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ABSTRACT 

 

ATP-binding cassette (ABC) transporters are a superfamily of membrane proteins 

responsible for the import and export of a variety of xenobiotics and endogenous compounds. 

Multidrug resistance protein 4 (MRP4) is an ABC transporter expressed in a number of human 

tissues. MRP4 has a number of genetic variants, but the impact of many of these variants is 

unknown. First, we used Western blotting and fluorescence microscopy to examine the effect of 

a number of genetic variants on MRP4 expression and localization, identifying a number of 

variants with reduced expression. Next, we developed a membrane vesicle assay to examine the 

effect of phosphodiesterase inhibitors on MRP4 transport of the model substrate leukotriene C4.  
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Chapter 1: Function and Regulation of the Multidrug Resistance Transporter MRP4 

 

Overview of Human ABC Transporters 

 ATP-binding cassette (ABC) transporters are a superfamily of proteins involved in the 

translocation of a variety of substrates across lipid bilayers[1]. ABC transporters are present in 

both prokaryotes and eukaryotes and have incredibly diverse functions[2]. Many are involved in 

normal cellular homeostasis, such as metabolite or lipid transport, while others remove toxic 

exogenous compounds from the cell[3]. ABC transporters are of scientific interest not only for 

their roles in basic biology, but also for their association with multidrug resistance (MDR), 

which allows cancer, bacteria, viruses, and other parasites to become resistant to multiple 

structurally diverse medications. Many ABC transporters can also mediate drug absorption, 

distribution and elimination, therefore playing an important role in pharmacokinetics and 

pharmacodynamics[4-6].  

 The 48 human ABC transporters are broadly classified into seven subfamilies.  

Expression of human ABC transporters in various tissues is shown in Figure 1. Many 

transporters have ubiquitous expression, whereas others have very specific expression in only a 

few key tissues. The expression pattern of each ABC transporter reflects its role in the transport 

of endogenous and exogenous compounds. 

  



2 
 

 

Figure 1-1. RNA expression of ABC transporters in various human tissues. Data was 
collected from the Genotype-Tissue Expression (GTEx) project as reads per kilobase transcript 
per million reads (RPKM) and then quantile normalized[7]. Coloring is relative to the mean of 
all values shown. 
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The members of the ABCA group are mostly involved in the transport of cholesterol and 

lipids[8]. Many of the ABCA proteins are very large (>2000 amino acids) with much longer 

cytosolic and extracellular loops compared to other human ABC transporters. These loops are 

believed to be involved in mediating the interaction of the transporters with other sterol/lipid 

binding proteins. For example, ABCA1 is responsible for the efflux of cholesterol and other 

phospholipids onto lipid-poor apolipoproteins (such as apoA1 and apoE) which then go on to 

form high density lipoprotein (HDL)[9].  

The 11 ABCB members have a diverse array of functions. Perhaps the best known ABCB 

transporter is P-glycoprotein (P-gp), encoded by ABCB1. P-gp has been extensively studied 

because of its ability to mediate multidrug resistance through efflux of a variety of structurally 

diverse compounds[10]. Many ABCB members also have critical endogenous roles, such as 

antigen presentation (TAP1/TAP2)[11], heme transport in mitochondria (ABCB6)[12], and bile 

production (BSEP)[13].  

The 12 ABCC members also have a wide variety of functions and many are involved in 

multidrug resistance. Nine of these, encoded by ABCC1-ABCC6 and ABCC10-ABCC12, are 

known as the multidrug resistance proteins (MRPs) due to their ability to efflux anti-cancer 

compounds leading to chemical resistance; many of the MRPs have also been shown to transport 

drugs from a variety of other therapeutic classes[14-16]. ABCC7 encodes the cystic fibrosis 

transmembrane conductance regulator (CFTR), a chloride ion channel[17], and ABCC8 and 

ABCC9 encode the ATP-dependent subunits of inward-rectifier potassium channels. Although 

these three ABC transporters are not known to be directly involved in drug efflux, they can be 

stimulated by drug ligands. In fact, the proteins encoded by ABCC8 and ABCC9, sulfonylurea 
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receptors 1 and 2 (SUR1 and SUR2), were given their names because of their ability to be 

activated by the sulfonylurea anti-diabetic drugs[18]. 

The four ABCD members all localize to peroxisomes and are involved in the transport of 

fatty acids or fatty acid-CoA into the lumen of the organelle[19, 20]. The four members of the 

ABCE/ABCF sub families (one ABCE and three ABCF subfamily members), while possessing 

the characteristic motifs of other ABC transporters are, in fact, not transport proteins at all and 

lack transmembrane domains. They do, however, appear to be parts of larger intracellular 

complexes involved in RNA and DNA binding that mediate diverse cellular processes such as 

innate immunity and translation initiation[21-23].  

The five ABCG members are mostly involved in cholesterol and lipid transport, with the 

exception of ABCG2 (encoding BCRP, breast cancer resistance protein). BCRP has a number of 

known endogenous and xenobiotic substrates and is strongly associated with pharmacokinetic 

phenotypes[24-26].  

The physiological significance of ABC transporters is evident from disease phenotypes 

associated with mutations in these proteins. Mutations in ABCA1 cause Tangier disease, a 

cholesterol disorder characterized by very low serum HDL (“good cholesterol”) and premature 

atherosclerosis due to excessive cholesterol accumulation in blood vessels[27].  Mutations in 

ABCC2 cause Dubin-Johnson syndrome, a hyperbilirubinemia due to impaired transport of 

bilirubin into the bile duct[28]. Mutations in ABCC7 result in cystic fibrosis, a disease 

characterized by defective chloride ion secretion, which results in thick lung secretions that leave 

patients prone to respiratory infections[29]. Mutations in ABCD1 cause X-linked 

adrenoleukodystrophy, a disorder involving buildup of very long chain fatty acids due to 
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impaired transport into peroxisomes that results in renal insufficiency and demyelination of 

nerve cells[30].  

The importance of more common genetic variation in ABC transporters associated with 

MDR and other drug-related phenotypes has been the focus of numerous studies over the last 

few decades. In general, common variants in the major ABC transporters involved in drug 

transport have a much more limited effect on transporter function in vivo. ABCB1 encodes the 

important MDR transporter P-glycoprotein which plays a critical role in drug bioavailability, and 

penetration into the CNS, testes and placenta[31, 32].  ABCB1 genetic variation has been 

extensively studied and associated with pharmacokinetic and pharmacodynamic phenotypes, 

although the clinical significance of these findings is limited[33, 34]. In contrast, genetic variants 

of ABCG2 (encoding MXR) have been associated with efficacy and toxicity of several anticancer 

drugs[35, 36]. Details regarding the functional effects of ABCC4 genetic variation are described 

in more detail later in this chapter. 

 

General architecture of ABC transporters 

 All ABC transporters contain at least one nucleotide-binding domain (NBD), otherwise 

known as an ATP-binding cassette. This domain sits within the cytosol and is responsible for 

binding the ATP that powers the transport process[1]. ABC transporters contain several key 

motifs in their NBDs that are critical for binding and hydrolyzing ATP. The first of these are the 

Walker A and B motifs, first reported by Walker and colleagues in 1982 to be found in a variety 

of ATP-binding proteins[37]. The Walker A motif follows the general sequence 

GXXGXGK(S/T), where X is any amino acid. The Walker B motif is ϕϕϕϕD, where ϕ is any 
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hydrophobic amino acid. There is considerable sequence variability in Walker B motifs but they 

all follow the pattern of a negatively charged amino acid following a string of hydrophobic 

residues. 

 ABC transporters additionally have a unique sequence known as the ABC signature motif 

that follows the pattern LSGGQ. Upon ATP binding and dimerization of the NBDs, each ATP is 

situated between the Walker A and B motifs (which forms a phosphate binding cavity) of one 

NBD and the signature motif of the other NBD[38, 39] as shown in Figure 2.  

 

Figure 1-2. Representation of nucleotide-binding domain dimerization. ATP molecules are 
located at the dimer interface of the nucleotide binding domains, with the Walker A and B motifs 
of one NBD and the ABC signature motif of the opposite NBD forming one ATP-binding pocket 
(ABP)[40].  
 



7 
 

Many of the ‘full’ human ABC transporters have a degenerate signature motif in their 

second NBD[41]. These sequences appear to be able to bind ATP, but do not catalyze the 

hydrolysis of ATP[42]. This apparent asymmetry suggests that transport may only require the 

energy of one ATP molecule to occur and that ATP binding to the second ATPase site is much 

more important structurally than it is energetically[43]. Notably, all of the ABCC transporters 

have a degenerate signature motif in NBD2.  

 ABC transporters that function as importers or exporters also contain at least one 

transmembrane domain (TMD). This domain is composed of a series of alpha helices that cross 

the lipid bilayer and provide a protective ‘pocket’ for substrates to bind[44]. There is 

considerable sequence diversity in the TMD regions, presumably resulting in the substrate 

binding specificity for a given transporter[45, 46]. While bacterial transporters can contain five 

or more membrane-spanning helices per domain, human ABC transporters all contain six helices 

per domain. The helices of each domain do not all associate as one bundle, but rather helices 4 

and 5 of one domain are ‘domain swapped’ with helices 1, 2, 3, and 6 of the opposite TMD to 

produce two distinct clusters[47]. 

  Human ABC transporters can be classified as ‘half’ or ‘full’ transporters based on the 

genes encoding them[2]. ‘Full’ transporters are formed from a single polypeptide chain 

containing two TMDs and two NBDs in a NH2-TMD-NBD-TMD-NBD-COOH arrangement. 

‘Half’ transporters are encoded as polypeptides that contain a single TMD and NBD. The 

majority of human ‘half’ transporters are in a NH2-TMD-NBD-COOH arrangement, except for 

the ABCG transporters, which are encoded in the NH2-NBD-TMD-COOH arrangement. To be 

functional, ‘half’ transporters must then form a homodimer or a heterodimer with another ‘half’ 

transporter.  



8 
 

 Many human ABC transporters contain additional domains that are important for their 

regulation or function. ABCC7 (CFTR) contains a cytoplasmic regulatory domain that is 

responsible for cAMP gating of its ion channel[48]. Many of the ABCC transporters contain a 

“TMD0” composed of five transmembrane helices before the first six helix TMD[49]. These 

regions are poorly understood and there are no existing crystal structures for ABC transporters 

that contain this additional domain. ABCC4, ABCC5, ABCC11, and ABCC12 do not encode a 

TMD0 and interestingly all are capable of transporting cyclic nucleotides[50-52]. 

 

Multidrug Resistance Protein 4 

ABCC4/MRP4 Expression 

Multidrug resistance protein 4 (MRP4), previously known as multi-specific organic anion 

transporter B (MOAT-B), is encoded by the ABCC4 gene on chromosome 13q32. MRP4 was 

first identified in 1997[53] and had its full sequence published the following year[54]. It is 1325 

amino acids in length, making it the shortest transporter in the MRP subfamily. Like other 

transporters in the MRP subfamily, its domains follow the TMD-NBD-TMD-NBD arrangement. 

MRP4 is expressed ubiquitously throughout the body, with highest expression in bladder, 

colon, kidney, lung, and prostate (Figure 3) based on expression data from GTEx[7]. Even in 

tissues with lower expression, including heart[55-57], stomach[58], and testis[59], MRP4 has 

been shown to have important roles.  

Unlike other ABC transporters, MRP4 has been shown to localize to different cellular 

compartments in different tissues. MRP4 is located apically in the kidney, actively excreting 

xenobiotics into the urine. In the liver, it is located basolaterally and effluxes compounds back 
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into the blood[60-62]. MRP4 is also located basolaterally in the stomach, where it is responsible 

for absorption of drugs such as the tyrosine kinase inhibitor dasatinib[58]. MRP4 is located both 

apically and basolaterally in the colon, but is predominantly basolateral[63]. In platelets, MRP4 

is not on the plasma membrane, but rather is localized to specialized intracellular structures 

known as dense granules[64]. These findings are interesting, as they suggest that MRP4 may 

have a greater role than simply eliminating toxic compounds from the body.
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MRP4 Substrates 

MRP4 has been shown to transport a wide variety of both drugs and endogenous 

compounds. In the first detailed characterization of its transport properties, it was shown to 

transport the antiretroviral drugs adefovir and zidovudine monophosphate[65]. Subsequent 

studies showed that MRP4 transports numerous purine nucleotide analogues, including the drugs 

tenofovir[66], 6-mercaptopurine, and ganciclovir[67], as well as the important second 

messengers cyclic AMP and cyclic GMP[68, 69].  Many phosphodiesterase inhibitors, which are 

used clinically to inhibit the degradation of cAMP or cGMP in various tissues, have additionally 

been shown to be potent inhibitors of MRP4[68, 69].  

Numerous metabolites of arachidonic acid, including a variety of leukotrienes[70], 

prostaglandins[71], and thromboxanes, are MRP4 substrates. Unsurprisingly, drug analogues of 

these compounds, such as the non-steroidal anti-inflammatory drugs[71] (NSAIDs) and 

leukotriene receptor antagonists[69], inhibit MRP4.  

MRP4 has also been shown to transport a variety of bile acids[72, 73] and other steroidal 

compounds, such as estradiol 17-beta-D-glucuronide[68, 72] and dehydorepiandrosterone sulfate 

(DHEAS)[72]. Although typically expressed at very low levels in the liver, MRP4 can be 

upregulated in instances of cholestatic liver disease. MRP4 has also been shown to transport folic 

acid and leucovorin, as well as the medicinal analog methotrexate[74]. MRP4 can transport 

glucuronide and glutathione conjugates, such as bimane-glutathione[75] and the cytotoxic agent 

topotecan[76]. The clear structural relationship between many MRP4 endogenous and xenobiotic 

substrates/inhibitors begs the question of whether MRP4 plays important roles in the body 

unrelated to drug transport.  
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Given the structural diversity in the substrates of MRP4, the possibility exists that 

multiple binding sites may be involved in substrate binding. Previous findings have shown, for 

instance, that the MRP4 substrate nelfinavir inhibits PGE2-stimulated ATPase activity of MRP4, 

but not quercetin-stimulated ATPase activity [77]. Additionally, quercetin inhibits PGE2-

stimulated activity. This suggests that PGE2 and nelfinavir bound to similar sites, but this site 

was distinct from that which binds quercetin.  

 

Functional Insights on MRP4 from Animal Studies 

Given its localization on the apical membrane in kidney proximal tubule cells, MRP4 is 

responsible for actively pumping a number of compounds into the urine for elimination. Abcc4-/- 

mice exhibit altered pharmacokinetics for a number of drugs, including, adefovir[78], 

tenofovir[78], hydrochlorothiazide[79], furosemide[79], ceftizoxime[80], and cefazolin[80]. In 

the case of adefovir and tenofovir, Abcc4-/-  mice had reduced clearance into the urine and 

significant increases in kidney accumulation. Given that adefovir and tenofovir are nephrotoxic 

and that this toxicity is dose-limiting, significant inhibition of MRP4 function due to genetics or 

concomitant medications may be a risk factor for toxicity. 

MRP4 transports the second messengers cAMP and cGMP, both of which are known to 

have effects on the proliferation of arterial smooth muscle cells. MRP4 is upregulated during the 

proliferation of human coronary artery smooth muscle cells[81]. In balloon-injured rat carotid 

arteries, MRP4 is upregulated relative to non-injured carotid, predominantly in the neointima, 

and expression is correlated with expression of neuromedin-B, a marker of smooth muscle cell 

proliferation. Additionally, siRNA knockdown of MRP4 inhibited cell proliferation and altered 
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the intracellular/extracellular ratio of both cAMP and cGMP. MRP4 inhibition also reduced 

neointima formation in rat carotid artery following balloon injury and improved the intima/media 

thickness ratio that is used as a measure of arterial damage. 

MRP4 is expressed in several cell types in the eye, including retinal pigment 

epithelium[82] and retinal vascular endothelial cells[83-85]. Genetic disruption of Abcc4 had no 

effect on retinal vascular phenotypes [86]. However, following intraperitoneal injection of 

forskolin, an adenylyl cyclase activator, the retinas of Abcc4-/-  mice showed significantly 

reduced vascular formation, including length, branching, and density. These findings showed a 

clear role for Mrp4 in cAMP homeostasis in the retina during development, but the role Mrp4 

plays postnatally requires further study. 

MRP4 is found on the plasma membrane of both atrial and ventricle cardiac 

myocytes[55]. Knockdown of MRP4 in rat ventricular myocytes results in a significant increase 

in forskolin-stimulated intracellular cAMP and a decrease in extracellular cAMP. Additionally, 

while Abcc4-/- mice do not initially show any cardiac phenotypes, by nine months of age they 

show significant cardiac hypertrophy, including increases in heart weight, ventricular wall 

thickness, and cardiomyocyte size. Young knockout mice have significant increases in 

phosphodiesterase activity (PDE3A and PDE4A) compared to wild type animals, which could 

work to degrade the increased intracellular cAMP caused by loss of MRP4 function, but these 

differences were absent in the older nine month old mice. Why PDE compensation dissipates 

over time is not clear, but these results establish MRP4 as a critical mediator of cAMP 

homeostasis in the heart. 
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MRP4 is more highly expressed in the lungs of patients with pulmonary arterial 

hypertension (PAH) relative to healthy controls[87]. This relationship is also evident in a 

hypoxia-induced PAH mouse model. Interestingly, oral administration of the MRP4 inhibitor 

MK-571 for two weeks was able to reduce some of the symptoms of PAH, including right 

ventricular systolic pressure, right ventricular weight, and medial thickening of the pulmonary 

arteries and arterioles. Interestingly, Abcc4-/- mice are completely protected from developing 

PAH in this hypoxia model. Of note, the PDE5 inhibitors sildenafil and tadalafil, which are used 

clinically for the treatment of PAH, are also known inhibitors of MRP4 function[69, 88], raising 

the question of whether effects on MRP4-mediated transport of endogenous substrates 

contributes to the pharmacological effects of PDE inhibitors.. 

 

Functional coupling of MRP4 with other membrane proteins 

In the intestinal epithelium, MRP4 is spatially and functionally coupled to the ABC 

transporter CFTR. CFTR is responsible for chloride ion transport into the intestinal lumen and its 

function is regulated by intracellular cAMP levels via its regulatory ‘R’ domain. Inhibition of 

MRP4 via pre-treatment with MK-571 reduced the concentration of cAMP needed for maximal 

CFTR activity by 80%[89]. Pre-treatment with MK-571 also resulted in a more durable period of 

maximal CFTR activity, suggesting that inhibition of MRP4 results in locally elevated levels of 

cAMP near CFTR. Given that both MRP4 and CFTR contain PDZ binding motifs in their C-

termini (Figure 4), various PDZ proteins were probed in intestinal epithelial cells to see if any 

could bind both transporters. These studies identified the scaffolding protein PDZK1 as being 

responsible for maintaining the functional complex of MRP4 and CFTR in close proximity to 

each other on the apical membrane of the intestinal epithelium. Competition assays using the ten 
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C-terminal amino acids of MRP4, which contain the PDZ motif, demonstrated that disruption of 

the interaction between MRP4 and PDZK1 interfered with the coupling of MRP4 and CFTR and 

strongly supports the importance of physical association of MRP4 and CFTR for proper function. 

 

Figure 1-4. PDZ-binding motifs are found at the C-terminus of many ABC 
transporters[90]. These motifs bind to the PDZ domains of adaptor proteins and form large 
protein complexes. The C-terminal motifs in human ABC transporters are generally class I 
motifs that follow the form X(S/T)XΦ where Φ is any hydrophobic amino acid. 

 

Beta adrenergic signaling is critical to the proper functioning of the heart and drugs 

which block these receptors are mainstays of therapy for a number of cardiovascular conditions. 

Given that the downstream signal from beta adrenergic receptors is activation of adenylyl 

cyclase and increases in intracellular cAMP, it has been investigated whether regulators of 

cAMP like MRP4 can affect beta adrenergic stimulation[56]. Indeed, the MRP4 inhibitor MK-

571 was shown to potentiate submaximal isoproterenol stimulation of beta-1 adrenergic 
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receptors, increasing cAMP accumulation and cardiac myocyte contraction rate. Interestingly, 

CFTR was also essential for MRP4-mediated changes in contraction rate, although a direct 

physical association between these two transporters was not tested. These results suggest that 

spatiotemporal coupling of MRP4 with other transporters may be common in a variety of cell 

types and that these interactions likely include other membrane proteins or receptors involved in 

signaling that result in changes in cAMP or cGMP.  

 

ABCC4 genetic polymorphisms 

Previous work in the Kroetz lab[91] examined the effect of coding variants of MRP4 

(Figure 5) on transporter function. After sequencing 270 healthy, ethnically diverse individuals 

as part of the Studies of Pharmacogenetics in Ethnically Diverse Populations (SOPHIE) project, 

ten MRP4 variants were selected for follow-up based on allele frequency, evolutionary 

conversation, and severity of the amino acid change reflected by the Grantham score. The 

variants were then compared to the reference sequence with regard to intracellular accumulation 

of the MRP4 substrates AZT and PMEA in transfected HEK293 cells. The P78A, G187W, 

P403L, and G487E variants all showed an increased intracellular level of at least one of these 

substrates, indicating reduced function, although none showed complete loss of function. 

Western blots for MRP4 showed only the G187W variant as having lower expression. 

Subsequent work focused on variants in the NBDs of MRP4 demonstrated decreased efflux of 

the substrate tenofovir from cells carrying the G487E and V1071I variants[92].  
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Figure 1-5. Distribution of MRP4 variants throughout the protein. Predicted transmembrane 
helices are shown between the two parallel lines at the top of the image (representing the plasma 
membrane). Non-synonymous variants in MRP4 are labeled in red and synonymous variants in 
green. The Walker A & B and signature motifs in each NBD are outlined. Evolutionary 
conservation (EC) or lack thereof (EU) of variants of interest is noted. The transmembrane 
topology schematic was rendered using TOPO [S.J. Johns (University of California San 
Francisco) and R.C. Speth (Washington State University)] transmembrane protein display 
software available at the University of California San Francisco Sequence Analysis Consulting 
Group. 

 

Other laboratories have reported the effect of MRP4 variants in a Xenopus laevis oocyte 

expression system[93]. Reference MRP4-EGFP was expressed in oocytes and localized to the 

plasma membrane. Expression resulted in increased efflux of the MRP4 substrates 6-

mercaptopurine and adefovir, which could be inhibited by co-injection with the MRP4 inhibitors 

dipyridamole and indomethacin. MRP4 E757K and MRP4 T1142M were both expressed in 
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oocytes at modestly reduced levels relative to the reference transporter. In a small sample of 

human livers, MRP4 expression was quite variable and there was no apparent effect of the 

G187W, K304N, and T1142M variant on MRP4 expression[93]. 

 

Clinical findings related to MRP4 

MRP4 E757K and mercaptopurine toxicity in Japanese populations 

The MRP4 E757K variant is found at a minor allele frequency of 15% in Japanese 

populations and is associated with 6-mercaptopurine sensitivity in vitro[94]. In a study of 130 

Japanese subjects with inflammatory bowel disease treated with azathioprine or 6-

mercaptopurine, individuals carrying the MRP4 E757K variant had significantly lower white 

blood cell counts. In the subpopulation of 15 individuals with clinically diagnosed leucopenia, 

seven were carriers of the MRP4 E757K variant (OR of 3.30, 95% CI 1.03-10.57, p = 0.036), 

suggesting that this MRP4 variant may contribute to thiopurine sensitivity in Japanese 

patients[95]. 

 
 
Altered trafficking in platelets following coronary artery bypass graft (CABG) 

MRP4 is highly expressed in platelets[96, 97] where it localizes to dense granules, 

specialized structures in platelets that store high levels of a variety of small molecules, including 

serotonin, ADP, ATP, magnesium, and calcium. Following a CABG, MRP4 transiently changed 

localization in platelets from the dense granule to the plasma membrane[98]. On the plasma 

membrane, MRP4 can cause resistance to aspirin therapy, a post-CABG phenomenon that has 

been known for decades but had no clear mechanism. This alteration in localization is specific to 
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MRP4, as other dense granule proteins such as LAMP2 are still clearly present on the 

intracellular granules (Figure 6), and may serve as a mechanism to protect platelets from the 

myriad of inflammatory molecules in the bloodstream following a CABG, many of which are 

MRP4 substrates. These effects are all short-lived, however, as normal MRP4 localization is 

restored ten days following the procedure. 

 

 

Figure 1-6. MRP4 localization is altered in platelets following a CABG. As seen in the top 
row of images, five days following CABG MRP4 is located on the platelet plasma membrane 
while another dense granule marker, LAMP2, is localized intracellularly on intact dense 
granules. In the bottom row of images, MRP4 and LAMP2 are shown colocalized onto dense 
granules in platelets from healthy volunteers[98]. 
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MRP4-related findings from genome-wide association studies (GWAS) 

Kawasaki disease 

A GWAS looking for genetic factors affecting Kawasaki disease risk identified several 

SNPs in ABCC4[99]. Kawasaki disease is an autoimmune condition that generally affects 

children and results in inflammation in a variety of organs, including the skin, mucous 

membranes, blood vessels, and the heart.  Identification of ABCC4 as a risk loci was interesting 

not only because MRP4 is a well established transporter of a variety of inflammatory molecules, 

but because one of the cornerstones of Kawasaki disease therapy is aspirin, an MRP4 substrate. 

This is particularly compelling because Kawasaki disease is one of the few conditions where 

aspirin usage is ever advised in children due to the risk of Reye’s syndrome. However, it is 

unclear what role the identified SNPs may play in disease risk. They are all intronic, but may be 

in linkage disequilibrium with other genomic changes that affect the MRP4 coding sequence or 

expression. They might also affect the expression of a nearby gene and not actually have a direct 

effect on MRP4. Although it is still unclear what role MRP4 might play in Kawasaki disease 

pathogenesis, it warrants further study.  

 

Platelet count and function 

A variant in MRP4 has also been associated with platelet function. In a large meta-

analysis of over 66,000 Europeans looking for genetic associations with platelet count and 

platelet volume, ABCC4 was one of 68 loci identified[100]. A SNP within the 3’-UTR of 

ABCC4, rs4148441, was associated with variability in platelet count. Given the SNP’s location in 

the 3’-UTR, it is possible it has an effect on mRNA stability, but this has not been tested to date. 

The role that MRP4 plays in determining platelet count and volume is also unknown. 
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Unanswered questions/rationale for project 

Based on the existing literature, MRP4 is a compelling target for pharmacogenetic study. 

While there have been some studies characterizing nonsynonymous variants in MRP4 and their 

effects on function, more work is needed to fully understand the functional and clinical 

significance of ABCC4 genetic variation. Aim 1 of this dissertation will examine the effect of 

nonsynonymous variants on MRP4 expression and localization to the plasma membrane. The 

studies will examine whether whole cell expression correlates with cell surface expression and 

whether any MRP4 variants exhibit altered subcellular localization. 

 There is a current gap in our understanding of clinically relevant MRP4 inhibition. MRP4 

has an established role in regulating cAMP/cGMP in a variety of cell types[55, 56, 68, 81, 89, 

101, 102]. Phosphodiesterease (PDE) inhibitors, which function by inhibiting the degradation of 

cAMP/cGMP and thus altering cAMP/cGMP dynamics within cells, are used clinically to treat a 

variety of diseases[103]. Several nonspecific (caffeine, theophylline, IBMX) and PDE5 specific 

(sildenafil, tadalafil) phosphodiesterase inhibitors also inhibit MRP4 in addition to their intended 

targets[88]; however, PDE inhibitors of other selectivity classes have not been tested for MRP4 

inhibition. PDE3 and PDE4 specific inhibitors are of interest due to their clinical relevance. 

PDE3 inhibitors are used in the treatment of acute heart failure and cardiogenic shock[104] and 

MRP4 is known to play a role in heart contractility[56]. PDE4 inhibitors are used in a variety of 

inflammatory and immune diseases, such as psoriatic arthritis, asthma, and COPD[105, 106]. 

Aim 2 of this dissertation will examine the effect of multiple PDE3 and PDE4 inhibitors on 

transport of a model MRP4 substrate, LTC4. These studies are of clinical significance in 

understanding whether PDE selectivity is related to overall ability to inhibit MRP4. 
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Chapter 2: The Effect of MRP4 Variants on Expression and Localization 

INTRODUCTION 

MRP4 is a highly polymorphic transporter with numerous variants present in many ethnic 

populations. However, the sheer number of variants has made it burdensome to study the effects 

of all of them and the mechanisms through which they exert their effects. 

Nonsynonymous coding region variants could affect transporter function directly by affecting 

protein activity or indirectly by affecting transporter expression. A number of studies have 

looked at differences in the transport of model MRP4 substrates between the reference and 

variant transporters. Several reduced function variants have been identified, including P78A, 

G187W, and P403L, which showed reduced ability to efflux the antiretroviral medications 

zidovudine and adefovir[1], and G487E and V1071I, which showed lower efflux of the 

antiretroviral medication tenofovir[2]. 

The Kroetz lab[1] and others[3] have previously examined the effects of select variants 

on expression, but SNP selection between these papers had little overlap and different cellular 

systems were used for these studies. Thus, the findings remain unreplicated. A reduced function 

MRP4 variant, E757K, has been reported to have normal overall expression but significantly 

reduced plasma membrane localization, suggesting impaired membrane localization as a possible 

mechanism for reduced function[4].  Previous work by the Kroetz lab did not test E757K and 

identified only one SNP of eleven tested, G187W, that had significantly reduced expression[1].  

However, cell surface localization of the G187W variant was not examined. 

 In the current study, nonsynonymous SNPs in ABCC4 that have been associated with 

differences in expression or function, as well as novel SNPs that have not yet been studied were 

tested for their effects on MRP4 expression. The experimental design allows for all SNPs of 
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interest to be tested in a single cellular system and for the detection of MRP4 in total cell lysates 

and on the plasma membrane. 

 

MATERIALS & METHODS 

ABCC4 Variant Selection 

Non-synonymous ABCC4 variants were selected for study based on previously published 

data showing reduced function, allele frequency, and Grantham score, an in silico prediction of 

the severity of the amino acid substitution[5]. A summary of the variants tested can be found in 

Table 2-1. 

 

Cloning 

The ABCC4 reference sequence was cloned from an existing plasmid stock in pCR2.1 

TOPO (Life Technologies; Carlsbad, CA) and inserted in-frame between the BspEI and EcoRI 

sites in pEGFP-C1 (Clontech; Mountain View, CA) using the following primers: 5’-

taacgatccggaatgctgcccgtgtaccag-3’ (forward) and 5’-taagctgaattctcacagtgctgtctcgaaaatag-3’ 

(reverse). Plasmid DNA was transformed into MAX Efficiency DH5α E. coli (Life 

Technologies) and plated on 100 µg/mL ampicillin LB plates (Teknova; Hollister, CA). The 

insert of resulting colonies, including the EGFP sequence, was confirmed by Sanger sequencing 

(MCLab; South San Francisco, CA) to confirm the reference sequence. Selected ABCC4 variants 

(Table 1) were introduced into the sequence via site-directed mutagenesis using the QuikChange 

Lightning kit (Agilent Technologies; Santa Clara, CA) and the primers in Table 2-2. Bacterial 

stocks of all plasmids were prepared in 40% glycerol and stored at -80°C. 
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Table 2-1. ABCC4 Variants Tested 

rs # Coding 
Position 

Nucleotide 
Change 

AA 
Change 

Grantham 
Score 

Minor Allele Frequency* 

AA 
(n=160) 

CA 
(n=160) 

AS 
(n=120) 

ME 
(n=100) 

rs11568689 232 G > C P78A 27 0 0 0.008 0 
rs11568658 559 C > A G187W 184 0 0.025 0.108 0.13 
rs2274407 912 C > A K304N 94 0.181 0.087 0.225 0.16 

rs11568705 1208 G > A P403L 98 0.006 0 0 0 
rs11568668 1460 C > T G487E 98 0 0 0.008 0 
rs2765534 2269 C > T E757K 56 0.025 0.013 0.033 0.03 

rs60532299 2480 T > C K827R 26 0.023 0 0 0 
rs11568653 3211 C > T V1071I 29 0.006 0 0 0 
rs11568644 3425 G > A T1142M 81 0 0.006 0 0 
*Minor allele frequencies for all variants except for K827R are from resequencing of ABCC4 
performed by the Pharmacogenetics of Membrane Transporters (PMT) Project at UCSF in 
African American (AA), Caucasian (CA), Asian (AS), and Mexican (ME) populations. K827R 
allele frequency comes from the Yoruban population in the 1000 Genomes Project[6], as it was 
not identified in the subjects used for PMT resequencing.
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Table 2-2. Primers used for ABCC4 site-directed mutagenesis 

MRP4 Variant Primers* 

P78A 

Forward: 5’-GAA TGA CGC ACA GAA GGC TTC TTT AAC AAG 
AGC-3' 
Reverse: 5’-GCT CTT GTT AAA GAA GCC TTC TGT GCG TCA TTC-
3' 

G187W Forward: 5’-GTA ACA TGG CCA TGT GGA AGA CAA CCA CAG-3' 
Reverse: 5’-CTG TGG TTG TCT TCC ACA TGG CCA TGT TAC-3' 

K304N 

Forward: CAA ATC TTA TTA CCA ATT TGA GAA ATA AGG AGA 
TTT CCA AGA TTC TGA G-3' 
Reverse: 5’-CTC AGA ATC TTG GAA ATC TCC TTA TTT CTC AAA 
TTG GTA ATA AGA TTT G-3' 

P403L 

Forward: 5’-GCG CAA CCG TCA GCT GCT GTC AGA TGG TAA 
AAA G-3' 
Reverse: 5’-CTT TTT ACC ATC TGA CAG CAG CTG ACG GTT GCG 
C-3' 

G487E Forward: 5’-CCC TGG GTG TTC TCG GAA ACT CTG AGG AG-3' 
Reverse: 5’-CTC CTC AGA GTT TCC GAG AAC ACC CAG GG-3' 

G538D (control) 

Forward: 5’-GAA CCA CGC TGA GTG GAG ATC AGA AAG CAC 
GGG TAA AC-3' 
Reverse: 5’-GTT TAC CCG TGC TTT CTG ATC TCC ACT CAG CGT 
GGT TC-3' 

E757K 

Forward: 5’-GGA GGA GGA AAT GTA ACC AAG AAG CTA GAT 
CTT AAC TG-3' 
Reverse: 5’-CAG TTA AGA TCT AGC TTC TTG GTT ACA TTT CCT 
CCT CC-3' 

K827R 

Forward: 5'-GGA AGA ATT TTA AAT CGT TTC TCC AGA GAC ATT 
GGA CAC TTG GAT GA-3' 
Reverse: 5'-TCA TCC AAG TGT CCA ATG TCT CTG GAG AAA CGA 
TTT AAA ATT CTT CC-3' 

V1071I 

Forward: 5’-AGC ACT CAT TAA ATC ACA AGA AAA GAT TGG 
CAT TGT GGG AAG AA-3' 
Reverse: 5’-TTC TTC CCA CAA TGC CAA TCT TTT CTT GTG ATT 
TAA TGA GTG CT-3' 

T1142M 

Forward: 5’-GGA TCC CTT TAA TGA GCA CAT GGA TGA GGA 
ACT G-3' 
Reverse: 5’-CAG TTC CTC ATC CAT GTG CTC ATT AAA GGG ATC 
C-3' 

*The underlined bases in each primer indicate where the desired mutations are introduced.  

 

HEK293 Cell Culture 

HEK293 Flp-In cells (Life Technologies) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) (UCSF Cell Culture Facility; San Francisco, CA) supplemented with 10% 
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fetal bovine serum (FBS; Axenia Biologix; Dixon, CA) in a 37°C humidified incubator with 5% 

CO2. 

 

Transfection of EGFP-tagged MRP4 

One to two days prior to transfection, HEK293 Flp-In cells were seeded onto 6-well poly-

D-lysine coated plates (BD Biosciences; San Jose, CA). Two confluent T75 flasks were 

sufficient to produce five plates (30 wells) of ~90% confluent cells in 3 mL of media per well 24 

hours after plating. Immediately prior to transfection, the existing DMEM+FBS was aspirated off 

and replaced with 2 mL of fresh media. Transfection complexes were made using 10 µL of 

Lipofectamine 2000 (Life Technologies) and 4 µg of plasmid DNA per well per the 

manufacturer’s supplied protocol. Transfections were generally done with duplicate or 

quadruplicate wells per plasmid and incubated for 24 hours before performing experiments. 

 

Cell Surface Biotinylation & Lysate Preparation 

Sulfo-NHS-SS-biotin (Pierce; Waltham, MA) was stored as a 100 mM stock in pure 

DMSO at -20°C. Immediately prior to biotinylation, the stock was diluted to 0.5 mg/mL (~824 

µM) in ice-cold phosphate buffered saline (PBS; UCSF Cell Culture Facility). Existing media 

was aspirated from transfected HEK293 Flp-In cells and each well was washed twice with 1 mL 

of ice-cold PBS followed by addition of 500 µL of sulfo-NHS-SS-biotin per well. Plates were 

covered and placed in a 4°C room on a blot rocker for 30 minutes to biotinylate cell surface 

proteins. Plates were removed from the 4°C room and the biotin solution was replaced with1 mL 

of ice-cold 50 mM glycine in PBS to quench residual unreacted biotin. Following incubation in 

the 4°C room for 5 minutes, the glycine solution was aspirated off, and this process was repeated 
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a second time. Following the second glycine wash, 400 µL of RIPA buffer (G-Biosciences; St. 

Louis, MO) supplemented with protease inhibitors (cOmplete mini tablet, Roche; Pleasanton, 

CA) was added per well. Plates were shaken on an orbital shaker at room temperature for 5 

minutes. Lysates were transferred to microcentrifuge tubes and spun at >15,000g at 4°C for 10 

minutes to pellet cell debris. The supernatants were transferred to fresh microcentrifuge tubes 

and stored at -80°C until ready to be processed. 

 

Pulldown of Biotinylated Proteins 

Streptavidin magnetic beads (100 µL (1 mg); Pierce) were added to 1.5 mL 

microcentrifuge tubes and placed into a magnetic stand to pellet the beads. Supernatant was 

removed and each tube was mixed with 1 mL of RIPA buffer (G-Biosciences) and gently 

vortexed until all beads were in suspension. Tubes were placed back into the magnetic stand and 

beads were pelleted again. Cell lysate (300 µg) was added to each tube and additional RIPA 

buffer was added to bring the volume to 600 µL. Samples were gently vortexed until all beads 

were in solution and then placed on a rotator at 15 rotations per minute for 1 hour. Tubes were 

placed back onto the magnetic stand to pellet beads and the supernatants were aspirated. Beads 

were washed three times with 600 µL of TBST binding/wash buffer (Pierce) per tube. After the 

third wash, 100 µL of XT reducing sample buffer (Bio-Rad; Hercules, CA) was added to each 

tube and samples were heated at 70°C for 30 minutes to elute the bound proteins. Samples were 

again placed in the magnetic stand and eluents were transferred to 50K Amicon columns (Merck 

Millipore; Temecula, CA) and spun at >15,000g for 20 minutes. Concentrated samples were 

spun into fresh microcentrifuge tubes at 1,000g for 2 minutes and 25 µL of XT reducing sample 

buffer was added to each tube to bring all samples to a 40 µL volume.  
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Gel Electrophoresis & Western Blotting 

Samples were loaded onto 3-8% Tris-acetate gels (Bio-Rad) and run at 150V using a 

Criterion electrophoresis cell and XT Tricine running buffer (Bio-Rad). Gels were run until the 

50 kDa band on the ladder standard (Precision Plus Kaleidoscope, Bio-Rad) was approximately 1 

cm from the bottom of the gel. For samples from pulldown experiments, the entire 40 µL final 

sample was loaded onto the gel. For cell lysates, 30 µg of protein was diluted in XT reducing 

sample buffer to a total volume of 40 µL. Samples were transferred overnight at 10V in 

Tris/glycine buffer containing 10% methanol onto nitrocellulose membranes. Membranes were 

washed in TBST for 5 minutes and then blocked for 30 minutes at room temperature in TBST 

containing 5% bovine serum albumin. Primary antibodies were added for MRP4 (clone M4I-10, 

Enzo Life Sciences; Farmingdale, NY) at a 1:500 dilution and transferrin receptor (H68.4, Life 

Technologies) at a 1:500 dilution and incubated overnight on a blot rocker at 4°C. Blots were 

washed three times with TBST for 5 minutes and then incubated with secondary antibodies in 

TBST with 5% BSA for 30 minutes at room temperature. Goat anti-rat 800CW (Licor; Lincoln, 

NE) was used for detection of MRP4 and donkey anti-mouse 680RD (Licor) was used for 

detection of transferrin receptor. Blots were imaged on a Licor Odyssey and densitometry was 

performed using Image Studio Lite version 5.0. Statistical analysis was done using GraphPad 

Prism v5.0. Dunnett’s test was used to test for significant differences in normalized blot density 

between MRP4 variants and MRP4 reference. 
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Confocal Microscopy 

Poly-D-lysine (100 µg/mL) in PBS was added to each well of 4-well chamber glass slides 

(Lab-Tek II chambered coverglass; Thermo Fisher; Waltham, MA) and allowed to sit for 30 

minutes covered at room temperature in a laminar flow hood to coat the bottom of the slides. 

Poly-D-lysine solution was aspirated, each well was washed twice with 750 µL of PBS, and 

slides were allowed to dry uncovered at room temperature in a laminar flow hood. After slides 

were completely dry, HEK Flp-In cells were seeded into each well in 500 µL of DMEM 

supplemented with 10% FBS. Cells were allowed to attach to the slides and grow for at least 24 

hours prior to transfection. Cells were transfected with the desired plasmids using 2 µL 

Lipofectamine 2000 and 500 µg of DNA per well and allowed to grow for another 24 hours after 

transfection. Immediately prior to imaging, the media in each well was aspirated and replaced 

with fresh DMEM containing no FBS and no phenol red to reduce background fluorescence. 

 

RESULTS 

Location of Variants within the MRP4 Protein 

Homology models of MRP4 in both the inward- and outward-facing conformations have 

been published [7, 8] and were used to determine the location of the SNPs of interest (Figure 2-1 

and Figure 2-2). Variants were widely distributed across the protein and were located in both 

transmembrane domain (TMD) helix bundles and both cytoplasmic domains containing the ATP 

binding cassettes. 

The P78A variant is found at the beginning of transmembrane helix 1. Proline is often 

found as the first residue of an alpha helix, presumably because of its structural rigidity, and 

substitutions are generally not favorable. The G187W variant is located in a small alpha helix in 
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an intracellular loop between transmembrane helices 2 and 3 and is in close proximity to the first 

ATP binding cassette. Given the severity of the amino acid substitution, which has a Grantham 

score of 184 (215 being the most severe) and a PolyPhen2 score of 0.996 (1.000 being the most 

severe), and its location within the protein, this SNP has a high probability of being damaging.  

The E757K variant is found at the beginning of transmembrane helix 7 just above the 

region of the protein that would be contained within the lipid bilayer. Interestingly, it is also just 

downstream of two putative N-linked glycosylation sites[9], N746 and N754. The K827R variant 

is found in transmembrane helix 8 within the putative substrate binding pocket of MRP4. The 

V1071I variant is found within the second ATP binding cassette region and despite being a 

subtle amino acid change, previous data have shown[2] that it results in a significant decrease in 

efflux of the antiretroviral drug tenofovir. 
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Figure 2-1. Homology model of inward-facing MRP4 showing non-synonymous variants of 
interest.  This model was previously published[8]. 
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Figure 2-2. Homology model of outward-facing MRP4 showing variants of interest. This 
model was previously published[7]. 
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Effect of Variants on MRP4 Protein Expression 

Western blotting of EGFP-tagged MRP4 was performed to test the effect of 

nonsynonymous variants on expression. A representative Western blot of three independent 

transfections and blots is shown in Figure 2-3. The MRP4 signal was detected as a diffuse band, 

which is consistent with previous literature[4, 9]. Densitometry was performed and the intensities 

of the EGFP-MRP4 signal were normalized to the intensity of the control, transferrin receptor. 

Relative expression of the variants is shown in Figure 2-4. A number of variants showed 

significant decreases in expression, with the most significant changes in the G187W (48% 

decrease) and the T1142M (45% decrease) variants.  

 

Figure 2-3. Representative Western blot of cell lysates.  MRP4 was detected using the M4I-10 
monoclonal antibody and the transferrin receptor using the H68.4 monoclonal antibody. The 
G538D variant is an ATP-binding domain mutant used as a loss of function control. 



44 
 

 

Figure 2-4. Normalized expression of MRP4 variants. The MRP4 and transferrin receptor 
were detected by Western blot (Figure 2-3) and the signal intensity was quantified using 
densitometry.  The amount of MRP4 is expressed relative to transferrin receptor and relative 
expression values are normalized to the reference transporter. The values shown are the mean ± 
SD from three replicate experiments. Significant differences between reference and variant 
expression levels are noted: * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Effect of Variants on MRP4 Cell Surface Expression 

Cell surface biotinylation was performed to label extracellular lysine residues and 

streptavidin was used to separate only biotin-labeled proteins found on the plasma membrane. A 

representative Western blot of four independent transfections and blots is shown in Figure 2-5. 

The MRP4 signal was present as two separate bands, previously identified as glycosylated and 

unglycosylated forms of the protein[10]. This is in contrast to the large, diffuse band seen in the 
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whole cell lysates, which is presumably due to variable glycosylation status of MRP4 in the 

lysate. Densitometry was performed on the upper (glycosylated) band and is shown in Figure 2-

6. Most of the variants showed significant reductions in cell surface expression compared to the 

reference sequence. All of the variants with a decrease in total expression levels also showed 

lower levels of MRP4 on the plasma membrane. Similar to the total cellular expression results, 

G187W had the largest decrease in cell surface expression (48%). Four other variants had at least 

a 30% decrease in the level of MRP4 on the cell surface (P403L, G487E, K827R and T1142M).  

 

 

Figure 2-5. Representative Western blot of cell surface MRP4 proteins. MRP4 was detected 
using the M4I-10 monoclonal antibody and the transferrin receptor using the H68.4 monoclonal 
antibody. The G538D variant is an ATP-binding domain mutant used as a loss of function 
control. 
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Figure 2-6. Normalized cell surface expression of MRP4 variants. The MRP4 and transferrin 
receptor were detected by Western blot (Figure 2-5) and the signal intensity was quantified using 
densitometry.  The amount of MRP4 is expressed relative to transferrin receptor and relative 
expression values are normalized to the reference transporter. The values shown are the mean ± 
SD from three replicate experiments. Significant differences between reference and variant 
expression levels are noted: * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 

Effect of EGFP Tag on MRP4 Localization  

HEK 293 Flp-In cells were used to study the localization of EGFP-tagged MRP4. In cells 

transfected with the pEGFP-C1 vector containing no insert, bright fluorescence was observed 

throughout the entirety of the cell. In contrast, cells transfected with EGFP-tagged MRP4 
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produced fluorescent signal predominantly on the plasma membrane with some small punctate 

areas detected within the cell (Figure 2-7). EGFP-MRP4 was co-transfected with mCherry-

tagged transferrin receptor, a known plasma membrane protein. EGFP-MRP4 colocalizes with 

transferrin receptor, showing predominantly plasma membrane localization and small punctate 

expression throughout the cell (Figure 2-8).This indicates that the 5’-EGFP tag on MRP4 does 

not disrupt its normal localization. 

 

 

 

Figure 2-7. EGFP-MRP4 is correctly trafficked to the plasma membrane. HEK-293 FlpIn 
cells were transfected with pEGFP-C1 or pEGFP-MRP4 and expression of the EGFP tag and 
cellular markers detected by immunofluorescence. EGFP is shown in green, nuclei in blue 
(DAPI), and lysosomes in red (LysoTracker). 
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Figure 2-8. EGFP-MRP4 is correctly localized to the plasma membrane.  HEK-293 FlpIn 
cells were transfected with pEGFP-MRP4 or mCherry-tagged transferrin receptor and expression 
of the EGFP tag and transferrin receptor detected by immunofluorescence. EGFP-MRP4 is 
shown in green and transferrin receptor, a plasma membrane marker, in red.  Areas of 
colocalization are shown as yellow in the merged image. 

 

 

Colocalization of MRP4 Variants with Subcellular Markers 

 MRP4 variants that showed reduced plasma membrane expression levels relative to the 

reference sequence were also co-transfected into HEK 293 Flp-In cells with mCherry-tagged 

markers of various subcellular areas. Colocalization of MRP4 P78A with several of these 

markers is shown in Figure 2-9. P78A colocalizes well with transferrin receptor (Figure 2-9A), 

similar to the reference MRP4. The small amounts of MRP4 P78A present intracellularly do not 

colocalize with two markers of the endoplasmic reticulum, calnexin and calreticulin (Figure 

2-9B and Figure 2-9C). It does, however, colocalize with markers of the Golgi, mannosidase II 

and sialyltransferase (Figure 2-9D and Figure 2-9E). 
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Figure 2-9. Colocalization of MRP4 P78A with subcellular markers.  In each row, MRP4 is 
detected via its N-terminal EGFP tag.  Cells were also transfected with mCherry-tagged (A) 
transferrin receptor, a plasma membrane marker, (B) calnexin and (C) calreticulin, endoplasmic 
reticulum markers, or (D) Mannosidase II or (E) sialyltransferase, Golgi markers. Areas of 
colocalization are shown as yellow in the merged image in each row.  
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 MRP4 G187W is also localized predominantly to the plasma membrane with transferrin 

receptor (Figure 2-10). It shows little overlap with RhoB, an endosomal marker, and only minor 

colocalization with LAMP1, a marker of lysosomes. 

 

 

Figure 2-10. Colocalization of MRP4 G187W with subcellular markers. In each row, MRP4 
is detected via its N-terminal EGFP tag.  Cells were also transfected with mCherry-tagged (A) 
transferrin receptor, a plasma membrane marker, (B) RhoB, an endosomal marker, or (C) 
LAMP1, a lysosomal marker. Areas of colocalization are shown as yellow in the merged image 
in each row. 
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MRP4 variants P403L, E757K, and K827R also colocalize almost entirely with 

transferrin receptor (Figure 2-11). 

 

 

Figure 2-11. Colocalization of MRP4 variants with transferrin receptor. In each row, MRP4 
is detected via its N-terminal EGFP tag.  Cells were also transfected with mCherry-tagged 
transferrin receptor, a plasma membrane marker. 
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Although there was no indication that the expression of MRP4 E757K was altered in our 

cells, the intracellular localization was investigated further since a previous publication provided 

evidence for reduced expression on the plasma membrane[4]. Intracellular MRP4 E757K did not 

colocalize with RhoB, an endosomal marker (Figure 2-12A), but did overlap with both 

lysosomal markers cathepsin B and LAMP1 (Figure 2-12B and Figure 2-12C). Several of these 

lysosomes are large enough such that MRP4 is clearly shown in the interior of the lysosome, 

surrounded by membrane-bound LAMP1. 
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Figure 2-12. Colocalization of MRP4 E757K with subcellular markers. In each row, MRP4 
is detected via its N-terminal EGFP tag.  Cells were also transfected with mCherry-tagged (A) 
RhoB, an endosomal marker, (B) cathepsin B, a marker of the lysosomal interior, and (C) 
LAMP1, a marker of the lysosomal membrane. 

  



54 
 

DISCUSSION 

The studies in this chapter identified several nonsynonymous variants in MRP4 with 

reduced overall expression, membrane localization, or both, when overexpressed in HEK293 

cells. Variants with reduced expression may be associated with decreased function and are 

interesting candidates to test in future genetic and pharmacogenetic studies.  

Previous findings of reduced expression of the MRP4 G187W variant[1] were replicated.  

MRP4 G187W was shown to have reduced ability to efflux the antiretrovirals azidothymidine 

and adefovir from cells[1]. Additionally, clinical studies have identified associations with MRP4 

G187W and the need for reduced 6-mercaptopurine dosages[11], reduced response to the anti-

hepatitis B medications entecavir and telbivudine[12], and reduced response to the anti-glaucoma 

medication latanoprost[13]. Based on the current findings, reduced expression may contribute to 

the decreased function associated with MRP4 G187W. This allele is common in a number of 

populations, including Chinese (9% allele frequency, per the 1000 Genomes Project[6]), 

Japanese (13.5%), Vietnamese (11.6%), Bangladeshi (7%) and Mexican (12.5%), and may be a 

significant risk factor for altered response to a number of medications. 

The E757K variant has previously been associated with altered membrane 

localization[4], however, the current study failed to replicate these findings . MRP4 E757K 

properly localized to the plasma membrane of HEK293 Flp-In cells and the limited amount of 

transporter detected intracellularly colocalized with the lysosomal marker proteins cathepsin B 

and LAMP1. One possible explanation for these discordant results is the inclusion of an N-

terminal EGFP tag on the MRP4 variant that was overexpressed in the current study, although 

the predominant plasma membrane localization of EGFP-MRP4 makes this less likely. There 

were also differences in the methods for biotinylation and isolation of cell surface proteins that 
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could have influenced the findings. The previous study used sulfo-NHS-biotin for labeling and 

Laemmli buffer for elution from streptavidin-agarose beads, while the current study used sulfo-

NHS-SS-biotin, reducing XT sample buffer, and magnetic streptavidin beads. Both are 

membrane-impermeable biotinylating agents, but sulfo-NHS-SS-biotin contains a disulfide bond 

cleavable by a strong reducing agent and after cleavage is completely separated from the biotin 

moiety. In the case of sulfo-NHS-biotin, elution is performed by introducing conditions that 

break the biotin-streptavidin bond, but following elution the biotin moiety is still attached to the 

protein. The sulfo-NHS biotins work by reacting with the amines of extracellular lysines, the 

same amino acid introduced by the E757K variant. It is possible that the creation of an additional 

extracellular lysine results in stronger binding of biotinylated MRP4 to streptavidin and that 

elution with Laemmli buffer is insufficient to remove it all. Elution with a strong reducing agent, 

like the TCEP found in reducing XT sample buffer, is expected to yield a more thorough 

separation of bound proteins from streptavidin and provide the best quality protein sample for 

use in Western blotting. The MRP4 E757K variant remains of clinical interest, as there are 

reported associations with thiopurine toxicity and dose reduction [11, 14] that are consistent with 

a reduced function variant. Whether or not this reduced function is due to altered membrane 

localization will require further study. MRP4 E757K is highly prevalent in a number of Asian 

and Hispanic populations, particularly in the Japanese, where its minor allele frequency exceeds 

15%. If it is indeed reduced function, it provides an attractive target for future in vitro and 

clinical studies. 

 While a number of other MRP4 variants (P78A, P403L, G487E, T1142M and K827R) 

were identified with reduced membrane expression levels, there was no indication of altered 

plasma membrane localization. Consistent with these findings, all variants with reduced levels of 
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membrane localized transporter also had reduced total cellular expression of MRP4.  This 

suggests that for the variants tested, the differences in expression are due to an overall decrease 

in protein production or increased protein degradation, not altered or impaired localization within 

the cell. The MRP4 P78A, P403L, and G487E variants were shown to have reduced transport of 

aziodothymidine and adefovir in cells transiently transfected with these variants[1]. The current 

findings suggest that differences in expression in vitro might account for these differences in 

function, and highlight the need to correct transport activity for expression levels when cells 

overexpressing transporter variants are used for analysis.  An earlier study of MRP4 variants 

using an oocyte expression system found that differences in substrate transport were significantly 

attenuated when expressed relative to the plasma membrane expression levels[3].  

The MRP4 K827R variant has not been previously studied in vitro and given its reduced 

plasma membrane expression warrants further functional characterization. This variant is present 

at 2-3% minor allele frequency in several African populations and changes in transport function 

could influence the disposition of substrate drugs and endogenous compounds. 

The current study is one of the only to consider whether naturally occurring amino acid 

variants of MRP4 might affect expression levels. Release from the endoplasmic reticulum is 

known to be essential for cell surface expression of membrane proteins and previous studies have 

demonstrated the importance of chaperones in the proper folding and expression of other ABC 

transporters. The various domains of P-glycoprotein have been shown to bind different 

chaperone proteins, with calnexin interacting with the transmembrane domains and Hsc70 with 

the nucleotide-binding domains[15]. Mutations in P-gp have also been shown to affect its 

maturation process and ability to reach the cell surface[16]. Interestingly, the addition of 

chemical and pharmacological chaperones[17] can affect the folding of ABC transporters[18]. In 
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the case of P-gp, mutations in intracellular loops that normally resulted in misfolded protein 

could be rescued by treatment with the P-gp substrates cyclosporine and FK-506. Additionally, 

the rescue of cell surface expression was shown to be due to reduced interaction with the 

chaperone protein Hsp70[19]. Similar findings have also been shown for MRP1, with the 

chemical chaperones 4-phenylbutyric acid and DMSO able to restore expression of a number of 

misfolding mutants[20, 21]. Variants in MRP4 may also exert similar effects on expression via 

altered interactions with chaperone proteins. Further work will be needed to elucidate the exact 

mechanism. 

This work identified a number of natural MRP4 variants that resulted in reduced 

expression, providing a possible mechanism for their reduced function in previously published 

transport assays. Additional colocalization studies with intracellular markers did not show clear 

mislocalization of MRP4, suggesting that these variants may alter protein production or 

degradation rather than impaired localization to the cell surface. The variants identified provide 

exciting candidates for further work to better characterize MRP4 variants of clinical relevance. 
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Chapter 3: The Effect of Phosphodiesterase Inhibitors on MRP4 Function 

INTRODUCTION 

Many phosphodiesterase (PDE) inhibitors, which are used clinically to inhibit the 

degradation of cAMP or cGMP in various tissues[1], have additionally been shown to be potent 

inhibitors of MRP4[2, 3]. However, there is a current gap in our understanding of the clinical 

relevance of MRP4 inhibition. MRP4 has an established role in regulating cAMP/cGMP in a 

variety of cell types[2, 4-9], including the heart, lung, and vasculature. Several nonspecific 

(caffeine, theophylline, IBMX) and PDE5 specific (sildenafil, tadalafil) phosphodiesterase 

inhibitors also inhibit MRP4 in addition to their intended targets[10]. However, PDE inhibitors 

of other selectivity classes have no published findings related to MRP4 inhibition. 

PDE3 and PDE4 specific inhibitors are of interest due to their clinical utility. PDE3 

inhibitors are used in the treatment of heart failure and cardiogenic shock[11] and PDE4 

inhibitors for their potential to treat inflammatory and immune diseases, such as asthma, 

psoriatic arthritis and COPD[12, 13]. To determine the potential of PDE3 and PDE4 inhibitors to 

inhibit MRP4 function, we developed an inside-out membrane vesicle assay of MRP4 function. 

 

MATERIALS & METHODS 

Sf21 cell culture 

Sf21 cells were obtained from the laboratory of Dr. Danica Fujimori at UCSF.  Cells 

were grown in Sf II 900 SFM media (Life Technologies, Carlsbad, CA) supplemented with 1X 
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penicillin-streptomycin. Cells were grown in 3-baffle shaker flasks on an orbital shaker at 125 

orbits per minute in a 28°C incubator. Cells were split every 3-4 days to maintain cell density 

between 0.5 and 4 x 106 cells/mL. 

 

 

Figure 3-1. Baculovirus production methods using the Bac-to-Bac kit[14]. 

Baculovirus Production 

The ABCC4 reference sequence was cloned out of an existing pCR2.1 TOPO (Life 

Technologies) plasmid and inserted into pFastBac1 (Life Technologies) between the EcoRI and 

SpeI restriction sites using the follow primers: 5’- taagcagaattcatgctgcccgtgtaccag -3’ (forward) 
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and 5’- taagctactagttcacagtgctgtctcgaaaatag -3’ (reverse). Mutations were introduced via site-

directed mutagenesis using the QuikChange Lightning kit (Agilent Technologies, Santa Clara, 

CA). The sequences of all inserts were confirmed by Sanger sequencing. To produce 

recombinant bacmid DNA, pFastBac1 plasmids containing ABCC4 inserts were transformed 

into MAX Efficiency DH10Bac E. coli (Life Technologies). Cells were then plated onto LB agar 

plates containing 7 µg/ml gentamicin, 50 µg/mL kanamycin, 10 µg/mL tetracycline, 100 µg/mL 

Bluo-Gal, and 40 µg/mL IPTG (Teknova, Hollister, CA) in a 1:100 dilution (2 µL of bacteria 

mixed with 198 µL of SOC medium). Plates were incubated at 37°C for two days to perform 

blue-white screening. White (recombinant) colonies were re-streaked onto fresh plates and 

incubated overnight to confirm stable recombination and that there was no low level 

contamination with non-recombinant (blue) bacteria. Colonies were grown overnight in LB broth 

containing 7 µg/ml gentamicin, 50 µg/mL kanamycin, and 10 µg/mL tetracycline (Teknova). 

Bacmid DNA was isolated using standard isopropanol precipitation. DNA pellets were 

resuspended in elution buffer (10 mM Tris, pH 8.0) and concentrations were measured using a 

NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA). Bacmid stocks were stable at 

4°C for up to several weeks. 

Sf21 cells were taken from the suspension cultures and allowed to adhere in 6-well cell 

culture plates (Corning, Corning, NY). Bacmid DNA (2 µg) was transfected into each well using 

8 µL CellFectin II transfection reagent (Life Technologies) per well, generally using all six wells 

of one plate per plasmid. Plates were kept in a 28°C incubator without agitation and were 

checked daily to look for unattached (dead) cells, indicating infection with baculovirus. When 

~50% of cells were detached from the well bottom, the media in each well was removed and 
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spun at 1,000g for 5 minutes to pellet dead cells and cell debris. The clarified media was then 

sterile filtered using 0.2 µm aPES filter units (Nalgene, Rochester, NY). Tubes containing 

filtered media were wrapped in foil to protect baculovirus from degradation by light. FBS (3%, 

Axenia Biologix, Dixon, CA) was added to each stock to inhibit protease degradation of 

baculovirus. Stocks were stored at 4°C and were stable for at least six months after production. 

These stocks were termed “P1.” 

P1 stocks are of insufficient titer for large-scale production of the target protein, so 

several additional passages of virus production are necessary to create virus of high titer. P2 

stocks were made by infection of Sf21 cells with P1 stock. Sf21 cells (50 mL at ~2 x 106 

cells/mL) were transferred to 125 mL PETG shaker flasks (Thermo Fisher Scientific) and 

infected with 1 mL of P1 stock. Cells were checked daily to monitor for cell death using trypan 

blue exclusion. When ~20% of cells were dead (typically 48-72 hours post-infection), the media 

was spun down at 1,000g for 5 minutes to pellet cells and cell debris. The media was filtered 

with 0.2 µm aPES filter units, 3% FBS was added, and tubes were wrapped in foil. Stocks were 

again stored at 4°C. P3 stocks were made by repeating the same procedure. 

P3 stocks were used to produce MRP4 overexpressing cells for plasma membrane 

isolation. P3 stock (1 mL) was added to 500 mL of Sf21 cells (~2 x 106 cells/mL) in a 1 L three-

baffled glass shaker flask. It generally took 48-72 hours after infection for cells to show 

sufficient signs of infection (as determined by cell death via trypan blue staining), indicating they 

were ready to undergo plasma membrane harvesting. 
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Membrane Isolation 

Baculovirus-infected Sf21 cells (500 mL), split between ten 50 mL Falcon tubes, were 

spun at 3,000g for 10 minutes to pellet cells. All cell pellets were resuspended in a total volume 

of 45 mL and again spun at 3,000g for 10 minutes to produce a single cell pellet. Pellets were 

frozen in a dry ice ethanol bath and stored at -80°C until membranes were harvested. Cell pellets 

were quickly warmed in a 37°C water bath and lysed in hypotonic buffer (0.5 mM Tris, 0.5 mM 

HEPES, 0.1 mM EDTA, pH 7.4) supplemented with 2 mM PMSF (from a 200 mM stock in 

ethanol), 5 µg/mL aprotinin (from a 10 mg/mL stock in water), 1 µg/mL pepstatin (from a 5 

mg/mL stock in DMSO), and 5 µg/mL leupeptin (from 25 mg/mL stock in water). Cells and 

buffer were then shaken for 30 minutes at 4°C.  

Lysates were homogenized using 20 strokes of a Dounce A (glass-glass) homogenizer. 

Lysates were then spun at 100,000g in large ultracentrifuge tubes in a 50.2 Ti or 60 Ti rotor for 

30 minutes at 4°C in order to pellet the membranes. The supernatant was aspirated and 

membrane pellets were resuspended in vesicle isolation buffer (250 mM sucrose, 10 mM Tris, 10 

mM HEPES, pH 7.4) and homogenized again using 20 strokes of a Dounce B (glass-glass) 

homogenizer. Homogenate was carefully layered over separation buffer (40% w/v sucrose, 10 

mM Tris, 10 mM HEPES, pH 7.4) and spun again at 100,000g for 30 minutes. Tubes were 

carefully removed from the rotor using tweezers and the cloudy interface (containing plasma 

membranes) between the two layers was transferred to fresh ultracentrifuge tubes. Membranes 

were diluted with additional isolation buffer and spun again at 100,000g for 30 minutes to pellet 

the membranes.  Supernatant was aspirated and the pellets were resuspended in 1 mL of isolation 

buffer. 
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Protein concentration of the purified membranes was determined using a BCA assay, 

generally at a 25X dilution (2 µL of membrane plus 48 µL of buffer to produce two technical 

replicates of 25 µL of diluted sample). Based upon the calculated concentrations, membrane 

preps were all diluted to 2 µg/µL, vesiculated by passing the membranes through a 27½ g 

syringe 20 times, aliquoted into small volumes, snap-frozen in a dry ice and ethanol bath, and 

stored at -80°C until ready to use. 

 

Gel Electrophoresis & Western Blotting 

Samples were loaded onto 3-8% Tris-acetate gels (Bio-Rad) and run at 150 V using a 

Criterion electrophoresis cell and XT Tricine running buffer (Bio-Rad). Gels were run until the 

50 kDa band on the ladder standard (Precision Plus Kaleidoscope, Bio-Rad) was approximately 1 

cm from the bottom of the gel. Samples were transferred overnight at 10 V in Tris/glycine buffer 

containing 10% methanol onto nitrocellulose membranes. Membranes were washed in TBST for 

5 minutes and then blocked for 30 minutes at room temperature in TBST containing 5% bovine 

serum albumin. Primary antibodies were added for MRP4 (clone M4I-10, Enzo Life Sciences; 

Farmingdale, NY) at a 1:500 dilution and incubated overnight on a blot rocker at 4°C. Blots were 

washed three times with TBST for 5 minutes and then incubated with secondary antibodies in 

TBST with 5% BSA for 30 minutes at room temperature. Goat anti-rat 800CW (Licor; Lincoln, 

NE) was used for detection of MRP4. Blots were imaged on a Licor Odyssey. 
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Vesicular Transport Assay 

Stocks of 100 mM ultra-pure ATP (BioXtra; Sigma-Aldrich, St. Louis, MO) and AMP in 

vesicle isolation buffer (250 mM sucrose, 10 mM Tris, 10mM HEPES, pH 7.4) were made fresh 

prior to each experiment. Stocks of magnesium chloride (500 mM), creatine phosphate (500 

mM), and creatine kinase (5 mg/mL) were also prepared in vesicle isolation buffer, aliquoted 

into small volumes, and stored at -20°C until use.  

Stocks of the PDE inhibitors amrinone (40 mM), cilastazol (40 mM), anagrelide (10 

mM), milrinone (40 mM), ibudilast (40 mM), rolipram (10 mM), piclamilast (40 mM), and 

luteolin (40 mM) were prepared in DMSO. The positive control MRP4 inhibitor MK-571 was 

prepared as a 20 mM stock in DMSO. Prior to each experiment, aliquots from these stocks were 

diluted into vesicle isolation buffer to make 1 mM working stocks that were further diluted for 

the reaction conditions of the experiment.  Leukotriene C4 (100 nM) in a 1:100 hot:cold ratio was 

used as the model substrate for these experiments. [3H]Leukotriene C4 was obtained from 

American Radiolabeled Chemicals (Saint Louis, MO). Vesicle uptake buffer was prepared by 

adding these stocks to vesicle isolation buffer such that the final reaction volume of 25 µL (12.5 

µL of buffer with LTC4, ATP/AMP, and in some cases inhibitor, and 12.5 µL of membrane 

vesicles) would have the following concentrations: 250 mM sucrose, 10 mM Tris, 10 mM 

HEPES, 10 mM magnesium chloride, 10 mM creatine phosphate, 100 µg/mL creatine phosphate, 

4 mM AMP or ATP, pH 7.4. Uptake buffer was pipetted in 14 µL aliquots per well into bottom 

rows of 96-well PCR plates, of which 12.5 µL would later be used for uptake assays. 
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Immediately prior to an experiment, aliquots of membrane vesicles were removed from 

the -80 °C freezer, warmed quickly in a 37°C water bath until fully thawed, and then 

immediately placed onto ice until use. Vesicles were re-vesiculated by passing them through a 

27½ g syringe 20 times and then aliquoted into the upper rows of 96-well PCR plates. Plates 

were sealed and kept in a 4°C room until ready for use. 

For an experiment, a plate was first warmed on a 96-well block incubator set to 37°C 

(Denville Scientific, Holliston, MA).  Uptake was initiated by pipetting 12.5 µL of uptake buffer 

into 12.5 µL (25 µg) of corresponding vesicles and mixing several times. At the desired times, 

uptake was terminated by adding 200 µL of ice-cold vesicle stop buffer (250 mM sucrose, 10 

mM Tris, 10 mM HEPES, 10 mM EDTA, pH 7.4) per well. This mixture was then immediately 

transferred to a rapid filtration system composed of a 0.45µm hydrophilic Durapore Multiscreen 

plate (Millipore, Billerica, MA) set in a Multiscreen vacuum manifold (Millipore) attached to a 

vacuum pump. The terminated vesicle reactions were quickly filtered through the plate, leaving 

the vesicles and their internal radioactivity (from transported substrate) on the filter material. 

Each well was additionally washed four times with 200 µL of ice-cold stop buffer to remove 

background binding of untransported substrate to the filter. After the completion of a plate, the 

bottom seal was removed and the filters were allowed to dry at room temperature.  

Uptake was measured by individually punching out each filter into vials containing 2 mL 

of Filter Count liquid scintillation cocktail (PerkinElmer, Waltham, MA) and then performing 

liquid scintillation counting. Counts were converted into picomoles of substrate and normalized 

per mg of vesicle protein. 
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RESULTS 

Expression of MRP4 in Sf21 membrane vesicles 

Following production of MRP4-encoding baculovirus, test infections were performed to 

confirm expression of the MRP4 protein. As seen in Figure 3-2, an approximately 150 kDa band 

is visible in only the vesicles made from MRP4 baculovirus infected Sf21 cells and this band 

increases in density with increasing amounts of vesicle protein. Additionally, the vesicles were 

compared against commercially available MRP4 vesicles from Sf9 cells (Thermo Fisher). As 

shown in Figure 3-3, the MRP4 bands detected are of the same size and similar density. 
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Figure 3-2. Western blot detection of MRP4 in Sf21 vesicles. Lanes 1, 3, and 5 contain Sf21 
membrane vesicles infected with an empty vector (EV) baculovirus. Lanes 2, 4, and 6 contain 
Sf21 membrane vesicles infected with MRP4 baculovirus. Proteins were separated on a SDS-
PAGE gel, transferred to a nitrocellulose membrane and MRP4 was detected using the M4I-10 
antibody. 

 

Figure 3-3. Comparison of MRP4 protein expression from commercially available Sf9 
membrane vesicles and Sf21 membrane vesicles. Protein (20 µg) was separated on a SDS-
PAGE gel, transferred to a nitrocellulose membrane and MRP4 was detected using the M4I-10 
antibody. 
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Time Course of LTC4 Uptake  

To determine the optimum time point for inhibition studies, a 20 minute time course of 

100 nM LTC4 uptake was performed (Figure 3-4). Both empty vector and MRP4 vesicles have 

similar background (not ATP-dependent) transport over time, as expected. When uptake was 

performed with ATP, MRP4 vesicles had higher levels of transport than empty vector through 10 

minutes, though this difference was modest (an approximately 50% increase in ATP-dependent 

uptake). When uptake in empty vector vesicles in the presence of ATP is subtracted from MRP4 

vesicles with ATP (yielding MRP4-specific uptake), uptake was similar over 20 minutes (Figure 

3-5). Based on these findings, 10 minutes was selected for inhibition studies. 

 

Figure 3-4. Uptake of LTC4 into Sf21 membrane vesicles over 20 minutes. Uptake of LTC4 
was measured in Sf21 membrane vesicles isolated from cells expressing MRP4 or an empty 
vector control. Uptake was measured in the presence of AMP or ATP. The values shown are the 
mean ± SD of three biological replicates. 
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Figure 3-5. MRP4-specific uptake of LTC4 into Sf21 membrane vesicles. The ATP-
dependent data in Figure 3-4 was used to calculate the MRP4-specific transport by subtracting 
non-specific transport measured in the empty vector cells from transport in the cells 
overexpressing MRP4. The values shown are the mean ± SD of three biological replicates. 

 

Selection of a Positive Control Inhibitor 

Preliminary uptake experiments (data not shown) failed to show an effect of the 

commonly used MRP4 inhibitor, dipyridamole. To explore this further and identify a more 

suitable inhibitor, several concentrations of dipyridamole and two other MRP4 inhibitors, MK-

571 and montelukast, were tested for their inhibitory effect on LTC4 uptake (Figure 3-6 and 

Figure 3-7). Indeed, at up to 1 µM, a concentration previously reported to inhibit almost all 

cGMP transport[2], dipyridamole had no effect on LTC4 uptake and the difference in uptake 

between EV and MRP4 vesicles remained significant; dipyridamole was not considered for 

further experiments. Montelukast inhibited non-specific LTC4 uptake, with minimal effect on 

MRP4-specific transport. In contrast, 50 µM MK-571 inhibited both non-specific and MRP4-
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specific LTC4 uptake and resulted in similar LTC4 accumulation in both EV and MRP4 vesicles. 

While this difference was not statistically significant after multiple comparisons correction in a 

one-way ANOVA comparing all inhibitor conditions to the LTC4-only control, the inhibitory 

effect of MK-571 was reproducible; MK-571 was selected as the positive control for all future 

experiments. 

 

Figure 3-6. Inhibition of LTC4 uptake by established MRP4 inhibitors. Uptake of LTC4 (100 
nM) in vesicles from EV and MRP4 expressing cells was measured in the absence and presence 
of dipyridamole, MK-571, and montelukast. 
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Figure 3-7. Inhibition of MRP4-specific LTC4 uptake by established MRP4 inhibitors. 
Uptake of LTC4 (100 nM) in vesicles from EV and MRP4 expressing cells was measured in the 
absence and presence of dipyridamole, MK-571, and montelukast. Uptake in EV vesicles was 
subtracted from the MRP4 values to give MRP4-specific transport. 

 

Effect of Phosphodiesterase Inhibitors on LTC4 Uptake  

The PDE3 specific inhibitors amrinone, milrinone, cilostazol, and anagrelide were tested 

for their ability to inhibit LTC4 transport (Figure 3-8 and Figure 3-9). Interestingly, amrinone, 

cilostazol and anagrelide activated non-specific LTC4 transport in cells expressing only the 

empty vector. In contrast, milrinone and the positive control MK-571 inhibited non-specific 
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LTC4 transport. MRP4-specific transport of LTC4 was only inhibited by milrinone and MK-571 

(p < 0.05). In both cases, inhibition was almost complete (Figure 3-9).  

 

 

 

Figure 3-8. Effect of PDE3 inhibitors on LTC4 uptake. Uptake of LTC4 (100 nM) in vesicles 
from EV and MRP4 expressing cells was measured in the absence and presence of various PDE3 
inhibitors.  
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Figure 3-9. Effect of PDE3 inhibitors on MRP4-specific LTC4 uptake. Uptake of LTC4 (100 
nM) in vesicles from EV and MRP4 expressing cells was measured in the absence and presence 
of various PDE3 inhibitors. Uptake in EV vesicles was subtracted from the MRP4 values to give 
MRP4-specific transport. Significant differences are marked with * (p < 0.05). 

 

The PDE4 specific inhibitors ibudilast, rolipram, piclamilast, and luteolin were also 

tested for their ability to inhibit LTC4 transport (Figure 3-10 and Figure 3-11). While not as 

significant as with the PDE3 inhibitors, several PDE4 inhibitors (ibudilast, piclamilast and 

luteolin) showed a trend toward activation of non-specific LTC4 transport. Only 10 µM luteolin 

and the positive control MK-571 inhibited MRP4-specific LTC4 transport (Figure 3-11).  
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Figure 3-10. Effect of PDE4 inhibitors on LTC4 uptake. Uptake of LTC4 (100 nM) in vesicles 
from EV and MRP4 expressing cells was measured in the absence and presence of various PDE4 
inhibitors.   
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Figure 3-11. Effect of PDE4 inhibitors on LTC4 uptake. Uptake of LTC4 (100 nM) in vesicles 
from EV and MRP4 expressing cells was measured in the absence and presence of various PDE4 
inhibitors. Uptake in EV vesicles was subtracted from the MRP4 values to give MRP4-specific 
transport. Significant differences are marked with * (p < 0.05). 

 

DISCUSSION 

PDE inhibitors are used clinically for treating a wide variety of conditions, including 

pulmonary arterial hypertension[15], heart failure[16], erectile dysfunction[17], and many others. 

As new compounds with greater specificity for particular PDE isoforms are developed, new 

therapeutic indications will emerge for this class of drugs. Given that many PDE inhibitors are 

also inhibitors of MRP4 in addition to their designed target, it is important to not only test for 

MRP4 inhibition but to understand how that inhibition might contribute to a compound’s 
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therapeutic effect. Potent inhibition of MRP4 may also be an indicator for the potential of drug-

drug interactions or adverse side effects. 

Dipyridamole’s inability to inhibit LTC4 transport in our vesicle assay is intriguing, as it 

has been used successfully as an inhibitor in studies of other MRP4 substrates. A multiple 

binding site model for MRP4 (and likely other ABC transporters) has been suggested[18]and it is 

possible that dipyridamole and LTC4 occupy different spaces within the core transmembrane 

domain where substrates are predicted to bind. It is for this reason that we selected MK-571 and 

montelukast, both LTC4 receptor antagonists, as other potential positive controls. Due to their 

structural similarity to the model substrate, we hypothesized they might have higher inhibitory 

activity and at least for MK-571 this appears to be true. These findings highlight the importance 

of testing multiple known inhibitors in your system, as they may not inhibit the transport of all 

model substrates. 

These studies provide initial evidence that the PDE3 inhibitor milrinone and the PDE4 

inhibitor leutolin can inhibit MRP4-mediated transport of LTC4. Milrinone is used in the 

treatment of heart failure, where elevated cAMP is beneficial because it increases heart 

contractility and lowers pulmonary vascular resistance[16]. Luteolin is a dietary flavonoid found 

in a number of foods and is used as a supplement for a variety of conditions because of its anti-

inflammatory and neuroprotective properties[19]. Beyond their known effects as 

phosphodiesterase inhibitors, their inhibitory effect on MRP4 may also be an important 

mechanism by which they exert their therapeutic effects.  
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While these results are intriguing, several limitations of the assay system require 

discussion. MRP4-specific transport of LTC4 was modest and overall transport was low. Low 

transport activity combined with inherent variability in analytical measurements makes 

assessment of potential inhibitors difficult. In addition, some PDE3 and PDE4 inhibitors 

unexpectedly activated non-specific LTC4 transport, further masking the effect of potential 

inhibitors on MRP4-specific transport. It is possible that the MRP4 in our vesicles is “less 

functional” than normal, although the coding sequence was confirmed to match the reference 

sequence and its size is identical on a Western blot to a commercially available source. Further 

optimization of the vesicle assay is warranted, including consideration of additional substrates as 

well as cells with reduced non-specific transport.  

The assays developed in these studies will provide the basis for future studies to extend 

these findings and to confirm the possibility that PDE3 and PDE4 inhibitors can reduce MRP4-

dependent transport at clinically relevant concentrations. Substrate-dependence of MRP4 

inhibition will be considered, as will the possibility of differential inhibition of MRP4 genetic 

variants. Of clinical relevance will be the effect of milrinone and luteolin on cyclic nucleotide 

transport by MRP4. A long-term goal would be to examine the clinical relevance of drug-

endogenous substrate and drug-drug interactions between PDE3/4 inhibitors and MRP4 

substrates. 
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Chapter 4: Proposed studies on the role of MRP4 in platelet function 

 

BACKGROUND 

In addition to other tissues in the body, MRP4 is also highly expressed in platelets[1-3] 

where it localizes to dense granules, specialized structures that store high levels of numerous 

small molecules, including serotonin, ADP, ATP, magnesium, and calcium. These findings are 

interesting, as they suggest that MRP4 may have a greater role than simply eliminating toxic 

compounds from the body. At the time of the original preparation for this dissertation, the 

working hypothesis was that MRP4 was responsible for ADP transport into dense granules and 

that inhibition of this transport, either through a reduced function genetic variant or 

administration of a compound that could inhibit MRP4, could have an effect on platelet function. 

Indeed, variants in MRP4 have been associated with platelet function. In a large meta-analysis of 

over 66,000 Europeans looking for genetic associations with platelet count, ABCC4 was one of 

68 loci identified[4]. However, recently published findings challenge the ADP hypothesis and 

have reinvigorated interest in what role MRP4 plays in platelets.  

Recent work using Mrp4 knockout mice[5] identified several differences in bleeding 

characteristics when compared to wild-type mice. As shown in Figure 4-1, knockout mice had 

longer time to occlusion, longer tail bleeding time, and greater loss of hemoglobin and blood 

volume compared to wild-type mice. Additionally, in an ex vivo model where whole blood is 

perfused over collagen, platelets from knockout mice formed thrombi that were significantly 

reduced in both number and size compared to platelets from wild-type mice. These platelets also 

produced a significantly lower level of nucleosomes, indicating a lower level of platelet 

activation. 
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Figure 4-1. Effects of Mrp4 knockout on bleeding and thrombosis[5]. A) In a carotid artery 
thromobosis model, knockout mice had a significantly longer time to occlusion. B) Knockout 
mice bled for significantly longer in a tail bleeding model. C) Knockout mice lost significantly 
more hemoglobin during bleeding. D) In platelet depleted mice, wild-type mice re-infused with 
Mrp4 knockout platelets had significantly greater blood loss from tail bleeding than mice re-
infused with wild-type platelets. 

 

Interestingly, when the investigators examined ADP and cAMP levels in platelets from 

wild-type and knockout mice, they found no difference in ADP levels, suggesting MRP4 does 

not play a major role in ADP storage in dense granules in mouse platelets. While they also found 

no difference in total cAMP levels in resting platelets, upon activation Mrp4 knockout platelets 

secreted significantly less cAMP (Figure 4-2). This suggests instead that Mrp4 may be important 

for cAMP storage in dense granules, rather than ADP storage, and that impaired ‘shunting’ of 

cytosolic cAMP into dense granules leads to altered cAMP homeostasis in the cytosol and 

subsequent impairment in platelet activation. The investigators additionally checked total and 

secreted cGMP in these platelets, as cGMP is also known to be an MRP4 substrate[6], but found 

no difference, suggesting that loss of MRP4 function only impacts cAMP regulation within 

platelets. 
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Figure 4-2. Effect of Mrp4 knockout on ADP and cAMP levels in platelets[5]. A) There is no 
significant difference in ADP levels in lysates from resting or activated (via 400 µM PAR4-ap) 
platelets between wild-type and Mrp4 knockout mice. B) There is no difference in total cAMP in 
resting wild-type or Mrp4 knockout platelets. C) However, Mrp4 knockout platelets secrete 
significantly less cAMP than wild-type platelets after activation. 

 

Additional findings published the following month by another group also focused on the 

effect of MRP4 on platelet aggregation[7]. Based on previous findings of MRP4 on the plasma 

membrane of platelets[8], they hypothesized that MRP4 must have a function in platelets 

unrelated to dense granule storage. To examine this, they used membrane-impermeable 

biotinylation of surface proteins on human platelets to separate plasma membrane constituents 

from other intracellular proteins. As shown in Figure 4-3, almost all MRP4 in human platelets 

was detected on the plasma membrane and very little  is localized intracellularly, presumably on 

the dense granules. 



85 
 

 

Figure 4-3. Immunoblots of ABCC4, Na/K ATPase (a plasma membrane marker), and P-
selectin (an alpha granule marker) in total lysates from human platelets, isolated plasma 
membranes, and isolated intracellular fractions ("SN"). This figure was reproduced from [7]. 

 

Additionally, they showed no difference in platelet volume, platelet count, or dense 

granule number when comparing platelets from wild-type and Abcc4 knockout mice. The authors 

also showed that platelets from Abcc4 knockout mice had reduced sensitivity to collagen 

stimulation (Figure 4-4). Using an aggregometer, which measures platelet aggregation in 

response to different chemical stimuli, platelets from Abcc4-/- mice had significantly reduced 

aggregation in response to lower levels of collagen, but at high levels (2 µg/mL) behaved similar 

to wild-type platelets. When platelets were allowed to settle and adhere to coated plates, Abcc4-/- 

platelets attached significantly less than wild-type platelets to a collagen coating, while both 

types of platelets adhered to a similar extent on a BSA coating. Additional aggregation tests 

showed that Abcc4-/- platelets were no different than wild-type platelets when stimulated with 

thrombin or ADP. Interestingly, the aggregation defect in Mrp4 knockout platelets seemed to be 

specific to collagen stimulation. 
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Figure 4-4. Abcc4 knockout platelets have reduced sensitivity to collagen. A) KO platelets 
exhibit reduced aggregation in response to collagen stimulation. B) KO platelets have impaired 
attachment to collagen coated plates compared to WT, but no difference on a BSA-coated plate. 
This figure was reproduced from [7]. 

 

Additional experiments highlighted the role MRP4 plays in maintaining cAMP levels 

within platelets. KO platelets had a significant decrease in aggregation when treated with the 

PDE3 inhibitor cilostazol (which was also found to be a competitive inhibitor/substrate of 

MRP4), while it had no effect on wild-type platelets.  

While MRP4 has an established role in regulating cAMP/cGMP in a variety of cell 

types[9-15] and phosphodiesterease (PDE) inhibitors, which function by inhibiting the 

degradation of cAMP/cGMP and thus altering cAMP/cGMP dynamics within cells, are used 

clinically to treat a variety of diseases[16], it is still unclear whether variants in MRP4 influence 

response to PDE inhibitors. The above referenced studies have reinvigorated interest in the role 
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of MRP4 in the platelet, but it is unclear if the findings from these mouse studies will translate to 

humans. MRP4 is a highly polymorphic gene and many variants characterized by the Kroetz lab 

have been shown to have reduced expression and/or function. Two variants in particular, G187W 

and E757K, have previously been reported to have reduced transport function and, in the case of 

E757K, increased risk of toxicity to other MRP4 substrates[17-19]. Due to their high allele 

frequency in Asian populations, these particular SNPs are prime candidates for testing in in vitro 

studies and could have broad clinical applicability. Therefore, I propose the following studies to 

test the hypothesis that reduced function MRP4 variants (G187W and E757K) cause a decrease 

in platelet function that can be further reduced by PDE inhibitors: 

Aim 1: Characterize the effect of the G187W and E757K MRP4 variants and PDE inhibitors on 

cAMP transport. 

Aim 2: Determine the effect of the G187W and E757K MRP4 variants and PDE inhibitors on 

cAMP dynamics in a platelet cell line model.  

 

Aim 1: Characterize the effect of the G187W and E757K MRP4 variants and PDE 

inhibitors on cAMP transport. 

 

Significance 

MRP4 transport of cAMP has previously been shown to be important in a number of 

tissues[6, 11, 13, 14, 20, 21]. As a global regulator of various cell activities, proper cAMP 

balance is critical for normal cell function. Elevated cAMP levels within platelets are known to 

decrease their ability to aggregate and identification of factors that influence cAMP levels in 
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platelets could be clinically relevant. Many patients, particularly the elderly, take anti-platelet 

agents for prevention of adverse cardiovascular events such as heart attack and stroke, but these 

carry the risk of increased bleeding events. A reduced function MRP4 variant may place patients 

at an increased risk of bleeding on a standard dose of an anti-platelet agent. 

 

Innovation 

Despite multiple studies characterizing cAMP transport by reference MRP4, this would 

be the first to test the effect of the G187W and E757K variants on cAMP transport. If these 

common MRP4 variants do indeed have reduced transport of cAMP, they could be prospective 

candidates to test in clinical studies of platelet function in individuals harboring these variants. 

These studies will also be the first to characterize differential effects of PDE inhibitors on cAMP 

transport by reference and variant MRP4. 

 

Approach and Expected Results 

cAMP transport will be measured in Sf21 membrane vesicles following the approach 

developed as part of this dissertation research. Baculovirus infected Sf21 cells will be used to 

generate plasma membrane vesicles. Using an existing pFastBac1-MRP4 reference plasmid, the 

G187W and E757K variants will be introduced by site-directed mutagenesis using standard 

methods. Reference and variant MRP4 plasmids will then be transformed into DH10Bac E. coli 

to generate recombinant bacmids encoding the different MRP4 transporters. After PCR 

validation of the appropriate insert, bacmid DNA will be transfected into Sf21 cells to generate 

recombinant baculovirus expressing MRP4 transporters. After purification of baculovirus, two 

subsequent infections will be performed in fresh Sf21 cells to increase the virus titer. Generation 
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of recombinant virus and isolation of membrane vesicles will follow standard procedures as 

described elsewhere in this dissertation.  

Vesicle uptake studies will be performed using the previously described rapid filtration 

technique. Uptake of [3H]cAMP in both empty vector and MRP4 (and variant) vesicles will be 

measured with either AMP or ATP to demonstrate ATP-dependent uptake. Initial studies will 

characterize cAMP uptake as a function of time and protein concentration for reference MRP4 

and the G187W and E757K variants. It is expected that both the G187W and E757K variants 

will have reduced ability to transport cAMP as compared to reference MRP4. PDE inhibitors 

will be added to determine their effects on cAMP transport. Based on previously published 

RNA-seq data from human and mouse platelets, a number of PDE isoforms are known to be 

present in platelets[22]. 

 

Table 4-1. PDE Isoforms detected by RNA-seq in human and mouse platelets. 
 

Human Symbol Human Triz. RPKM* Mouse Symbol Mouse Triz. RPKM 
PDE5A 85.79 Pde5a 51.82 
PDE3A 6.13 Pde3a 8.49 
PDE4D 5.00 Pde4d 3.86 
PDE6D 4.14 Pde6d 0.97 
PDE2A 3.68 Pde2a 6.50 
PDE6H 2.35 Pde6h 3.00 
PDE4B 1.23 Pde4b 0.05 

*Isoforms are ranked by reads per kilobase of exon mapped (RPKM) in 
human platelets. 
 

Based on these platelet expression data and the availability of a number of isoform 

specific compounds, PDE5, PDE3, and PDE4 inhibitors are highest priority for testing their 

ability to inhibit cAMP transport. It is expected that addition of PDE inhibitors will reduce 
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cAMP in MRP4 reference vesicles and reduce transport even further (or completely abolish it) in 

G187W and E757K variant vesicles. 

 

Limitations & Alternative Strategies 

Based on our experience with developing a LTC4 transport assay, development of a 

cAMP assay is expected to require extensive optimization. Baculovirus expression and 

membrane vesicle isolation of MRP4 has already been implemented in the laboratory and is not 

expected to pose any particular barriers. We will utilize our experience with optimization of 

MRP4 transport assays with LTC4 and multiple antiviral drugs[23, 24] in establishing conditions 

for a reproducible and sensitive assay of cAMP transport . Commercially available reference 

MRP4 vesicles are available and could be used to confirm cAMP uptake and to study the effect 

of PDE inhibitors on cAMP transport; however, variants are not currently commercially 

available and thus could not be studied. 

 

 

Aim 2: Determine the effect of the G187W and E757K MRP4 variants and PDE inhibitors 

on cAMP dynamics in a platelet cell line model.  

 

Significance 

The proposed studies are the first to characterize cAMP dynamics in a megakaryocytic 

cell line. These studies have the potential to add to the understanding of the role of MRP4 in 

platelet function and production, as well as the importance of different PDE isoforms in overall 

cAMP balance in this cell. 
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Innovation 

Although elevated cAMP is known to reduce the ability of platelets to aggregate, the 

effect of reduced function variants in MRP4 in combination with PDE inhibition are unknown. It 

is possible that the presence of both a PDE inhibitor and a reduced function variant could 

increase cAMP levels such that the ability of platelets to effectively aggregate is significantly 

reduced. These findings are of interest since they may translate into clinically significant 

phenotypes.  

 

Approach and Expected Results 

These studies would utilize the Meg-01 megakyarocytic cell line to study cAMP 

dynamics. This cell line is well established as a model of platelet production and from our own 

studies is known to express MRP4. Using CRISPR/Cas9, we would introduce the G187W and 

E757K variants into this cell line to create separate cell lines expressing the MRP4 variants. 

Additionally, we will utilize EPAC-based FRET sensors for fine imaging of cAMP throughout 

the cell. 

Initial studies would focus on comparing basal cAMP balance in Meg-01 cells with 

reference, G187W, and E757K MRP4. Meg-01 cells would be stimulated with phorbol myristate 

acetate to induce differentiation and allow them to adhere to poly-D-lysine coated chamber glass 

for imaging. Following transfection with the EPAC-based cAMP sensor plasmids, cells would be 

imaged at the Nikon Imaging Center to determine whether MRP4 genotype affects cAMP 

balance. We expect that cells carrying the G187W and E757K genotypes will have increased 

cytosolic cAMP and reduced dense granule cAMP compared to cells with reference MRP4. 
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Because PDE enzymes and thus cAMP levels can be compartmentalized within cells, it is 

possible that differences may only be obvious in specific regions of the cell, such as very close to 

the plasma membrane.  

Subsequently, cells can be treated with various PDE inhibitors to determine whether 

MRP4 genotype affects the degree to which PDE inhibitors can influence cAMP levels within 

Meg-01 cells. We expect that cells carrying the G187W and E757K genotypes would have 

increased sensitivity to treatment with PDE inhibitors, indicated by increased cytosolic cAMP, 

relative to cells with reference MRP4. The addition of isoform specific PDE inhibitors may also 

allow for examination of compartmentalization of PDEs within Meg-01 cells and their relative 

contribution to overall cAMP balance within the cell. As a positive control, forskolin (an 

adenylyl cyclase activator) can be used to increase cAMP levels in these cells through a 

mechanism other than PDE inhibition. 

 

Limitations & Alternative Strategies 

CRISPR/Cas9 is still a relatively new method and there may be difficulties with 

introducing the G187W and E757K variants, particularly with regard to proper design of the 

donor template to be used for repair after Cas9 cleavage of the genomic DNA. MRP4 expression 

in Meg-01 cells may also be too low for PDE inhibition or genetic variants to have a significant 

impact on cAMP dynamics. If this is the case, another megakaryotic cell line such as Dami cells, 

could also be tried. Alternatively, these studies could also be performed in a non-megakaryocytic 

cell line, such as HEK293 cells, which could be easily transfected with both an MRP4 plasmid 

and the EPAC-based FRET vector, although subsequent findings would not necessarily translate 

to megakaryocytes/platelets. 
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Summary and Future Directions 

The proposed studies aim to explore the role of MRP4 in platelets. Using membrane 

vesicles and FRET imaging, we seek to test the effect of common genetic variants on cAMP 

transport and overall cAMP homeostasis. Should these studies identify a difference between 

reference and variant MRP4, the next step would be to test the effect of these variants in vivo in 

human subjects. Using platelet aggregometry, we would seek to test whether genetic variation in 

MRP4 contributes to clinically relevant changes in platelet function or response to anti-platelet 

medications. 
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