Hoque and Cole, 2008). In 

the present study, however, cell surface biotinylation experiments (Figure 2.7) showed that 

ectopic expression of rCortBP1 in HEK293T cells causes a substantial reduction in the plasma 

membrane levels of MRP4. Furthermore, MRP4 is internalized from the plasma membrane and 

shuttled to the lysosomes for degradation (Figure 2.8B-D, 2.9A-B). Thus, these experiments 

demonstrate an important role for rCortBP1 in the regulation of plasma membrane MRP4 that 

contrasts with that of NHERF1 or SNX27. The mechanism by which rCortBP1 affects the rates of 

endocytosis and/or recycling of plasma membrane MRP4 is not entirely clear.  

The mode of endocytosis (i.e. clathrin-mediated (CME) or independent (CIE)) and the 

trafficking itinerary of internalized MRP4 are currently unknown. If, however, MRP4 is found to 

be dependent on CME, then rCortBP1 could potentially be a cargo-specific cytosolic adapter that 

facilitates or accelerates the recruitment of this transporter at the clathrin-coated pits on the cell 
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surface for endocytosis (McMahon and Boucrot, 2011). A similar mechanism has been reported 

for NHERF1, which was shown to recruit β-arrestin (a cargo-specific adapter for GPCRs) in the 

vicinity of parathyroid hormone receptor (PTHR) facilitating internalization or desensitization of 

the receptor after it has been activated (Klenk et al., 2010).  

The pull-down experiments with HA-tagged rCortBP1 suggest that dynamin-2 could be 

in a complex with MRP4 and rCortBP1 (Figure 2.10), and further, that the internalization of 

MRP4 from the plasma membrane might be mediated by CME. In addition, it is hypothesized 

that this complex would include cortactin and β-PIX given their established role in CME. Further 

appropriately designed pull-down experiments are required to ascertain whether such a complex 

can exist. As previously described, β-PIX can also bind to PDZ domains through its PDZ-binding 

motif whereas dynamin-2 possesses a proline-rich domain (PRD) which can bind to SH3 

domains. Furthermore, the PRD domain of dynamin-2 can bind to the proline-rich region (prr) 

domain of rCortBP1. Cortactin, on the other hand, has an SH3 domain which can interact with the 

PRD of dynamin-2 or with polyproline I (ppI) helices that are found in rCortBP1. Amino acid 

sequence analysis of MRP4 indicates that it does not contain either a canonical SH3 or PDZ 

domain or any proline-based motifs. Therefore, it is very unlikely that MRP4 would interact with 

β-PIX, dynamin-2, or cortactin directly. Thus, future pull-down experiments should include using 

lysates containing eGFP-MRP4 and HA-rCortBP1, pulling down eGFP-MRP4 with anti-GFP 

antibody followed by immunoblotting with appropriate antibodies to detect the presence (or 

absence) of rCortBP1, dynamin-2, β-PIX, and cortactin. Positive immunoblots would provide 

strong evidence that a complex containing these proteins actually exists.  

Regardless of whether such a complex exists or not, it should be noted that dynamin 

dependence and CME do not always go hand in hand. Some evidence indicates that dynamin 

could also be involved in CIE that is instead dependent on caveolin-1 (Doherty and McMahon, 

2009; McMahon and Boucrot, 2011). Interestingly, Sassi et al. (2012) have reported that MRP4 is 
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associated with caveolin-1 in cardiomyocytes. Whether this means MRP4 could be internalized 

via a clathrin-independent/caveolin-1-dependent process remains to be determined (Sassi et al., 

2012).   

Endogenous SHANK2 isoforms and MRP4 were detected in SH-SY5Y and BE(2)-C 

human neuroblastoma cells. SH-SY5Y cells predominantly express PROSAP1A and SHANK2E, 

whereas BE(2)-C cells express CORTBP1 and PROSAP1A (Figure 2.11A, B). In Caco-2/15 and 

LLC-PK1, SHANK2E appears to be the only detectable isoform. Co-immunoprecipitation 

experiments with lysates from both cell types with an anti-MRP4 antibody to determine if 

endogenous MRP4 interacts with any of these SHANK2 isoforms were inconclusive (data not 

shown). However, when endogenous levels of the SHANK2 isoforms in both SH-SY5Y and 

BE(2)-C cells were knocked down by lentivirus-mediated transduction of a shRNA (G-4 

construct) targeting exon 24 of the SHANK2 mRNA, total MRP4 levels increased in both cell 

types (Figure 2.12B, C, D). Immunofluorescence images of the BE(2)-C cells transduced with 

the G-4 shRNA construct suggested an increased plasma membrane localization of MRP4 

(Figure 2.13A, B). As mentioned earlier, these observations need to be further corroborated with 

co-localization confocal experiments with specific plasma membrane markers. The increased 

plasma membrane levels of MRP4 in these cell types could be due to decreased internalization or 

increased recycling of the transporter in the absence or diminished levels of CORTBP1 (or 

possibly PROSAP1A). Cell surface biotinylation experiments to measure MRP4 internalization 

and recycling rates in wild-type and SHANK2-depleted SH-SY5Y or BE(2)-C cells can be used 

to distinguish between those two possibilities. In summary, based on the available evidence and 

the currently known binding partners of CORTBP1, it is reasonable to conclude that this adapter 

protein is an internalization factor for MRP4. 
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Chapter 3 

The Role of N-glycosylation in the Subcellular Localization of MRP4 

3.1 Introduction  

Protein N-glycosylation is a common, structurally diverse co- or post‐translational 

modification of Asn residues and is often important for plasma membrane expression of 

glycoproteins because it can facilitate protein folding, trafficking, and stability (Braakman and 

Hebert, 2013). N-glycosylation is a complex process that involves many different enzymes 

present in the ER and Golgi including the OST complex, GTs, and glycosidases, all of which can 

contribute to the diversity of carbohydrate–protein bonds and glycan structures found on 

glycoproteins (Mohorko et al., 2011; Schwarz and Aebi, 2011). Not all Asns, however, are 

modified in this manner. Only those that are located in a specific peptide sequence known as the 

“glycosylation sequon” and have side chains (i.e. carboxamide functional groups) that are 

compliant with the active site requirements of OST are utilized for N-glycosylation (Stanley, 

2011).  

Defects in N-glycosylation can impair the cell surface expression of numerous plasma 

membrane proteins including rhodopsin, SUR1 (ABCC8), and FGF receptor 1, leading to the 

human diseases retinitis pigmentosa, persistent hyperinsulinemic hypoglycemia, and 

craniosynostosis syndrome, respectively (Conti et al., 2002; Mitra et al., 2006; Zhu et al., 2004). 

In some cell types, the lack of N-glycosylation can disrupt the productive folding of membrane 

proteins by preventing them from interacting with the ER-resident chaperones such as calnexin 

and calreticulin (Tannous et al., 2014). In some cases, this leads to misfolded proteins or proteins 

with increased inherent instability that are rapidly degraded by the ERAD or ESCRT systems 

(Babst and Odorizzi, 2013; Benyair et al., 2014; Mageswaran et al., 2014).  
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As described in Chapter 1, MRP4 has been characterized as an N-glycosylated, polytopic 

integral glycoprotein of 170 kDa (Adachi et al., 2002; Hoque and Cole, 2008). The site(s) of N-

glycosylation, and the effects of this post-translational modification on MRP4’s biosynthesis and 

trafficking in different cell types have not been reported. As previously mentioned, MRP4 is the 

only member within the ABCC subfamily with the potential to localize to either the apical or 

basolateral membrane depending on cell type. For example, in prostate tubuloacinar cells, 

hepatocytes, and choroid plexus epithelium, MRP4 localizes to the basolateral membrane, 

whereas in renal proximal tubules of the kidney and the luminal side of brain capillaries, it is 

expressed at the apical membrane (Russel et al., 2008). In contrast, the closest homolog of MRP4, 

CFTR encoded by ABCC7, localizes to the apical membrane in all polarized cell types (except for 

RPE) (Lehmann et al., 2014; Milewski et al., 2001; Moyer et al., 1999). Currently, the 

mechanisms by which MRP4 is able to localize to different domains of the plasma membrane are 

poorly understood; however, recent studies have demonstrated that PDZ-based adapter proteins 

such as NHERF1 and NHERF3 are important in the apical membrane trafficking of this 

transporter (Hayashi et al., 2012; Hoque et al., 2009; Park et al., 2014).  

In addition to interactions with adapter proteins (as discussed in Chapter 1 and Chapter 

2), it has been suggested that N-glycosylation may also affect the plasma membrane trafficking of 

a subset of ABC proteins in polarized epithelial cells (Vagin et al., 2009). For example, 

modification of N-glycosylation sites in the liver bile salt transporter ABCB11 (BSEP) (i.e. 

removal of all but two N-glycosylation sites in MSD1) by site-directed mutagenesis disrupted the 

trafficking of this transporter to the apical membrane in polarized MDCKII cells (Mochizuki et 

al., 2007).  Further, N-glycosylation of CFTR appears to be important for its folding and stability 

in the secretory and endocytic membrane traffic in unpolarized BHK-21 and COS-7 cells but has 

no effect on the apical localization of this chloride channel in polarized human colonic tumour 

HT-29 cells (Chang et al., 2008; Glozman et al., 2009; Morris et al., 1993). In general, CFTR 
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defective in N-glycosylation is reported to traffic to the plasma membrane but due to the inherent 

instability of the aglycosylated form of the chloride channel, it does not recycle efficiently and is 

rapidly targeted for degradation in the lysosomes (Glozman et al., 2009).  

The type of N-glycosylation found on proteins and its functional consequences depend 

both on the type of glycoprotein and also on the cell type in which the glycoprotein is expressed. 

Different cell types have a unique repertoire of Golgi-resident GTs, and their expression levels 

can be modulated by proteins that are involved in regulating the Golgi trafficking machinery. 

Some of these include coat protein complex I (COPI), vesicle- and target-SNAREs, and 

conserved oligomeric Golgi (COG) complex. In addition, cellular and growth conditions can also 

affect the extent and/or type of N-glycosylation (Moremen et al., 2012; Vagin et al., 2009). For 

example, it has been reported that only in polarized rat hepatocytes do P-gp (Abcb1), Mrp2 

(Abcc2) and Bcrp (Abcg2) undergo complete N-glycosylation (i.e. core to complex 

glycosylation). It was suggested that N-glycosylation is a mandatory post-translational 

modification for these transporters which enables their localization to the plasma membrane 

(Draheim et al., 2010). However, plasma membrane localization of the “half” transporter BCRP 

(ABCG2) has been reported to be independent of N-glycosylation in polarized MDCKII cells 

(Diop and Hrycyna, 2005; Mohrmann et al., 2005). The reasons for this apparent discrepancy in 

the role of N-glycosylation in rat Abcg2 and human ABCG2 are unknown.  

The objective of the present study was to identify the site(s) of N-glycosylation on MRP4 

and determine if this post-translational modification affects the transporter’s ability to localize to 

the plasma membrane. It was hypothesized that Asn residues at positions 746 and 754 were the 

sites most likely to be utilized since they are predicted to be located in an extracellular loop and 

conserved in MRP4 orthologs. Furthermore, based on the possible effects of N-glycosylation on 

membrane trafficking, as discussed in Section 1.10.3, it was hypothesized that this post-

translational modification would not affect cell surface localization of MRP4 in polarized 
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MDCK1 cells or unpolarized HEK293T cells, but would affect the transporter’s apical membrane 

localization in LLC-PK1 cells. 

3.2 Materials and methods 

3.2.1 Materials 

The transfection reagents jetPRIME and Lipofectamine 2000 were purchased from 

Polyplus Transfection (Illkirch, France) and Life Technologies (Carlsbad, CA), respectively. 

PNGase F was obtained from New England Biolabs (Whitby, ON). Puromycin dihydrochloride, 

Triton X-100, DAPI and a mouse mAb against α-tubulin were obtained from Sigma-Aldrich 

(Oakville, ON). Protease complete inhibitor cocktail was purchased from Roche Diagnostics 

(Indianapolis, IN). BSA was from ICN Biomedicals (Aurora, OH). Mutagenic oligonucleotide 

primers were obtained from IDT Inc. (Coralville, IA). Alexa Fluor®546 conjugated F(ab')2 

fragment of goat anti-rabbit IgG (H+L), and Alexa Fluor®555 conjugated F(ab')2 fragment of 

goat anti-mouse IgG (H+L) were from Life Technologies (Carlsbad, CA). Rat mAb M4I10 (IgG2a) 

against human MRP4 (raised against a recombinant peptide containing amino acids 372-431) was 

purchased from Enzo Life Sciences (Farmingdale, NY). Rabbit polyclonal antibody against 

human Na+/K+-ATPase (sc-28800), mouse mAb (IgG1) against calnexin (sc-23954), and mouse 

mAb (IgG2a) against GFP (sc-9996) were all purchased from Santa Cruz Biotechnology (Dallas, 

TX). 

3.2.2 Expression vectors and site-directed mutagenesis 

The generation of the pcDNA3.1(-)MRP4-WT and pEGFP-C3-MRP4-WT expression 

vectors has been previously described (Hoque and Cole, 2008). Mutations in MRP4 were created 

using the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The template 

for generating MRP4-N746Q, MRP4-N754Q, and MRP4-N746/754Q (double mutant, DM) 

mutations was created by subcloning a 2-kb XbaI/XhoI fragment from pcDNA3.1(-)MRP4 into 
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pBluescript II KS(+) (Stratagene). Mutagenesis was performed according to the manufacturer’s 

protocol with the following sense primers (substituted nucleotides are underlined): MRP4-

N746Q: 5’ (GT ATG CTA CAG GTC ACT GTA AAT GGA GGA G) 3’; MRP4-N754Q: 5’ (GT 

AAA TGG AGG AGG ACA GGT AAC CGA GAA G) 3’. To create the double MRP4-

N746/754Q mutant, pBluescript II KS (+) containing the MRP4 XbaI/XhoI fragment with the 

N746Q mutation was used as a template for mutagenesis with the MRP4-N754Q primer. The 

pBluescript II KS (+) XbaI/XhoI fragments were then subcloned back into pcDNA3.1(-)MRP4 

that had been linearized with XbaI and XhoI.  

To create the pEGFP-C3-MRP4-N746Q, N754Q, and N746/754Q mutant expression 

vectors, the three XbaI/XhoI mutant fragments were subcloned into pEGFP-C3-MRP4 that had 

been double digested with XhoI and SalI. To create the pLVX-Puro-EGFP-MRP4-WT expression 

vector, a 4.9 kb AfeI/SalI fragment from pEGFP-C3-MRP4-WT was cloned into pLVX-Puro 

double digested with AfeI and XhoI. To create the pLVX-Puro-EGFP-MRP4-N746Q, pLVX-

Puro-EGFP-MRP4-N754Q and pLVX-Puro-EGFP-MRP4-N746/754Q mutant expression 

vectors, a 4.9 kb AfeI/MfeI fragment from their respective pEGFP-C3-MRP4 mutant expression 

vectors was cloned into pLVX-Puro double digested with AfeI and EcoRI. The fidelity of all 

fragments and subcloning was verified by sequencing (ACGT Corp., Toronto, ON).  

3.2.3 Cell culture and transfection 

All cell lines including HEK293T, HeLa, MDCK1, LLC-PK1, T84, SK-MG-1, SK-MG-

2, WIDR, Du145, LnCaP, PC-3, A549, HepG2, Hep3B and Caco-2/15, were cultured in DMEM 

supplemented with 7.5% FBS at 37 0C and 5% CO2. HEK293T, HeLa, MDCK-1, and LLC-PK1 

cells were transfected at 70% to 90% confluence using jetPRIME or Lipofectamine 2000 

according to manufacturer’s protocols and grown for 48-96 hr at 37 0C before harvesting. 

3.2.4 Generation of MDCK1, LLC-PK1, and HEK293T cell lines stably expressing eGFP-

MRP4 mutants N746Q, N754Q, and DM 



 

 

 

112 

Lentiviruses were produced in HEK293T cells (grown on 100-mm plates) with pLVX-

Puro-EGFP-MRP4-WT and mutants (N746Q, N754Q, N746/754Q) expression constructs (5 µg) 

co-transfected with pCMVΔR8.91 packaging plasmid (5 µg) and pMD.2G envelope plasmid (2.5 

µg) using jetPRIME. One batch of conditioned medium was collected at 72 hr, filter sterilized 

through 0.45 µm filters and stored at -80 0C until needed. MDCK1, LLC-PK1, and HEK293T 

cells were transduced with viral supernatants and cell populations were selected by incubating in 

puromycin (5 µg/ml for LLC-PK1 and HEK293T cells and 10 µg/ml for MDCK1 cells). After 

several passages, levels of EGFP-MRP4-WT and its N-glycosylation mutants in lysates prepared 

from the transduced cell lines were analyzed by immunoblotting with a mouse anti-GFP mAb.  

3.2.5 PNGase F digestions, SDS-PAGE and immunoblotting   

For immunoblot analysis, cells were lysed in a buffer containing 20 mM Tris-HCl (pH 

7.5), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and Roche 

complete protease inhibitors. Cell lysates were separated by SDS-PAGE under reducing 

conditions (5% 2-ME) and transferred to PVDF membranes (Millipore) using a wet transfer 

apparatus (Bio-Rad). Membranes were pre-incubated with blocking solution (20 mM Tris-HCl, 

150 mM NaCl, 5% non-fat milk, pH 7.5) and then probed with appropriate antibodies as detailed 

in the figure legends. Antigen-antibody complexes were detected using HRP conjugated goat 

anti-mouse Ig (1:10,000; GE Healthcare), goat anti-rabbit Ig (1:20,000; Santa Cruz), or goat anti-

rat Ig (1:10,000; GE Healthcare) diluted in blocking solution and detected using an ECL kit 

(Perkin Elmer, Woodbridge, ON). In some experiments, whole cell lysates (WCL) (20 µg) were 

prepared in glycoprotein denaturing buffer (0.5% SDS, 40 mM DTT) heated at 50 0C for 10 min 

and then incubated with PNGase F (50 U) for 1 hr at 37 0C to remove N-glycans. PNGase F-

mediated digestions were stopped with Laemmli buffer and samples were analyzed by 

immunoblotting.  

3.2.6 Indirect immunofluorescence analyses  
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Immunofluorescence staining was performed on cells plated on poly-L-lysine (0.01%) 

coated #1.5 coverslips (Electron Microscopy Sciences, Hatfield, PA). LLC-PK1 and MDCK1 

cells were incubated for a minimum of 7 days to establish confluency and polarity. All cells were 

fixed with freshly prepared 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature 

or with 100% methanol for 5 min at -20 0C as indicated in the figure legends. Permeabilization of 

PFA-fixed samples was achieved by incubating slides in 0.1% Triton X-100 in PBS for 5-10 min. 

Cells were incubated in blocking solution (1% BSA in PBS) for 1 hr at room temperature and 

then with an appropriate primary antibodies overnight at 4 0C as indicated in the figure legends. 

Binding of primary antibodies was detected with Alexa®546 Fluor conjugated goat anti-rabbit Ig 

or Alexa®555 goat anti-mouse Ig (1:400) (Invitrogen). Nuclei were counterstained with DAPI 

diluted in PBS (1:5000). Images were analyzed by confocal microscopy (HCX PL APO DIC 

63X/132 Oil CS objective; WaveFX-X1 spinning disc confocal microscope, Quorum 

Technologies Inc., Guelph) at the Queen’s Cancer Research Institute imaging facility.  

3.3 Results  

3.3.1 MRP4 is N-glycosylated at N746 and N754 

To identify putative N-linked glycosylation sequons, the human MRP4 amino acid 

sequence was first analyzed in silico using the web-based bioinformatics tool ScanProSite (de 

Castro et al., 2006; Gattiker et al., 2002). This tool was used to identify the presence of the amino 

acid motif “N-x1-S/T”, (where x1 is any amino acid except proline). Seven putative sequons were 

identified: N651, N690, N746, N754, N792, N1176, and N1309. Based on a predicted secondary 

structure of MRP4, only N746 and N754 were considered plausible candidates for N-

glycosylation since they are predicted to be the only ones in an extracellular loop (ECL) 

connecting TM7 to TM8 of MRP4 and thus would likely be readily accessible to ER-localized 

OSTs, GTs and glycosidases (Figure 3.1A). The candidacy of N746 and N754 as N-

glycosylation sequons of MRP4 was also supported by previous reports indicating that some 
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utilized N-glycosylation sequons of certain other ABCC members (i.e. ABCC1, ABCC7 (CFTR), 

ABCC8 (SUR1), and ABCC11) are found in the corresponding ECL (Figure 3.1B) (Conti et al., 

2002; Glozman et al., 2009; Hipfner et al., 1997; Toyoda and Ishikawa, 2010). In addition, 

comparison of human MRP4 and CFTR sequences revealed that the N754 sequon in MRP4 is 

homologous to the N894 sequon in CFTR (Figure 3.1B). Finally, the putative N746 and N754 

sequons of human MRP4 were also found to be evolutionarily conserved based on the alignment 

of orthologous amino acid sequences from eleven mammalian species (Figure 3.1C).  

To determine if N746 and N754 are glycosylated, site-directed mutagenesis was used to 

disrupt the sequons by replacing Asn with Gln individually (i.e. N746Q, N745Q) as well as in 

combination (N746/754Q) (DM). The MRP4 N-glycosylation mutants and wild-type MRP4 

expression constructs were then transfected into HeLa cells and after 48 hr, cell lysates were 

prepared, a portion subjected to PNGase F digestion followed by immunoblotting. As shown in 

Figure 3.2, the electrophoretic mobility patterns of the double N746/N754Q (DM) mutant and 

the PNGase F treated deglycosylated wild-type MRP4 were the same, suggesting that N746 and 

N754 are the only utilized N-glycosylation sequons of MRP4. Furthermore, despite the close 

proximity of the two Asn residues, both of them appear to be simultaneously N-glycosylated in 

wild-type MRP4, as suggested by the intermediate electrophoretic mobilities of the two single 

mutants (i.e. N746Q, N754Q). Additionally, the immunoblots indicated that the N754Q mutant 

has a slightly faster electrophoretic mobility than the N746Q mutant, suggesting that the type 

and/or extent of glycosylation at each sequon may be different. The enzymatically deglycosylated 

single mutants, however, appeared to have identical electrophoretic mobilities under the 

conditions tested (Figure 3.2). 
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Figure 3.1: N-glycosylation sequons in MRP4 and other ABC proteins 

A) Predicted secondary structure of human MRP4 showing the location of the putative N-
glycosylation sites as determined by ScanProSite using the motif “N-x-S/T”. B) Alignment of 
human amino acid sequences of the ECL connecting TM7 to TM8 (ABCC4, ABCC7, ABCC11) 
or TM12 to TM13 (ABCC1, SUR1) depicting previously verified (BLUE) and putative (RED) N-
glycosylation sequons. C) Alignment of orthologous MRP4 amino acid sequences corresponding 
to human MRP4 amino acids 743-761. Sequences were obtained from the UniProt database 
(www.uniprot.org). The UniProt accession numbers for each are as follows: human (O15439), 
chicken (Q5ZMK2), cat (M3WAX7), orangutan (H2NK56), gibbon (G1S3Q2), sheep (W5NS36), 
dog (F1PNA2), rabbit (G1T7S5), chimpanzee (H2Q7Q1), rat (F1M3J4), mouse (E9Q236).  
 

 

http://www.uniprot.org/
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Figure 3.2: Electrophoretic mobilities of MRP4 mutants N746Q, N754Q, and N746/754Q 

(DM) in HeLa cells 

HeLa cells were transfected with pcDNA3.1 expression vector (2 µg) of each mutant and wild-
type MRP4 at 37 0C for 48 hr before harvesting. WCL were prepared from transfected cells and 5 
µg protein aliquot treated with 50 U of PNGase F (+) or buffer (-) at 37 0C for 1 hr. Reactions 
were quenched with Laemmli sample buffer and aliquots were fractionated by 7% SDS-PAGE 
and immunoblotted with anti-MRP4 mAb M4I10 as before. Detection of α-tubulin was used as 
loading control. (*) denotes endogenous HeLa MRP4.  
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3.3.2 Extent of endogenous MRP4 glycosylation appears to be dependent on cell lines 

To determine if MRP4 N-glycosylation patterns vary in different cell types, WCLs from 

an array of established cell lines were resolved by SDS-PAGE and immunoblotted with an anti-

MRP4 mAb. The cell lines examined included: human glioblastoma (SK-MG-1 and -4), human 

colorectal carcinoma (Caco-2/15, T84, WiDr), human prostate carcinoma (LnCaP, Du145), 

human liver carcinoma (HepG2, Hep3B), human lung carcinoma (A549), human embryonic 

kidney (HEK293T), human cervical carcinoma (HeLa), and kidney epithelial cells from pig 

(LLC-PK1) and dog (MDCK1). As shown in Figure 3.3A, B, the electrophoretic mobility of 

endogenous MRP4 varies from 150-250 kDa in the different cell lines and in most cases, the band 

appears diffuse. The differences in mobility may be explained by the existence of alternatively 

spliced MRP4 variants, cell-type dependent variations in glycosylation that cause anomalous 

electrophoretic mobility, or a combination thereof.  

To further characterize the differences in electrophoretic mobilities of MRP4, WCL from 

each cell line were also treated with PNGase F and immunoblotted as before. As seen in Figure 

3.3C, treatment with the endoglycosidase PNGase F yielded a MRP4 band of 150 kDa in all cell 

types, which is in accordance with the mass predicted by its cDNA sequence. These results 

suggest that 1) stable alternatively spliced forms of MRP4 are not present in these cell lines (or at 

least those that can be detected with mAb M4I10) and 2) MRP4 likely only undergoes N-

glycosylation (since PNGase F can’t remove O-glycosylation). 
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Figure 3.3: Electrophoretic mobility of endogenous MRP4 from different cell lines. 

A) WCLs (20 µg protein) prepared from different cell lines were fractionated by 6% SDS-PAGE 
and immunoblotted with the anti-MRP4 mAb M4I10 to detect endogenous MRP4. B) Schematic 
diagram illustrating the extent and variability of N-glycosylation of MRP4 in the blot shown in 
panel (A). For each cell line, the “thickness” of the MRP4 band and its distance from the 150 kDa 
marker (unglycosylated MRP4) was used to construct the diagram. C) WCLs (20 µg protein) 
prepared from the same cell lines as in panel (A) were treated with or without 50 U PNGase F 
and fractionated by 6% SDS-PAGE and immunoblotted as in panel (A). Detection of α-tubulin 
was used as a loading control.    
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3.3.3 Subcellular localization of transiently-expressing wild-type MRP4 and N-glycosylation 

mutants in HEK293T and MDCK1 cells 

To determine whether N-glycosylation of MRP4 could affect its biosynthetic processing 

and/or trafficking to the plasma membrane, eGFP-tagged wild-type and N-glycosylation mutant 

MRP4 expression constructs were transfected into HEK293T cells and WCL were prepared 48 hr 

later and immunoblotted to determine their electrophoretic mobilities. Additionally, these 

transfected HEK293T cells were analyzed by confocal microscopy to determine the subcellular 

localization of the MRP4 N-glycosylation mutants. As shown in Figure 3.4A, the levels of the 

single N746Q and N754Q mutants were approximately 50% and 20% of wild-type MRP4, 

respectively. The levels of the double N746/754Q mutant (DM) were substantially lower 

(approximately 10% of wild-type). Confocal microscopy showed that the three mutants appeared 

to localize mostly at the plasma membrane and did not show any substantial co-localization with 

the ER marker calnexin (Figure 3.4B). This indicates that in transiently transfected HEK293T 

cells, N-glycosylation does not grossly affect the biosynthetic processing or trafficking of MRP4 

to the plasma membrane.   

To determine if N-glycosylation affects trafficking of MRP4 to the basolateral membrane 

in polarized MDCK1 cells, these cells were transfected with eGFP-tagged wild-type and N-

glycosylation mutant MRP4 expression constructs and WCLs were prepared 48 hr later and 

immunoblotted as before. As shown in Figure 3.5A, the levels of the two single N746Q and 

N754Q mutants were approximately 40% of wild-type, while levels of the double N746/754Q 

mutant (DM) were substantially lower (approximately 20%). Immunofluorescence analysis of the 

transfected MDCK1 cells also revealed that eGFP-tagged wild-type and N-glycosylation mutants 

localized predominantly to the basolateral plasma membrane and did not co-localize with the ER 

marker calnexin (Figure 3.5B). 
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Figure 3.4: Levels and localization of eGFP-tagged wild-type MRP4 and N746Q, N754Q, 

and N746/754Q (DM) glycosylation mutants in HEK293T cells. 

A) HEK293T cells were transfected for 48 hr at 37 0C with pcDNA3.1 (1 µg) expression vector 
of eGFP-tagged wild-type, N746Q, N754Q, and N746/754Q (DM) MRP4. WCL (20 µg protein) 
were prepared from transfected cells and fractionated by 7% SDS-PAGE for immunoblotting 
with an anti-GFP mAb. Detection of α-tubulin was used as loading control. B) Confocal 
microscopy of HEK293T cells transfected for 48 hr at 37 0C with pEGFP expression vector (1 
µg) of eGFP-tagged wild-type and N-glycosylation mutant MRP4. The cells were fixed with 
100% methanol at -20 0C as described in Materials and Methods. eGFP (green) was used to detect 
wild-type MRP4 and the N-glycosylation mutants. The ER marker calnexin (red) was detected 
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with calnexin-specific primary antibody and visualized with Alexa®546 Fluor conjugated 
secondary antibody. Nuclei were counterstained with DAPI (blue). Blue, green and red 
fluorescence were produced by excitation at 358 nm, 488 nm and 546 nm, respectively, and the 
signal for each was acquired independently. Only the merged images are presented. Bar, 15 μm. 
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Figure 3.5: Levels and localization of eGFP-tagged wild-type MRP4 and N746Q, N754Q, 

and N746/754Q (DM) glycosylation mutants in polarized MDCK1 cells 

A) MDCK1 cells were transfected for 48 hr at 37 0C with pcDNA3.1 expression vector (1 µg) of 
eGFP-tagged wild-type, N746Q, N754Q, and N746/754Q (DM) MRP4. WCL from transfected 
cells were prepared and 20µg protein fractionated by 7% SDS-PAGE and immunoblotted with an 
anti-GFP mAb. Detection of α-tubulin was used as loading control. B) Confocal microscopy of 
MDCK1 cells transfected for at least 96 hr at 37 0C with pEGFP expression vector (1 µg)  of 
eGFP-tagged wild-type MRP4 and N-glycosylation mutants. Cells were fixed with 100% 
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methanol at -20 0C as described in Materials and Methods. eGFP (green) was used to detect 
MRP4 and its N-glycosylation mutants. The ER marker calnexin (red) was detected with 
calnexin-specific primary antibody and visualized with Alexa®546 Fluor conjugated secondary 
antibody. Nuclei were counterstained with DAPI (blue). Blue, green and red fluorescence were 
produced by excitation at 358 nm, 488 nm and 546 nm, respectively, and the signal for each was 
acquired independently. Cross-sectional images acquired from the x, y, and z planes (i.e. x/z and 
y/z planes) are also illustrated. Only the merged images are presented. Bar, 15 μm. 
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3.3.4 Subcellular localization of stably-expressing wild-type MRP4 and N-glycosylation 

mutants in HEK293T, MDCK1 and LLC-PK1 cells  

In contrast to MDCK1 cells, MRP4 localizes to apical membranes in LLC-PK1 cells 

(Hoque et al., 2009). However, the lipid-based transfection reagent (Lipofectamine 2000) and 

transfection conditions for the MDCK1 cell experiments described in Section 3.3.3 proved to be 

too toxic for LLC-PK1 cells. As an alternative approach to comparing the membrane localization 

of the N-glycosylation mutants in MDCK1 and LLC-PK1 cells, a lentivirus expression system 

was employed. Thus, eGFP-tagged wild-type and N-glycosylation mutant cDNAs were cloned 

into the pLVX-puro expression vector and used to transduce to LLC-PK1 cells as well as 

MDCK1 and HEK293T cells for comparative purposes. WCLs were prepared after two weeks of 

selection in puromycin and immunoblotted as before. 

 As shown in Figure 3.6, levels of the eGFP-tagged double N746/754Q mutant (DM) 

were substantially lower than eGFP-tagged wild-type MRP4 in all three cell types. Moreover, the 

relative levels of the DM were similar to those observed in transiently transfected HEK293T and 

MDCK1 cells (Figure 3.4A, 3.5A). Relative levels of the single eGFP-tagged N746Q and N754Q 

mutants were substantially higher than the eGFP-MRP4 in HEK293T cells, whereas in LLC-PK1 

and MDCK1 cells, only the N754Q mutant levels were substantially higher than wild-type 

MRP4.  

Immunofluorescence analysis revealed that in HEK293T cells, none of the mutants co-

localized with the ER marker calnexin but rather localized with the plasma membrane marker 

Na+/K+ ATPase as did wild-type MRP4 (Figure 3.7A-D). Similarly, the localization of the three 

mutants in polarized MDCK1 and LLC-PK1 cells was similar to wild-type MRP4. Thus, the 

N746Q and N754Q single mutants predominantly localized to the basolateral and apical 

membranes in MDCK1 (Figure 3.8A-D) and LLC-PK1 cells (Figure 3.9A-D), respectively. The 

double N746/754Q mutant (DM) also localized to the plasma membrane but in addition, also 

showed some moderate diffuse staining in the intracellular compartments of both cell types. 
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Taken together, the data suggest that N-glycosylation does not appear to grossly affect the plasma 

membrane trafficking of MRP4, at least in HEK293T, LLC-PK1, and MDCK1 cells.   
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Figure 3.6: Levels of eGFP-tagged wild-type MRP4 and N-glycosylation mutants in stably 

transfected HEK293T, MDCK1, and LLC-PK1 cells. 

HEK293T, MDCK1, and LLC-PK1 cells were transduced with pLVX-puro lentiviral expression 
vector of eGFP-tagged wild-type, N746Q, N754Q, and N746/754Q (DM) MRP4. WCL (40 µg 
protein) from polarized MDCK1 and LLC-PK1 and unpolarized HEK293T cells were 
fractionated by 7% SDS-PAGE and immunoblotted with anti-GFP mAb (MRP4) as before. Two 
exposures of film are shown for anti-GFP immunoblot (short exp. 15 sec; long exp. 60 sec). 
Detection of α-tubulin was used as a protein loading control.  
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Figure 3.7: Confocal microscopy of HEK293T cells stably expressing eGFP-tagged wild-type MRP4 and N-glycosylation mutants 

HEK293T cells stably expressing (A) eGFP-tagged wild-type MRP4, (B) N746Q, (C) N754Q, and (D) N746/754Q (DM) mutants were fixed with 
100% methanol at -20 0C and processed for confocal microscopy as described in Materials and Methods. Immunofluorescence of eGFP (green) 
was used to detect MRP4. Calnexin (red) and Na+/K+ ATPase (red) were detected with calnexin and Na+/K+ ATPase specific primary antibodies, 
and visualized with Alexa Fluor®546 and Alexa Fluor®555 conjugated secondary antibodies, respectively. Nuclei were counterstained with DAPI 
(blue). Blue, green and red fluorescence were produced by excitation at 358 nm, 488 nm and 546 nm, respectively, and the signal for each was 
acquired independently. Co-localization of MRP4 with calnexin or Na+/K+ ATPase is indicated by the color “yellow” in the fields marked 
“Merge”. Bar, 15 μm.  
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Figure 3.8: Confocal microscopy of polarized MDCK1 cells stably expressing eGFP-tagged 

wild-type MRP4 and N-glycosylation mutants 

MDCK1 cells stably expressing (A) eGFP-tagged wild-type MRP4, (B) N746Q, (C) N754Q, and 
(D) N746/754Q (DM) mutants were grown for at least > 96 hr to allow for polarization. Cells 
were fixed with 4% PFA for 15 min at room temperature and processed for confocal microscopy 
as described in Materials and Methods. eGFP (green) was used to detect MRP4. Nuclei were 
counterstained with DAPI (blue). Blue and green fluorescence were produced by excitation at 358 
nm and 488 nm, respectively, and the signal for each was acquired independently. Cross-sectional 
images and their merged composites (i.e. denoted by “GFP+DAPI”) acquired from the x, y, and z 
planes (i.e. x/z and y/z planes) are also shown. Bar, 15 μm. 
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Figure 3.9: Confocal microscopy of polarized LLC-PK1 cells stably expressing eGFP-tagged 

wild-type MRP4 and N-glycosylation mutants 

LLC-PK1 cells stably expressing (A) eGFP-tagged wild-type MRP4, (B) N746Q, (C) N754Q, 
and (D) N746/754Q (DM) mutants were grown for >96 hr to allow for polarization. Cells were 
fixed with 4% PFA for 15 min at room temperature and processed for confocal microscopy as 
described in Materials and Methods. eGFP (green) was used to detect MRP4. Nuclei were 
counterstained with DAPI (blue). Blue and green fluorescence were produced by excitation at 358 
nm and 488 nm, respectively, and the signal for each was acquired independently. Cross-sectional 
images and their merged composites (i.e. denoted by “GFP+DAPI”) acquired from the x, y, and z 
planes (i.e. x/z and y/z planes) are also shown. Bar, 15 μm. 
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3.4 Discussion  

N746 and N754 are the only utilized N-glycosylation sequons in human MRP4. 

Like many other mammalian ABC transporters, human MRP4 was previously 

demonstrated to be an N-glycosylated plasma membrane protein (Adachi et al., 2002; Hoque and 

Cole, 2008). In the present study, the N746 and N754 sequons in MRP4 were first identified in 

silico as candidate sites for N-glycosylation and their utilization in several different cell-types 

was then confirmed experimentally (Figure 3.1-3.2). Although the N746 and N754 sequons are 

located on an ECL connecting TM7 to TM8 of MRP4, not all sequons similarly located are N-

glycosylated. It has been estimated that approximately 35% of the potential N-glycosylation sites 

in proteins that enter the ER lumen are not modified (Petrescu et al., 2004).  

There are several “contextual factors” that can determine whether or not a potential N-

glycosylation sequon is utilized. These include the identity of the amino acids flanking the 

consensus sequon (i.e. -1 and +4 sites relative to Asn: x-1-Asn-x2-Ser/Thr-x4,) as well as whether 

a Ser or Thr is present at the +3 site relative to the Asn (Bano-Polo et al., 2011;Bause et al., 

1995;Kelleher and Gilmore, 2006). In most cases, the identities of these residues are critical 

determinants of whether a given sequon will be in an optimal spatial configuration to interact 

favorably with the active site of the OST. Sequence analyses of a large collection of utilized and 

non-utilized N-glycosylation sequons have shown that a Pro residue at +4, +2 and -1 sites can 

substantially reduce the frequency of a sequon being utilized. This is because a Pro residue can 

introduce rigid kinks and disrupt necessary interactions between the sequon and the active site of 

OST (Bano-Polo et al., 2011;Bause et al., 1995;Kelleher and Gilmore, 2006).  

For an “N-x2-T” sequon, residues other than a Pro at x2 are reported to have little effect 

on the efficiency of N-glycosylation (Breuer et al., 2001). However, this is not the case for an “N-

x2-S” sequon, where in addition to a Pro residue at x2, the efficiency of N-glycosylation is 

substantially reduced when this site is occupied either by a Glu, Asp, Trp, or Leu residue (Breuer 
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et al., 2001). The “N-x2-T” sequon is generally preferred by OSTs over an “N-x2-S” sequon 

because the β-methyl group of the Thr residue can interact favorably with a hydrophobic pocket 

within the active site of OST. This interaction improves overall binding affinity between the 

sequon and the OST as well as overcomes any unfavorable conditions imposed by residues 

(except for Pro) at other positions (Bause et al., 1995; Breuer et al., 2001). Based on these studies, 

it is therefore not surprising to find that both MRP4 sequons at N746 and N754 are utilized. The 

N746 sequon is found in the context of the following amino acid sequence: KQSMLNVTVN; 

whereas for the N754 sequon, it is GGGNVTEKLD. In both cases, there are no Pro residues at the -1, 

+4 and +2 positions, and the +3 position is a Thr, which makes these sequons excellent 

candidates for N-glycosylation.  

However, it is surprising to find that both sequons are utilized simultaneously in at least 

four different cell types (i.e. HEK293T, HeLa, MDCK1, and LLC-PK1). Previous studies have 

demonstrated that with overlapping (N-N-S/T-S/T) and closely spaced sequons (i.e. < 15 residues 

between sequons), only a single Asn is typically utilized in such arrangements (Karamyshev et 

al., 2005; Reddy et al., 1999; Reddy et al., 1988). It has been suggested that once one of the 

sequons is glycosylated, the attached glycan can interfere with glycosylation of the second closely 

spaced sequon through steric hindrance.  

However, the glycosylation efficiency of closely spaced sequons can also depend on the 

contextual factors associated with each sequon as described above (Karamyshev et al., 2005). 

Thus, for MRP4, even though N746 and N754 are just eight residues apart, their contextual 

factors appear sufficiently favorable to overcome any issues associated with their proximity. This 

observation is not exclusively a property/characteristic of MRP4. Within the ABC“C” subfamily 

itself, ABCC1 (MRP1), CFTR and ABCC11 (MRP8) each have two N-glycosylation sequons 

which are closely spaced. For CFTR, the N-glycosylation sequons N894 and N900 in MSD2 are 

seven amino acids apart and are located in the same extracellular loop as N746 and N754 in 
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MRP4. Similarly, in ABCC11, the N-glycosylation sequons N838 and N844 in MSD2 are six 

amino acids apart. In MSD0 of MRP1, the difference is only four residues (N19, N23). In all these 

ABCCs, both of the closely spaced sequons are simultaneously utilized (Chang et al., 2008; 

Glozman et al., 2009; Hipfner et al., 1997; Toyoda and Ishikawa, 2010).  

In silico analyses (i.e. ScanProSite) predicted additional sequons in some ABCC 

members that are also closely spaced. These predicted sequons are in MRP2, MRP3, MRP5 and 

could be investigated in the future to determine if they are also N-glycosylated. Some of these 

sequons are located in the extracellular NH2-termini of the long ABCCs, while others are located 

in the extracellular loop connecting TM7 and TM8 in the short ABCCs (analogous to the ECL 

connecting TM12 and TM13 in the long ABCCs). For example, in MRP2, these predicted 

sequons are located at N7 and N12 in MSD0, analogous to N19 and N23 in MRP1. In MRP5, they 

are at N890 and N897 in MSD2 located in the extracellular loop between TM7 and TM8, 

analogous to MRP4’s sequons at N746 and N754, CFTR’s at N894 and N900 as well as MRP1’s 

at N1006. Interestingly, in MRP3, there are two overlapping sequons in MSD2 at N1006 and 

N1007, which are predicted to be located in an ECL between TM12 and TM13. However, their 

overlapping nature would almost certainly preclude their simultaneous utilization. 

 

Microheterogeneity and macroheterogeneity of N-glycosylation yields size isoforms of 

MRP4. 

The apparent molecular weight of endogenous MRP4, as characterized by the migration 

and breadth of its band on an immunoblot, varied substantially in lysates prepared from cell lines 

derived from tissues of different origin (Figure 3.3A, B). For example, endogenous MRP4 from 

Hep3B, HepG2, and Caco-2/15 cells migrated with an apparent molecular weight of 200-250 

kDa, whereas in other cell lines, it varied from ~ 170 to 200 kDa. The variations in 

electrophoretic mobility of endogenous MRP4 in different cell lines could be due to many 
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different factors including alternatively spliced mRNA and post-translational modifications (e.g. 

glycosylation and phosphorylation) or a combination thereof. To date, alternative splicing of 

MRP4 mRNA leading to detectable stable protein isoforms of different molecular weight has not 

been reported. In the present study, the differences in apparent molecular weight in different cell 

lines is more likely attributable to the presence of variable N-glycan structures, whether high 

mannose, hybrid, or complex types, on MRP4. In all cases, these glycans were completely 

removed by PNGase F, yielding a MRP4 band with an apparent molecular weight consistent with 

the mass predicted by the cDNA sequence encoding this protein (Figure 3.3C).  

It is postulated that in the cell lines investigated in this study (i.e. MDCK1, HepG2, 

Hep3B, Caco-2/15 and A549), extensive microheterogeneity of N-glycosylation (i.e. variable 

glycan structure attached to a particular glycosylation site) is responsible for the observed diffuse 

pattern (i.e. glycoforms) and variable migration of these bands.  Unlike nucleic acids and 

proteins, which are predominantly composed of template-driven linear polymeric structures, 

glycans are often composed of branched structures that can vary under different “reaction 

conditions” and therefore a heterogeneous population of carbohydrate structures may be found at 

a single glycosylation site (Kim et al., 2009).  The antennae-like structures of these carbohydrate 

moieties can be influenced by several factors including: 1) the expression, concentration and 

activities of the Golgi enzymes involved in N-glycosylation (i.e. GTs and glycosidases); 2) the 

competition between different families of these enzymes for common substrates; and 3) the 

cellular growth and differentiation status of these cells, which can regulate the levels of these 

enzymes (Liu and Neelamegham, 2014).    

The extent of MRP4 glycosylation and whether it is identical or different on N746 and 

N754 is difficult to assess by immunoblotting; however, these types of post-translational 

modifications can often be efficiently quantified using assays based on mass spectrometry 

(Stavenhagen et al., 2013). The single N-glycosylation mutants N746Q and N754Q had slightly 
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different electrophoretic mobilities in transfected HeLa cells (Figure 3.2). This suggests that each 

sequon may harbor different types of glycan structure in this cell type. However, in HEK293T, 

LLC-PK1, and MDCK1 cells, no differences in migration between the N746Q and N754Q 

mutants were readily detectable (Figure 3.6). Additionally, in other cell types that have not been 

tested in this study, it is possible that only one of the N-glycosylation sequons (i.e. N746 or 

N754) could be utilized, a phenomenon termed as macroheterogeneity of N-glycosylation that has 

been previously observed for closely spaced sequons (Sumer-Bayraktar et al., 2012).  

 

N-glycosylation of MRP4 does not affect the localization of this transporter to the cell 

surface in LLC-PK1, MDCK1, and HEK293T cells.  

The factors that govern localization of MRP4 to the plasma membrane in polarized and 

unpolarized cells are largely unknown. In general, protein sorting from the TGN to the plasma 

membrane is a complex process, often involving multiple routes. In most cases, this process is 

predominantly regulated by specific amino acid sequence motifs present in the cargo proteins and 

the recognition of these motifs by cytosolic proteins involved in membrane trafficking (Cao et al., 

2012). As discussed in Chapter 1 Section 1.10, N-glycans attached to the extracellular domains 

of some membrane proteins have been shown to promote their apical membrane localization in 

polarized cells presumably through the interaction with specific lectins but the mechanism is yet 

to be fully elucidated or understood (Cao et al., 2012; Delacour et al., 2007; Vagin et al., 2009). 

 In unpolarized HEK293T cells, stably expressed eGFP-tagged MRP4 wild-type and N-

glycosylation mutants N746Q, N754Q, and N746/754Q (DM) localized with Na+/K+ ATPase at 

the plasma membrane without any co-localization with the ER marker calnexin (Figure 3.7A-D). 

This suggests that the lack of N-glycosylation in HEK293T cells did not adversely affect the 

trafficking or the biosynthetic processing of MRP4 in the ER, or at least these glycosylation 

mutants are not sufficiently misfolded to be detected and processed by the ERAD mechanism.  
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Polarized epithelial cells, such as MDCK1 and LLC-PK1, on the other hand, generally 

have more complicated trafficking pathways than HEK293T cells and exhibit stricter controls 

over cargo fidelity/stability (Weisz and Rodriguez-Boulan, 2009). In stably transduced MDCK1 

cells, eGFP-tagged MRP4 and N-glycosylation mutants localized predominantly at the basolateral 

membrane without any substantial intracellular localization (Figure 3.8A-D). In polarized LLC-

PK1 cells, eGFP-tagged MRP4 and the N-glycosylation mutants predominantly localized to the 

apical membrane (Figure 3.9A-D). Thus, N-glycosylation of MRP4 appears not to be involved in 

the transporter’s apical membrane trafficking in LLC-PK1 cells as originally hypothesized. 

However, for both MDCK1 and LLC-PK1 cells, confocal experiments are needed with additional 

marker proteins with known apical (e.g. ezrin) and basolateral (Na+/K+ ATPase) membrane 

localization, and ER localization (e.g. calnexin) to further corroborate and strengthen the 

observations presented in this study.  

It has been reported that LLC-PK1 cells localize a subset of plasma membrane proteins 

(including transferrin receptor (TfR) and low-density lipoprotein receptor (LDLR)) to the apical 

membrane which, in MDCK1 cells, are sorted to the basolateral membrane (Cao et al., 2012; 

Folsch et al., 1999; Gravotta et al., 2007). LLC-PK1 cells lack the endogenous μ1B subunit of the 

basolateral sorting adapter protein complex AP1B, which recognizes tyrosine-based YxxØ, NPxY 

motifs (where x can be any amino acid and Ø is a bulky hydrophobic residue) and di-hydrophobic 

or di-leucine-based sorting signals (Folsch et al., 1999). When LLC-PK1 cells were transfected 

with the μ1B subunit, functional AP1B complexes were assembled, which were able to redirect 

aforementioned apically mislocalized plasma membrane proteins (e.g. TfR, LDLR) to the 

basolateral membrane (Cancino et al., 2007; Folsch et al., 1999; Gan et al., 2002; Gravotta et al., 

2007).   

Currently, it is not known whether the basolateral membrane localization of MRP4 is 

dependent on the AP1B complex or on other non-conventional trafficking pathways. 
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Interestingly, amino acids corresponding to putative basolateral sorting signals are present in the 

COOH-terminal tail of this transporter (e.g. the di-hydrophobic/leucine I1244MVL, L1261L and 

tyrosine-based Y1255DEP and Y1259VLL motifs) and ongoing studies in the Cole lab indicate that 

these motifs are important for plasma membrane trafficking of MRP4 in both MDCK1 and LLC-

PK1 cells. Since basolateral sorting motifs or mechanisms are cis-dominant over apical signals, 

the localization of MRP4 at the apical membrane in LLC-PK1 cells implies that AP1B dependent 

or independent basolateral trafficking pathways for MRP4 are inactive in this cell type. 

Therefore, the localization of MRP4 and its N-glycosylation mutants to the apical membrane in 

LLC-PK1 cells suggests that trafficking to this membrane is not mediated by oligosaccharides but 

by another unknown mechanism. Taken together, the findings in this study allow the elimination 

of the possibility that N-glycosylation could be involved in the trafficking of MRP4 to the apical 

membrane, at least in LLC-PK1 cells. Whether there are other cytoplasmic or specialized 

transmembrane domains of MRP4 that could be involved in apical trafficking of this transporter 

needs to be further explored. 
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Chapter 4 

Concluding Remarks and Future Directions 

4.1 General summary of research findings 

4.1.1 CortBP1 is an internalization factor for MRP4 

The Shank2 family of PDZ domain-containing adapter proteins is known to interact with 

and regulate the plasma membrane levels of many different membrane proteins. In Chapter 2, the 

CortBP1 isoform of Shank2 was investigated for its ability to regulate plasma membrane levels of 

MRP4. It was hypothesized that CortBP1 interacts with MRP4 and mediates the transporter's 

internalization from the plasma membrane. To test this hypothesis, the first objective was to 

determine if HA-rCortBP1 and MRP4 interacted with each other. This was achieved using pull-

down and immunoblotting assays where it was determined that the interaction between these two 

proteins requires the PDZ-binding motif of the transporter and the PDZ domain of the adapter 

protein (Figure 2.3, 2.6). However, it is yet to be determined if CortBP1 interacts directly with 

MRP4 or requires the involvement of other PDZ-based proteins (discussed in Section 2.4).  

The second objective was to determine the functional consequences of the interaction 

between MRP4 and CortBP1. As determined by cell surface biotinylation, confocal 

immunofluorescence, and assays with the lysosmotropic agent NH4Cl, endogenous plasma 

membrane MRP4 is internalized and degraded in lysosomes as a result of the ectopic expression 

of HA-rCortBP1 in HEK293T cells (Figure 2.2, 2.7, 2.8, 2.9). CortBP1’s effect on the plasma 

membrane recycling of MRP4 is yet to be elucidated. The third objective was to determine if 

CortBP1 and MRP4 exist in a complex with proteins frequently associated with internalization of 

membrane proteins. Thus, in addition to MRP4, these proteins cortactin, dynamin, and β-PIX 

were detected when HA-rCortBP1 was pulled down (Figure 2.10). Experiments involving 

pulling-down eGFP-MRP4 and verifying the presence of the aforementioned proteins is needed to 
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confirm that MRP4 and CortBP1 can exist in a complex with endocytic proteins (discussed in 

Section 2.3.4, Discussion 2.4).  

Since ectopic expression of CortBP1 in HEK293T cells reduced plasma membrane levels 

of MRP4, the last objective was to determine whether knockdown of endogenous CORTBP1 in a 

cell culture system increases MRP4 plasma membrane levels. Endogenous MRP4, CORTBP1 

and other isoforms of SHANK2 (i.e. PROSAP1A and SHANK2E) were detected in SH-SY5Y 

and BE(2)-C human neuroblastoma cells (Figure 2.11). As shown by immunoblotting, RNAi-

mediated knockdown of CORTBP1 in SH-SY5Y and BE(2)-C cells resulted in increased MRP4 

levels in both cell types (Figure 2.12). Furthermore, in CORTBP1-depleted BE(2)-C cells, 

confocal microscopy showed that plasma membrane MRP4 levels were increased (Figure 2.13), 

thus corroborating earlier observations suggesting CortBP1 is an internalization factor for MRP4.  

4.1.2 N-glycans of MRP4 at N746 and N754 do not affect the transporter’s apical membrane 

trafficking  

Plasma membrane trafficking of membrane proteins can also be regulated by N-glycans 

(Vagin et al., 2009). In Chapter 3, it was hypothesized that Asn residues at positions 746 and 754 

in human MRP4 were the utilized N-glycosylation sites since they were located in consensus 

sequons in a predicted ECL of the transporter. Furthermore, it was hypothesized that N-glycans 

would be involved in the apical membrane localization of MRP4 in polarized LLC-PK1 cells but 

not in the basolateral membrane localization in polarized MDCK1 or plasma membrane 

localization in unpolarized HEK293T cells. To test these hypotheses, the first objective was to 

use site-directed mutagenesis to mutate Asn-746 and Asn-754 (both singly and in combination) 

and then compare the electrophoretic mobilities of the mutant proteins. Gln replacement of Asn-

746 and Asn-754 individually increased the electrophoretic mobility of MRP4 (Figure 3.2); 

however, when both Asns were replaced, the transporter’s electrophoretic mobility was 
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comparable to the completely deglycosylated MRP4 (i.e. treated with PNGase F), demonstrating 

that these Asn-746 and Asn-754 are the only sites of N-glycosylation in MRP4.  

The second objective was to investigate the extent of heterogeneity of N-glycosylation of 

endogenous MRP4 by examining the transporter's relative electrophoretic mobilities from a panel 

of cell lines derived from different tissues. As revealed by immunoblot of WCLs from 12 cell 

lines, the electrophoretic mobility of MRP4 which ranged from 170 kDa to 250 kDa, was reduced 

to 150 kDa when all WCLs were treated with PNGase F (Figure 3.3), indicating considerable 

heterogeneity of MRP4 N-glycosylation. The final objective was to determine whether N-glycans 

affected the plasma membrane localization of ectopically expressed eGFP-MRP4 by confocal 

microscopy. The subcellular localization of the eGFP-tagged N-glycosylation mutants of MRP4 

was comparable to wild-type MRP4 in polarized MDCK1 and unpolarized HEK293T cells 

(Figure 3.7-3.8). However, contrary to what was hypothesized, the apical localization of eGFP-

tagged N-glycosylation mutants of MRP4 in LLC-PK1 cells was not affected (Figure 3.9). These 

observations indicate that N-glycosylation does not play a role in the apical membrane trafficking 

of MRP4, at least in LLC-PK1 cells.   

4.2 Future directions: SHANK2 and MRP4 

In contrast to what has been reported for CFTR (Kim et al., 2004; Lee et al., 2007), 

ectopically expressed CortBP1 reduced MRP4 plasma membrane levels but the details of the 

mechanism(s) underlying this observation have yet to be elucidated. Based on the previously 

reported binding partners of CortBP1 (e.g. dynamin, cortactin, β-PIX), it seems reasonable to 

postulate that this adapter protein facilitates internalization/endocytosis of MRP4 from the plasma 

membrane without affecting the transporter’s recycling back to the plasma membrane. In theory, 

the rates of endocytosis and recycling of plasma membrane MRP4 could be measured by cell 

surface biotinylation experiments as previously described (Hayashi et al., 2012). However, 

although this experimental approach was attempted, it proved unsuccessful. The transient 
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expression of HA-rCortBP1 results in rapid down-regulation of total MRP4 levels, which in 

return results in a greatly reduced amount of the transporter available for cell surface 

biotinylation. Thus, rather than exogenously expressing HA-rCortBP1, an alternative (and more 

feasible) approach would be to knock down endogenous CORTBP1 and subsequently biotinylate 

MRP4 at the cell surface in order to measure its rate of endocytosis and recycling. The 

CORTBP1-depleted BE(2)-C cells generated in this study could be useful for these experiments 

(Figure 2.12).    

Significant knockdown of both the CORTBP1 and PROSAP1A forms of SHANK2 was 

achieved in BE(2)-C cells. However, in SH-SY5Y cells, only knockdown of PROSAP1A, and not 

SHANK2E, was achieved (Figure 2.12). This observation was rather surprising since the G-4 

shRNA used in the knockdown experiments was predicted to yield a mature 21 bp sequence 

complementary to a region in the mRNA common to all three forms of SHANK2 (Figure 2.12). 

This observation thus raises the unlikely possibility that the SHANK2E band detected by the 

antibody is non-specific. Insight into this issue can be gained by using RT-PCR to determine the 

levels of the SHANK2E mRNA transcripts in SH-SY5Y cells.  

RNA interference-mediated downregulation of gene expression is well known to have 

“off-target” effects (Jackson et al., 2010). To exclude contributions of off-target effects in an 

observed phenotype, it is recommended that the protein that was knocked down be re-introduced 

to ascertain that the phenotype can be “rescued” or reverted back to its original state. In other 

words, SHANK2 should be re-introduced into SHANK2-depleted BE(2)-C or SH-SY5Y cells to 

confirm its ability to down-regulate MRP4 levels. The HA-rCortBP1 construct used in these 

studies could be useful for this purpose. It should be noted that the mRNA sequence targeted by 

the G-4 shRNA construct is identical in the rat and human CORTBP1, PROSAP1A, and 

SHANK2E mRNA sequences. Therefore, silent point mutations would have to be introduced into 

the siRNA target site in the rat sequence to convert it into an RNAi-resistant construct.  
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It would also be of interest to investigate the effects of the two longer isoforms of 

SHANK2 (PROSAP1A and SHANK2E) for their ability to affect MRP4 plasma membrane 

levels. In SH-SY5Y and BE(2)-C cells, PROSAP1A is the major isoform (Figure 2.12). In 

human liver and kidney tissue samples, however, SHANK2E mRNA levels are reported to be 

higher than those of CORTBP1 (Leblond et al., 2012). Thus, it is possible that the SHANK2E 

protein is the dominant isoform in these tissues. It is reasonable to postulate that SHANK2E and 

PROSAP1A also down-regulate MRP4 plasma membrane levels in a manner similar to 

CORTBP1 since all three isoforms have identical PDZ domains and other protein-protein 

interaction motifs at their COOH-termini. However, the presence of the SH3 and ankyrin 

domains, which are absent in CORTBP1, most likely endow the longer SHANK2E and 

PROSAP1A with unique properties and potentially different effects on MRP4. This can be tested 

by further experiments including ectopic expression of PROSAP1A and SHANK2E in HEK293T 

cells and determining the total and cell surface levels of MRP4 as well as performing pull-down 

experiments to determine the effect of the additional domains (i.e. SH3, ankyrin) on the PDZ 

domain-mediated interaction between MRP4 and these adapter proteins.  

4.3 Future directions: The role of N-glycosylation 

By demonstrating that the two N-glycosylation sequons of MRP4 (N746 and N754) at 

positions in MSD2 are utilized (Figure 3.2), MRP4 has been added to the list of ABCC family 

members that are N-glycosylated in vivo. This list now includes MRP1 (glycosylated at N19, N23 

in MSD0 and N1006 in MSD2) (Hipfner et al., 1997), MRP5 (Dazert et al., 2003), MRP6 

(glycosylated at N15 in MSD0) (Sinko et al., 2003), CFTR (glycosylated at N894, N900 in MSD2) 

(Chang et al., 2008;Glozman et al., 2009), SUR1 (glycosylated at N10 in MSD0, N1049 in MSD2) 

(Conti et al., 2002), and ABCC11 (MRP8) (glycosylated at N838, N844 in MSD2) (Toyoda and 

Ishikawa, 2010). The finding that both sequons in MSD2 of MRP4 are glycosylated was 

somewhat surprising given their proximity to one another. The functional significance, if any, of 
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this “dual” glycosylation is not apparent. However, as described earlier in Chapter 3, it is not 

without precedent. In CFTR, the two utilized N-glycosylation sites in MSD2 are just seven 

residues apart (Chang et al., 2008;Glozman et al., 2009) while in MSD2 of ABCC11, they are just 

six (Toyoda and Ishikawa, 2010). In MSD0 of MRP1, only four residues separate the two sites 

(Hipfner et al., 1997).  

As reviewed in Chapter 1, N-glycans can play an important role in the apical membrane 

localization of certain proteins. As demonstrated in Chapter 3, however, this does not appear to be 

the case for MRP4. Thus, the absence of N-glycans does not affect MRP4’s apical membrane 

localization in transfected polarized LLC-PK1 cells (Figure 3.9). Apical membrane trafficking 

can also be regulated by lipid rafts (Simons and Sampaio, 2011) which are microdomains of 

plasma membrane enriched with glycosphingolipids and cholesterol. Reduction in cellular 

cholesterol levels by lovastatin treatment has been shown to disrupt the apical membrane 

localization of some proteins (Simons and Sampaio, 2011). Moreover, caveolins are found to 

associate strongly with lipid rafts and one, caveolin-1, has been reported to be associated with 

MRP4 in smooth muscle cells (Sassi et al., 2008). Thus, it would be of interest to determine 

whether MRP4 is also found in lipid rafts or if it associates with any of the caveolins in LLC-PK1 

cells or in tissues where the transporter is localized to the apical membrane (i.e. kidney proximal 

tubules).           

Finally, as described in Chapter 3, N-glycans of MRP4 appear to vary substantially 

among some cell types (Figure 3.3). The properties of these N-glycans are currently unknown but 

the identity of the attached sugar moieties and glycosidic bonds on MRP4 in different cell types 

can be elucidated by mass spectrometry (Stavenhagen et al., 2013). Some cancer cells have been 

reported to show variation in glycan structures in extracellular matrix components and cell 

surface glycoproteins during EMT (Freire-de-Lima, 2014; Lange et al., 2014). Thus, these 

observations raise the possibility that N-glycosylation of MRP4 might vary between normal and 
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malignant cells in a fundamentally important way. This can be tested by immunoblotting of 

WCLs obtained from tissues in different phases of neoplasia. As discussed earlier, glycosylation 

can also affect the biophysical properties of proteins (i.e. structure, dynamics, stability, and 

function). Whether there are any relationships between the structure of N-glycans attached to 

MRP4 and the effluxing activity of the transporter and its cell surface stability can be elucidated 

using vesicular transport assays (as developed in the Cole laboratory) and cell surface 

biotinylation experiments, respectively. 
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