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Abstract 

The ATP-binding cassette (ABC) transporter superfamily consists of 49 members, 

to which both Multidrug Resistance Protein 1 (MRP1/gene symbol: ABCC1) and MRP4 

(ABCC4) belong.  Single nucleotide polymorphisms (SNPs) in drug metabolizing genes 

have been shown to affect individual responses to drugs and toxins.  However, the role of 

SNPs in modulating the activity of drug transporters, such as MRP1 and MRP4, is poorly 

characterized.  The overall goal of my thesis was to determine the effects of SNPs in the 

promoter regions of human ABCC1 and ABCC4.  For MRP1/ABCC1, two proximal 

promoter SNPs (-275A>G, -260G>C) were identified in the literature and recreated in 

vitro, and the activity of the mutant ABCC1 promoter constructs was measured in five 

human cell lines using a dual luciferase assay.  The activity of the -275A>G promoter 

was comparable to the wild-type ABCC1 promoter.  On the other hand, the -260G>C 

substitution decreased ABCC1 promoter activity in HepG2, MCF-7 and HeLa (40 - 60%) 

cells.  A 1706 bp fragment containing the 5’-flanking and untranslated regions of ABCC4 

were isolated from two bacterial artificial chromosome clones and six serially deleted 

ABCC4 promoter reporter constructs generated.  Luciferase assays of the basal promoter 

constructs of ABCC4 in HEK293T cells revealed the presence of one or more negative 

regulatory regions between -1706 and -876, between -876 and -641, and one or more 

positive regulatory regions between -641 and -356, and between -356 and -17.  Also, the 

ABCC4 promoter displayed differential activity in MDCKI and LLC-PK1 cells than in 

HEK293T cells.  One SNP (-523G>C) was identified from an online database and its 

activity tested.  However, -523G>C SNP did not cause any significant change in the 

ABCC4 promoter activity in both HEK293T and HepG2 cells (80 – 130%).  In summary, 
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the data obtained suggest that the promoter SNPs studied may affect the transcriptional 

activity of ABCC1 or ABCC4, but it seems likely that this is not true in all cell types.  
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Chapter 1. Introduction 

1. Influx and efflux transport proteins in drug disposition  

1.1 Drug metabolism and disposition 

 Humans are exposed daily to a wide variety of xenobiotics, via inhalation, 

ingestion, and percutaneous absorption [1].  Xenobiotics are foreign compounds that 

normally have no physiological role in the body, and they include drugs, certain food 

constituents and additives, cosmetics, and industrial pollutants [2].  Some xenobiotics are 

harmless, while others have the potential to evoke adverse biological responses [1, 3].  

The extent of biological responses triggered is dependent on the disposition of the 

xenobiotics in the body, which refers to all processes involved in xenobiotic absorption, 

distribution, metabolism, and excretion in humans [3].  The human body can protect itself 

from some drugs and xenobiotics by 1) limiting absorption and distribution via physical 

barriers (e.g. skin, various organ barriers), 2) excretion via the kidney (urine), liver (bile), 

lung, or various body fluids, and/or 3) metabolism to more water soluble forms that are 

excreted more easily by the kidney and through bile [1].  Most drug metabolism, or 

biotransformation, occurs at some point between absorption of the drug into the general 

circulation and its renal elimination or excretion into the bile [1].  The gastrointestinal 

tract, lung, skin, and kidney all have the ability to metabolize drugs to varying extents, 

but the liver is the principal organ for xenobiotics biotransformation [1, 3].  Xenobiotics 

metabolism often occurs in two phases, known as Phase I and Phase II reactions [1].  

Phase I reactions include oxidation, reduction, and hydrolysis reactions that make 

xenobiotics more polar by introducing functional groups [1].  Both cytochrome P450 



- 2 - 

enzymes and NADPH-cytochrome P450 reductases play a key role in these reactions [1].  

Phase II reactions involve the conjugation of drugs, or their metabolites modified by a 

Phase I reaction, to endogenous electrophilic molecules, such as glucuronic acid, 

glutathione (GSH), or sulfate, to make these xenobiotics more polar [1, 3].  Although 

many xenobiotics undergo Phase I reactions followed by a Phase II reaction, there are 

some exceptions.  For example, some drugs can be readily eliminated after Phase I 

reactions, whereas others do not require a Phase I reaction to undergo Phase II 

conjugation.  Finally, some can be readily eliminated without any modification [1]. 

Previously, most studies have focused on drug metabolizing enzymes as the major 

determinant of drug disposition.  However, in the past decade it has become increasingly 

evident that membrane transporters also play a significant role [4].  The localization and 

interplay of membrane transporters are important determinants of the accumulation and 

elimination of xenobiotics and their metabolites in organs such as the liver, kidney, and 

brain. The solute carrier (SLC) transporters and the ATP-binding cassette (ABC) 

transporters are the two major superfamilies of membrane transporters that influence 

xenobiotics disposition.  SLC transporters generally mediate the uptake of xenobiotics 

into cells, whereas ABC transporters mediate active cellular efflux.  These two 

transporter superfamilies and their roles in xenobiotic disposition are discussed in the 

following sections.  

 

1.2 The SLC transporters  

 The SLC transporter family is a classification system created by the Human 

Genome Organization (HUGO) based on sequence homologies to group together carrier 
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proteins, including passive transporters, exchangers, coupled transporters, vesicular 

transporters, and mitochondrial transporters [5].  Currently, there are 46 families and 360 

transporter genes reported in this superfamily <www.bioparadigms.org/slc/menu.asp>.  

Many of these transporters play a critical role in normal body functions, and defects in 

several SLC genes are known to cause human diseases.  For example, mutations in the 

SLC26A4 gene cause deafness (Pendred syndrome), and defects in the SLC7A7 and 

SLC7A9 genes result in lysinuric protein intolerance and cysinuria, respectively [5].  A 

number of SLC transporters have also been implicated in drug disposition, in particular, 

those belonging to the SLCO and SLC22 families.  The SLCO genes encode the organic 

anion transporting polypeptides (OATPs), while the SLC22 family comprises the organic 

anion transporters (OATs), the organic cation transporters (OCTs), the zwitterion/cation 

transporters (OCTNs), among others.  

 

1.2.1 The SLCO transporter family 

 The human SLCO transporter family presently consists of 11 members, including 

10 OATPs and the prostaglandin transporter OATP2A1 [6], 

<www.bioparadigms.org/slc/menu.asp>.  All OATPs are predicted to have 12 

transmembrane α-helices (TM) and a well conserved large extracellular loop 5 between 

TM9 and TM10 [7] (Figure 1.1).  Also, all OATPs share the ‘OATP superfamily 

signature’ at the border between extracellular loop 3 and TM 6 [7]. OATPs are expressed 

in various organs, such as liver and kidney, where they mediate the transport of a wide 

spectrum of compounds [6, 8, 9].  For instance, OATP1A2 (or OATP-A) is highly 
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SLC21 transporters 

 
 
SLC22 transporters 

 
Figure 1.1 Predicted membrane topology of SLC21(SLCO) and SLC22 

transporters.   

Topology model of SLC21 transporters was adopted from Cui et al. [10] and the one of 

SLC22 transporters from Miyazaki H et al. [11].  For the SLC22 model, the glycosylation 

and phosphorylation sites are also shown.
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expressed in the brain [12, 13] and can transport taurocholate (a bile salt) [14], 

bromosulphthalein (BSP) [15], as well as thyroid hormones [16].  Both OATP1B1 

(formerly known as OATP-C) and OAT1B3 (formerly known as OATP-8) are expressed 

on the basolateral membranes of hepatocytes [17, 18], and mediate the uptake of bile 

acids [19, 20], BSP [17, 20], thyroid hormones [15, 21], and rifampicin [22, 23].  Other 

substrates of OATPs include various prostaglandins [15, 24], conjugated steroids [25], 

statins [26, 27], digoxin , and methotrexate [21, 28].  Given their broad substrate 

specificities and their tissue expression patterns, OATPs are thought to play a crucial role 

in the hepatic and renal disposition of a broad range of xenobiotics and could therefore be 

involved in certain drug-drug interactions.   

 

1.2.2 The SLC22 transporter family 

 Like the SLCO transporters, the SLC22 transporters are predicted to have 12 TM 

α–helices [29], but lack the large extracellular loop of the SLCO proteins (Figure 1.1). 

The SLC22 transporters have been categorized into three groups – 1) OCT subtypes 1 – 3 

(gene symbols: SLC22A1 – 3) which mediate unidirectional transport of organic cations 

powered by the electrochemical gradient of the transported cations; 2) OAT 1 – 5 

(SLCA22A6 – 8, 11, and 10, respectively) and the human urate transporter URAT1 

(SLCA22A12) which are capable of transporting their substrates in either direction; and 3) 

the H+/organic cation transporter OCTN1 (SLCA22A4), the Na+/L-carnitine cotransporter 

OCTN2 (SLCA22A5) and the carnitine transporter hCT2 (SLC22A16).  OCTN1 functions 

as an organic cation uniporter and/or antiporter, whereas OCTN2 can serve as either a 

uniporter for organic cations or a Na+/carnitine co-transporter [29].  The substrate 
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specificities of OCTs are broad and overlapping, and include tetraethylammonium 

(TEA), 1-methyl-4-phenylpyridinium (MPP), and various catecholamines [30]. OCT1 

and OCT2 are highly expressed in liver and kidney, respectively, and together they are 

thought to mediate the first step of hepatic and renal excretion of many organic cation 

drugs [29].   

The second group of SLC22 transporters, the OATs, are mainly located in the 

kidney, liver, brain, and placenta.  They mediate the uptake of endogenous metabolites 

such as urate and acidic metabolites of neurotransmitters, such as dopamine and 

norepinephrine [31].  They also translocate a wide spectrum of drugs, including 

antibiotics, antivirals, diuretics, and non-steroidal anti-inflammatory drugs (NSAIDs) 

[31].  OATs are thought to be the first step of renal organic anion secretion, and thus play 

an important role in mediating drug-drug interactions and nephrotoxicity [29, 31].   

Finally, OCTN2 is expressed in most tissues and mutations in OCTN2/ 

SLCA22A5 result in systemic carnitine deficiency, an autosomal recessive disorder of 

fatty acid oxidation which causes encephalopathy, cardiomyopathy, and in some severe 

cases, sudden unexpected death [32, 33]. 

 

1.3 The ATP-binding cassette (ABC) transporter superfamily 

 The ABC transporters represent a family of active transmembrane proteins that 

utilize ATP to transport various molecules across cell membranes [34].  To date, a total 

of 49 human ABC transporters have been identified and subdivided into seven 

subfamilies (A to G) based on their sequence similarity to one another [35].  

Classification of proteins as ABC transporters is based on the presence of three sequence 
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motifs – the Walker A and Walker B motifs, and the ABC signature motif.  All these 

motifs are found in their cytoplasmic ATP-binding domains, or nucleotide binding 

domains (NBDs) [34].  The core functional structure of most ABC transporters consists 

of 2 membrane spanning domains (MSDs) and two NBDs, although other variations are 

also observed [34].  ABC transporters are present in all tissue types, and a lot of them 

play an integral role in the body defense mechanisms against toxic endogenous and 

exogenous metabolites and compounds, such as bile acids, bilirubin, and steroid 

conjugates, heavy metal ions, various pesticides, antibiotics, and conjugated and 

unconjugated chemotherapeutic agents [34, 36].  Also, some of these transporters, such as 

P-glycoprotein (P-gp) (gene symbol: ABCB1), the breast cancer resistance protein 

(BCRP)/ABCG2 (gene symbol: ABCG2), and some members of the multidrug resistance 

protein (MRP) (gene symbol: ABCC) subfamily, are implicated in clinical multidrug 

resistance (MDR) in cancer because of their ability to actively efflux a wide spectrum of 

chemotherapeutic agents out of tumor cells [37-39]. 

 

1.3.1 P-glycoprotein/ABCB1 

 P-gp was the first human ABC drug transporter identified [40].  P-gp is a 170 kDa 

glycoprotein encoded by the ABCB1 (sometimes referred to as MDR1) gene at 

chromosome 7q21 [40], and has 12 TM helices (contained in two MSDs) and two NBDs.  

Overexpression of P-gp in cancer cells confers resistance to various hydrophobic drugs, 

such as paclitaxel, doxorubicin and vinblastine [37, 41-43].  In normal tissues, P-gp is 

expressed in small intestine, liver, kidney, brain and placenta where it plays a role in 

regulating the absorption and excretion of some drugs [44].   
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The importance of P-gp in drug disposition and hence efficacy is exemplified by a 

number of knockout mouse studies.  While humans have one drug transporting P-gp, 

mice have two, Mdr1a (sometimes called Mdr3) and Mdr1b (sometimes called Mdr1) 

[45, 46]. Mouse Mdr1a is preferentially expressed in intestinal epithelium and at the 

blood-brain and blood-testis barriers, whereas Mdr1b is expressed in adrenal gland, 

uterus of pregnant mice, and ovaries [47].  Both Mdr1a and Mdr1b are highly expressed 

in liver, kidney, lung, heart and spleen [47, 48].  Schinkel et al. [48] demonstrated that 

the Mdr1a knockout mice displayed increased sensitivity to ivermectin and vinblastine.  

Other groups have also observed an increase in oral bioavailability of paclitaxel [49], 

digoxin [50], and HIV-1 protease inhibitors [51] in these mice.  On the other hand, the 

absence of Mdr1b in the endometrium and placental trophoblasts of the pregnant uterus 

does not change the pharmacokinetics of digoxin in either the Mdr1b-/- fetus or Mdr1b-/- 

mothers [47].  Mdr1a/Mdr1b(-/-) double knockout mice are viable and fertile, and do not 

show any abnormalities compared to their wild-type counterparts.  However, besides 

displaying a similar digoxin pharmacokinetic profile as Mdr1a-/- mice, these double 

knockout mice display significantly reduced rhodamine 123 efflux in bone marrow cells 

[47].  In addition, these double knockout mice are more sensitive to arsenite-induced 

lethality and show increased accumulation of arsenic in liver, kidney, small intestine, and 

brain [52].  

 Numerous studies have been carried out to determine the role of P-gp in clinical 

drug resistance but no consensus has been achieved thus far [39].  This is probably due to 

variations in the techniques and reagents used to measure P-gp expression (mRNA vs 

protein levels) across laboratories [38, 53].  Also, a reproducible, highly sensitive and 
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specific, antibody-based assay for measuring P-gp expression in clinical samples is not 

yet available [39].  Many P-gp inhibitors have been synthesized, yet thus far they have 

failed to reverse drug resistance in clinical settings [38, 39].  Nevertheless, P-gp is 

expressed in 50% of clinical acute myelocytic leukemia (AML) samples, with increasing 

levels in recurrent leukemia cells [39].  Also, the rate of P-gp expression seems to be 

higher in elderly patients, suggesting a reason for the better chemotherapy responses seen 

in younger patients [54].  P-gp is also detected in breast cancer [55] and lung cancer [56], 

and its expression is associated with unresponsiveness to chemotherapy and/or poor 

prognosis in these cancer types [55, 56]. 

 

1.3.2 ABCG2 

ABCG2 was first identified in a breast cancer cell line, MCF7/AdrVp, resistant to 

doxorubicin without overexpression of P-gp or Multidrug Resistance Protein 1 (MRP1), 

and named BCRP [57, 58].  Shortly after the initial cloning of ABCG2, two other groups 

reported the isolation of the same gene but named it ABCP (ABC ‘Placenta’) [59] and 

MXR (Mitoxantrone Resistance) [60].  BCRP, ABCP, MXR, and ABCG2 are now all 

known to be the same protein.  The ABCG2 gene lies on chromosome 4q22, and encodes 

a protein of 655 amino acids.  Unlike P-gp and MRPs, ABCG2 contains a single MSD 

that is preceded by a single NBD and thus is referred to as a ‘half-transporter’ [59].  

ABCG2 is believed to function as a homodimer or possibly an oligomer [61, 62].  The 

transporter is expressed at the apical surface of the chorionic villus in the placenta [63], at 

the apical membrane of the small intestine and colon, and in the bile canalicular 

membrane [63].  This localization pattern of ABCG2 suggests it may have a role in 
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mediating the efflux of ABCG2 substrates out of these organs.  ABCG2 is also expressed 

in the brain and may be part of the blood-brain barrier [64, 65].  The substrate specificity 

of ABCG2 partially overlaps with that of P-gp and MRP1, and includes doxorubicin [58], 

daunorubicin [66], methotrexate [67], mitoxantrone [60], topotecan [68], irinotecan and 

its metabolite SN-38 [69].  In addition, ABCG2 transports the anti-folates Tomudex and 

GW1843 [70], and tyrosine kinase inhibitors CI1033 and gefitnib [71, 72]. The clinical 

importance of ABCG2 expression in tumors still remains to be elucidated, as current data 

from various studies are inconsistent [73].  

Studies of Abcg2 knockout mice show that they are more susceptible to the toxic 

effects of mitoxantrone [74] and have enhanced maternal-fetal transfer of topotecan [75].  

Moreover, they are sensitive to pheophorbide a, a substance that is often found in various 

plant-derived foods and food supplements [75].  This hypersensitivity leads to phototoxic 

lesions on light-exposed skin of these mice [75].  Also, Abcg2-/- mice display a novel 

protoporphyria, characterized by increased protoporphyrin IX levels in plasma 

erythrocytes [75].  These findings suggested that individuals with low or absent ABCG2 

expression may be at risk for developing diet-induced phototoxicity or protoporphyria 

[75]. 

 

1.3.3 The ABC ‘C’ subfamily of transporters  

P-gp was long thought to be the only transporter to cause the MDR phenotype 

until first the discovery of the multidrug resistance protein (MRP1) [76] and then ABCG2 

[58] .  MRP1 was first cloned from a doxorubicin-selected multidrug resistant small cell 

lung carcinoma (SCLC) cell line, H69AR, which does not over-express P-gp [76-78].  
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Additional MRP-related transporters were discovered during the following decade.  To 

date, the ABCC subfamily consist of 13 members (Table 1.1, Figure 1.2), 9 of which are 

transporters - MRP1 (ABCC1), MRP2 (ABCC2), MRP3 (ABCC3), MRP4 (ABCC4), 

MRP5 (ABCC5), MRP6 (ABCC6), MRP7 (ABCC10), MRP8 (ABCC11), and MRP9 

(ABCC12).  Human MRP10, encoded by ABCC13, is not a functional ABC protein due to 

the presence of 11-bp deletion in the sixth exon of ABCC13, resulting in the translation of 

a truncated protein with no intact NBD [79].  The remaining family members are a 

cAMP-regulated chloride channel, the cystic fibrosis transmembrane conductance 

regulator (CFTR, ABCC7), and potassium channel regulators, the sulfonylurea receptors 

SUR1 (ABCC8) and SUR2 (ABCC9).  Mutations in several ABCC transporters are 

known to cause genetic disorders, such as Dubin-Johnson syndrome (DJS, caused by 

ABCC2 mutations) [80, 81], Pseudoxanthoma elasticum (PXE, caused by ABCC6 

mutations) [82], and cystic fibrosis (caused by ABCC7 mutations) [83].  Since they are 

the focus of this thesis, the MRP1/ABCC1 and MRP4/ABCC4 are discussed more 

extensively below. 

 

1.4 The MRP1 (ABCC1) and MRP4 (ABCC4) transporters  

1.4.1 Gene and protein structure  

The ABCC1 gene is located on chromosome 16p13.11 and is overexpressed in 

H69AR and many other tumor cells, largely as a result of gene amplification [76, 84].  

ABCC1 has 31 exons spanning more than 200 kb [85], and the encoded protein, MRP1, 

consists of 1531 amino acids with a molecular weight of 190 kDa when fully 

glycosylated.  
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Table 1.1 General properties of MRP/ABCC transporter genes and proteins. 

ABC gene 
symbol 

 
Protein 
name Chromosome 

# of 
exons 

# of 
amino 
acids 

Associated genetic 
disorder 

ABCC1 MRP1 16p13 31 1531  

ABCC2 

 

MRP2 10q24 

 

32 

 

1545 

 

Dubin-Johnson 

syndrome 

ABCC3 MRP3 17q21 31 1527  

ABCC4 MRP4 13q31 31 1325  

ABCC5 MRP5 3q27 29 1437  

ABCC6 

 

MRP6 16p13 

 

31 

 

1503 

 

Pseudoxanthoma 

elasticum 

ABCC7 CFTR 7q31 27 1480 Cystic fibrosis 

ABCC8 

 

 

 

SUR1 11p15 

 

 

 

39 

 

 

 

1581 

 

 

 

Persistent 

hyperinsulinemic 

hypoglycemia of 

infancy 

ABCC9 SUR2 12p12 38 1549  

ABCC10 MRP7 6p21 21 1492  

ABCC11 MRP8 16p12 29 1382 Dry ear wax 

ABCC12 MRP9 16p12 29 1359  
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Figure 1.2 Phylogenetic tree of human MRP/ABCC transporters.   

The unrooted dendrogram shown illustrates the relative similarities among members of 

the human ABCC subfamily of transporters.  The linear distance between two proteins 

represents the sequence similiarity between them, with the shorter the distance the higher 

the sequence similarity.  Multiple sequence alignments and the dendrogram were 

generated using Clustal W.  Swiss-Prot accession numbers: MRP1 (ABCC1), P33527; 

MRP2 (ABCC2), Q92887; MRP3 (ABCC3), O15438; MRP4 (ABCC4), O15439; MRP5 

(ABCC5) O15440; MRP6 (ABCC6) O95255; CFTR (ABCC7), P13569; SUR1 (ABCC8), 

Q09428; SUR2 (ABCC9), O60706; MRP7 (ABCC10) Q5T3U5; MRP8 (ABCC11) 

Q96J66; and MRP9 (ABCC12), Q96J65.
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The predicted structure of MRP1 differs from most other ABC transporters by the 

presence of a third MSD at the NH2-proximal end of the protein (Figure 1.3).  

The ABCC4 gene is located on chromosome 13q32.1 and was first discovered in 

1997 as a homologue of MRP1 [86].  Subsequently, another group isolated the same 

cDNA but named it MOAT-B due to its similarity to MRP2 (previously known as c-

MOAT) [87].  Like ABCC1, the ABCC4 gene also has 31 exons [88], but encodes a 

smaller protein of just 1325 amino acids, making it the smallest member of the ABC ‘C’ 

transporter subfamily [89].  MRP4 and MRP1 share 39% sequence identity, and unlike 

MRP1, MRP4 does not have a third MSD at its NH2 terminus (Figure 1.3) [87].  MRP4 

shares most sequence similarity with CFTR/ABCC7 [87], although they only share 

overall sequence identity of 36% due to the presence of the regulatory domain in CFTR 

(Figure 1.2). 

 

1.4.2 Tissue distribution and membrane localization 

 In polarized endothelial and epithelial cells, MRP1 is predominantly localized at 

the basolateral membrane [34].  MRP1 is expressed ubiquitously, with higher expression 

levels reported in the lung, testis, kidney, skeletal and cardiac muscles, and the placenta 

[36, 76, 90].  MRP1 expression is low in liver, but is reported to be higher in proliferating 

hepatocytes and liver cancer cell lines [90].  In the brain, MRP1 is expressed at the apical 

surface of endothelial cells in the blood-brain barrier and at the basolateral surface of the 

choroid plexus epithelia [91], and is believed to limit the entry of drugs and xenobiotics 

into the brain by effluxing them into the bloodstream. 
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MRP1/ABCC1 

 
 

MRP4/ABCC4 

 
Figure 1.3 Predicted membrane topology of human MRP1 and MRP4 transporters.   

Diagrams not drawn to scale.  MSD: membrane spanning domain, NBD: nucleotide 

binding domain.  Topology model drawn by Dr. Alice Rothnie. 
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 MRP4 is expressed at moderate levels in lung, gall bladder, and intestine, but is 

expressed at higher levels in kidney and prostate [87].  Similar to MRP1, MRP4 

expression is barely detectable in the liver [87, 89].  Interestingly, MRP4 exhibits a 

tissue-type specific localization profile.  Thus, MRP4 is detected in the apical membrane 

of the kidney proximal tubule, but in the basolateral membrane of tubuloacinar cells in 

prostate [92].  MRP4 is also expressed in both the apical and basolateral sides of brain 

capillary endothelial cells [91, 93, 94].  Factors that determine this tissue-dependent 

localization of MRP4 are currently unknown. 

  

1.4.3 Substrate specificities 

 MRP1 is a primary active transporter of GSH and oxidized GSH (GSSG) [34, 95].  

It is also capable of transporting many GSH (e.g. leukotriene C4, LTC4, and GS-

prostaglandin A2, PGA2), glucuronide (e.g. 17β-estradiol 17-β(-D-glucuronide), E217βG), 

and sulfate (e.g. estrone-3-sulfate, dehydroepiandrosterone sulfate, DHEAS) conjugated 

organic anions [34, 90].  Moreover, MRP1 can confer resistance to many anti-cancer 

agents, such as anthracyclines [76], Vinca alkaloids [96, 97], methotrexate [98], 

irinotecan [99] and its metabolite, SN-38 [100] (Figure 1.4).  Protease inhibitors of the 

human immunodeficiency virus, ritonavir and saquinovar are also reported to be 

substrates of MRP1 [101].  In addition, MRP1 can mediate the resistance to heavy metal 

oxyanions [96], and may play a role in preventing cellular damage from toxicants [36].   

 MRP4 and MRP1 share partially overlapping substrate specificities.  Like MRP1, 

MRP4 is reported to transport GSH [102, 103], and certain glucuronide (E217βG) [104] 

and sulfate (DHEAS) conjugates [105].  However, MRP4 can transport unconjugated 
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Figure 1.4 Chemical structures of some MRP1 and MRP4 substrates. 
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PGE1 (PGE1) and PGE2 [106], and urate [107], none of which are MRP1 substrates.  In 

addition, MRP4 may be capable of transporting the cyclic nucleotides cAMP and cGMP 

although some controversy exists [104, 108].  MRP4, similar to MRP1, transports 

methotrexate and is able to confer resistance to short-term methotrexate exposure in 

tumor cells [109, 110].  Also, MRP4 can transport topoisomerase I inhibitors irinotecan 

and topotecan (Figure 1.4) [93, 111, 112].  But unlike MRP1, MRP4 can transport the 

monophosphate metabolite of 9-(2-phosphonyl methoxyethyl) adenine (PMEA) and 

azidothymidine (AZT), potent inhibitors of HIV reverse transcriptases and other viral 

polymerases [113].  Three cyclic nucleotide phosphonates (adefovir, cidofovir, and 

tenofovir), are also reported to be substrates of MRP4 [114].  The role of MRP4 in 

mediating renal elimination of these anti-HIV agents has recently been examined in 

Mrp4-/- knockout mice, and is discussed further below.    

   

1.4.4 Knockout animal studies and physiological importance  

 Two independent groups have generated transgenic Abcc1/Mrp1-/- knockout mice 

to further understand the physiological importance of MRP1 [115, 116].  Both groups 

reported that knockout mice are viable and fertile, and that the general physiological and 

histological parameters of the knockout mice are similar to those of their wild-type 

counterparts [115, 116].   Thus, MRP1 appears to be dispensable for normal growth and 

development.  However, Lorico et al. [115] reported that the Abcc1/Mrp1-/- knockout 

mice are more sensitive to etoposide-induced bone marrow toxicity than wild-type mice.  

They also found that GSH levels were elevated in breast, lung, heart, kidney, muscle, 

colon, testes, bone marrow cells, blood mononuclear leukocytes, and blood erythrocytes 
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of the Abcc1/Mrp1-/- mice.  Wijnholds et al. [116] also observed increased sensitivity to 

etoposide and vincristine in bone marrow-derived mast cells from their Abcc1/Mrp1-/- 

mice.  Moreover, the lack of Mrp1 protein in the knockout mice caused a 10-fold increase 

in etoposide levels in the CSF [116], and increased etoposide-induced damage to the 

mucosa of the oropharyngeal cavity and to the seminiferous tubules of the testis [117].  

Together, these findings indicated that MRP1 is important for protecting specific organs 

from damage by cytotoxic agents, and may also be important for mediating GSH efflux.   

MRP1 also plays a crucial role in mediating certain immune responses, because 

Abcc1/Mrp1-/- knockout mice showed a reduced response to a topical application of 

arachidonic acid, an inflammatory stimulus [116].  This is likely due to defective 

secretion of LTC4 from leukotriene-synthesizing cells, caused by the absence of Mrp1.  

Also, the MRP1 inhibitor MK-571 decreased IFN-γ and IL-4 secretion by IL-2 stimulated 

murine Th1 and Th2 cell lines respectively [118].  In human T cells, MRP1 inhibitor also 

abrogated superantigen-induced expression of IFN-γ, TNF-α, IL-10, IL-2, IL-4, and 

CD69 [119].  However, these studies need to be interpreted with caution because they are 

based on the use of MK-571, a relatively non-specific inhibitor [34, 120].   

Schultz et al. [121] found that Abcc1/Mrp1-/- mice were more resistant to 

Streptococcus pneumoniae-induced pneumonia.  The authors suggested that this was due 

to reduced LTC4 secretion and hence cellular retention of LTC4 (Figure 1.5).  This could 

potentially lead to feedback inhibition of LTC4 synthetase, which could allow more of the 

LTA4 precursor to be converted into LTB4 (Figure 1.5) [121].  Increased LTB4 release 

could then stimulate microbicidal activities of phagocytic cells and hence enhance 

bacterial clearance in these knockout mice [121].  On the contrary, Abcc1/Mrp1-/- mice 
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Figure 1.5 Biosynthetic pathways of LTA4, LTB4, LTC4, LTD4 and LTE4.   

Transporter shown in the membrane represents MRP1.  How LTB4 is transported out of 

the cell is currently unknown. 
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exhibited a transiently impaired immune response to Mycobacterium tuberculosis 

infection, but survival rate and bacterial outgrowth in these knockout mice became 

comparable to those in wild-type counterparts 4 months post-transfection [122].  The role 

of MRP1 in protective immune response against bacterial infection is yet to be 

confirmed. 

 Abcc4/Mrp4-/- knockout mice have also been generated by two independent 

groups [123-125].  Both groups reported that the Abcc4-/- mice are healthy and reproduce 

normally, and their baseline hematologic parameters, as well as liver and renal functions 

are within normal limits [123, 124].  Several groups have reported that these  

Abcc4/Mrp4-/- knockout mice display reduced renal clearance of a variety of drugs, 

including the anti-hypertensive hydrochlorothiazide [126], loop diuretic furosemide 

[126], antiviral drugs adefovir and tenofovir [114], and antibiotics ceftizoxime and 

cefazolin [127].  In the liver, Mrp4 seems to play a role in the hepatic excretion of sulfate 

conjugates of acetaminophen, 4-methylumbelliferone, and harmol, but appears to be 

dispensable in the clearance of glucuronide conjugates of these drugs from the 

hepatocytes, at least in mice [125].  Nevertheless, Abcc4/Mrp4-/- mice are more sensitive 

to PMEA-induced lethality.  Also, PMEA-induced damage in bone marrow, thymus, 

spleen, and gastrointestinal tract was more pronounced in Abcc4/Mrp4-/- mice, implying a 

protective role of Mrp4 in these organs [124].  In the brain, Mrp4 limits the entry of 

topotecan [93] and PMEA [124], suggesting that Mrp4 plays an important role in 

protecting this organ from these cytotoxins.  

Mrp4 has also been implicated in the hepatic elimination of sulfated steroid and 

bile acid metabolites.  Assem et al. [123] found that both Mrp4 and Sult2a1 expressions 
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were coordinately induced by administration of constitutive androstane receptor (CAR) 

activator, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), in primary murine 

hepatocytes.  They also reported that Sult2a1 expressions in the liver of Abcc4/Mrp4-/- 

mice were 6-fold lower than in the liver of wild-type mice [123].  CAR is a nuclear 

hormone receptor that has been previously shown to protect the liver against bile acid 

induced toxicity [12, 128, 129], and Sult2a1 is a cytosolic enzyme that preferentially 

transfers a sulfate moiety to hydroxysteroid substrates such as lithocholate [130].  It is 

therefore probable that both Sult2a1 and Mrp4 participate in an integrated pathway to 

mediate elimination of sulfated steroid and bile acid metabolites from the liver [123].  In 

addition, Mennone et al. [131] observed a more profound liver injury in Abcc4/Mrp4-/- 

mice 7 days after common bile duct ligation, suggesting an unique role of Mrp4 in the 

cytoprotective response to obstructive cholestasis. 

 As mentioned in Section 1.4.3, MRP4 is capable of transporting endogenous 

substrates such as cyclic nucleotides (cAMP and cGMP) [104, 108], urate [107], certain 

prostaglandins [106], and other prostanoids [132] in vitro.  However, whether or not these 

MRP4-mediated transports have a physiological role in vivo is yet to be established. 

 

1.4.5 MRP1 and MRP4 in cancer  

 Since MRP1 was first discovered, numerous studies have been carried out in an 

attempt to establish what role MRP1 plays in clinical resistance in cancer.  However, 

variations among the clinical studies, such as the number of patients recruited in the 

study, tumor types and grading, methods of tumor extraction, assays employed to study 

MRP1 expression (e.g. protein vs mRNA), treatment modalities (e.g. chemotherapy 
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and/or radiotherapy) used in patients during the study etc., make the comparison of the 

results and their interpretations difficult.  Although MRP1 is capable of transporting 

methotrexate, polyglutamylation of methotrexate abolished the transport capacity [133], 

suggesting that MRP1 can only confer short-term resistance to methotrexate and this 

transporter is not likely to be responsible for clinical resistance to this drug.  Frequent 

high level expression of MRP1 has been found in non-small cell lung cancer (NSCLC) 

[134, 135], and high MRP1 levels have been correlated with poor response to 

chemotherapy and overall survival in this disease [136].  Although MRP1 is less 

frequently expressed in SCLC [135], its protein expression has been found to be 

predictive of poor response to chemotherapy in SCLC patients in two studies [56, 137].  

MRP1 expression does not seem to predict treatment response, tumor stage, or event-free 

survival in either ovarian and pancreatic carcinoma [138-140].  In breast cancer, MRP1 

levels seem to be strongly associated with relapse time [141] and overall survival [141, 

142], but the prognostic significance of MRP1 might be limited to a certain subgroup of 

breast cancer patients [143-145].  Also, high MRP1 expression correlates significantly 

with lower event-free survival and overall survival rate in untreated neuroblastoma [146-

148] but not in advanced neuroblastoma [149].  Meanwhile, the significance of MRP1 

expression in hematological malignancies remains unclear [54, 150-154]. 

Thus far, very few studies have been carried out assessing the contribution of 

MRP4 to drug resistance in cancer.  MRP4 is not expressed in retinoblastoma [155].  

Also, MRP4 is either not expressed [156], or its expression does not seem to correlate 

with overall survival or remission rate in acute lymphoblastic leukemia patients [157].  

Moreover, MRP4 levels do not seem to correlate with tumor stage or grading in 
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pancreatic carcinoma [139].  In addition, MRP4 mRNA expression remained unchanged 

after carboplatin administration in lung cancer patients [158].  However, a mutated form 

of MRP4 (with point mutations 3228A>G, 3246A>T, and 3532G>T) has been shown to 

be over-expressed in a cisplatin resistant SCLC cell line SR-2 [159].  Also, a study 

conducted by Carter et al. [160] demonstrated that cells from chronic myelogenous 

leukemia patients transcribed higher levels of MRP4 mRNA, relative to cells from 

healthy counterparts.  Furthermore, high MRP4 mRNA expression was observed in 

aggressive primary neuroblastoma and was significantly associated with poor clinical 

outcome [161].  This finding is unexpected, as drugs that are used to treat neuroblastoma, 

such as doxorubicin, etoposide, and vincristine, are MRP1 and/or P-gp substrates but not 

MRP4 substrates.  It is suggested that MRP4 may be transporting some other non-drug 

substrates that are important for the maintenance of the malignancy [161].  Further 

studies are required to elucidate the role of MRP4 in clinical cancer. 

 

1.4.6 Regulation of MRP1 and MRP4  

The mechanisms which regulate MRP1/ABCC1 expression are not well 

understood.  As mentioned previously, the ABCC1 gene is amplified in many drug-

resistant cell lines in which it is expressed [76, 162].  On the other hand, MRP1 up-

regulation without amplification of ABCC1 has also been observed [163-165].  The 

human ABCC1 promoter was first isolated from a doxorubicin-selected leukemia cell line 

by Zhu and Center (1994), and subsequently from lung cancer H69AR cell line [166] 



 

 

 

 

 

 

 

Figure 1.6 Regulatory elements in the promoter region of ABCC1.  

AP-1: activator protein 1; ARE: antioxidant response element; cAMP REBP: cAMP 

response element binding protein; c-ets-1: p54; EGR-1: early growth response-1; MRE: 

metal responsive element; Runx3: runt domain protein 3; UTR: untranslated region. [167-

174] 
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(Figure 1.6).  The proximal ABCC1 promoter is TATA-less, CAAT-less, and GC-rich 

[166].  It was suggested that multiple Sp-1 binding sites at the proximal promoter region 

contribute to the major promoter activity of ABCC1 [166].  This was confirmed by 

Muredda et al. [170], who showed that Sp-1 sites play an important role in maintaining 

full basal expression of human ABCC1, as well as the murine and rat Abcc1 promoters in 

vitro.  Several studies have indicated that MRP1 expression is suppressed by p53 [172, 

175, 176], although the ABCC1 promoter does not contain any canonical p53 binding 

sites [172].  It is believed that p53 suppresses MRP1 expression, at least in part, by 

interfering with the binding of Sp-1 [34, 170, 172].   

Induction of MRP1 expression has been observed in response to oxidative stress 

such as exposure of cells to tert-butylhydroquinone, a pro-oxidant [168, 177].  Kurz et al. 

[168] investigated a putative AP-1 antioxidant response element (ARE) in the proximal 

ABCC1 promoter where c-Jun and/or Jun-D bind (Figure 1.6).  This AP-1 site could 

function as an enhancer of basal transcriptional activity of ABCC1 promoter, but it failed 

to mediate induction of promoter activity after treatment of cells with β-naphthoflavone, 

a pro-oxidant [168].  Shinoda et al. [171] have suggested that activation of the c-jun N-

terminal kinase (JNK) pathway is involved in the binding of phosphorylated c-jun to the 

AP-1 site.  Nonetheless, it seems unlikely that this AP-1 site alone can account for 

induction of MRP1 in response to oxidative stress [168, 177].  N-myc, an oncogene and 

transcriptional regulator that is often amplified in neuroblastoma cells [147, 169, 178], 

was also reported to up-regulate MRP1 by binding to putative E-box elements in a more 

distal region of the ABCC1 promoter [147, 169, 178].  In addition, the 

phosphatidylinositol 3’-kinase (PI3K)/Akt signaling pathway is believed to play a role in 
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up-regulating MRP1 expression in both advanced prostate cancer cell [164], and acute 

myelogenous leukemia blasts [179].  Other transcription factors, such as Nrf-2 [180] and 

Runx3 [167], have been shown to influence MRP1 expression.  It is suggested that Runx3 

might directly bind to ABCC1 promoter [167], whereas Nrf-2 might act through 

interacting with certain transcription factor binding factors that directly bind to the 

ABCC1 promoter [180], to influence ABCC1 transcriptional activity.  In addition, 

exposure to drugs, such as indomethacin [181] and quercetin [177], were also shown to 

affect MRP1 expression.  However, how these exogenous substances modulate MRP1 

expression is unclear. 

Very little is known about how MRP4 expression is regulated and the ABCC4 

promoter sequence has not yet been reported in the literature.  Most studies have focused 

on MRP4 expression in the liver and kidney, where there is evidence that MRP4 is up-

regulated to mediate bile acid transport in cholestatic conditions [182, 183].  MRP4 is not 

up-regulated by cellular stress such as when cancer cells are exposed to doxorubicin or 

platinum-based drugs [86], but treatment with hepatotoxic agents acetaminophen and 

carbon tetrachloride dramatically increased Mrp4 protein levels in the liver of C57BL/6J 

mice [184].  Also, the electrophile response element (EpRE) signaling pathway may be 

involved in MRP4 induction [185], since treatment with two EpRE activators, ethoxyquin 

and oltipraz, increased Abcc4 mRNA levels in rat liver [185].  In addition, MRP4 levels 

seem to be under the regulation of steroid and growth hormones, such as androgen and 

male-pattern growth hormones [186, 187].  Similar to MRP1, MRP4 may be a 

downstream target of N-myc, since high ABCC4 mRNA levels were observed in 7 out of 

13 neuroblastoma tumors that have N-myc oncogene amplification [161].  Further 
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investigations are clearly needed in order to appreciate how this transporter is regulated at 

the transcriptional level.   

 

2. Polymorphisms in genes encoding transporter proteins 

 There is a growing interest in determining the significance of genetic variants on 

gene function, disease susceptibility, and treatment responses.  Single nucleotide 

polymorphisms (SNPs) are the most frequent type of genetic variants, occurring in 

approximately 1 out of every 1900 – 3000 bases throughout the human genome.  There 

are three kinds of SNPs: 1) Non-synonymous SNPs (nsSNPs) which cause a change in 

amino acid or premature termination of protein synthesis; 2) Synonymous SNPs (sSNPs) 

which change the mRNA but cause no change in amino acid; and 3) SNP in non-coding 

regions, such as in the introns, and 5’- and 3’- flanking regions of the gene.  The majority 

of SNPs give rise to only subtle genetic changes.  But in some instances, they can lead to 

alterations of gene function.  The following sections focus on how genetic variants of 

SLCO, SLC22, and ABC transporters can influence individual responses to drugs and 

toxins.   

 

2.1 Polymorphisms in SLC21 (SLCO) transporter genes 

 Among all the SLCO transporter family members, genetic variations in SLCO1B1 

have been most extensively examined.  To date, at least 25 haplotypes have been 

assigned over 17 SLCO1B1 polymorphisms [6, 188].  Michalski et al. [189] analyzed the 

effect of three SLCO1B1 SNPs on the expression and transport activity of OATP1B1 in 
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stably transfected MDCKII cells.  They found that OATP1B1 carrying a 578T>G 

(L193R) mutation was retained intracellularly, and was unable to mediate the transport of 

BSP, E217βG, and taurocholate in vitro [189].  Several polymorphisms in SLCO1B1 have 

been associated with inter-individual variability in the pharmacokinetics of pravastatin, a 

HMG-CoA reductase inhibitor.  For instance, Nazawa et al. [190] reported that 

OATP1B1*15 (containing 388A>G/N130D and 521T>C/V174A) exhibited decreased 

transport of pravastatin.  In accordance with this in vitro finding, Nishizato et al. [191] 

demonstrated that OATP1B1*15 was associated with reduced total and non-renal 

clearance of pravastatin in healthy Japanese subjects.  Another clinical study by Niemi et 

al. [192] reported that individuals with heterozygous 521TC genotype had a significantly 

higher pravastatin plasma concentration (106%) compared to individuals with 

homozygous reference genotype, but this increase is unlikely to be clinically significant.   

In addition, two independent research groups have observed statistically higher plasma 

concentrations of pitavastatin in individuals with the OATP1B1*15 haplotype [193, 194].  

Literature on the genetic variability of other OATP transporters is currently quite sparse 

relative to that for SLCO1B1/OATP1B1. 

  

2.2 Polymorphisms in SLC22 transporter genes 

 In the case of OCT1/SLC22A1, at least 16 nsSNPs have been identified and 

characterized by various research groups [188, 195, 196].  Using the Xenopous oocyte 

expression system, the protein levels of both the 848C>T (P283L) and 859C>G (R287G) 

mutants were reported to be comparable to wild-type OCT1.  However, the mutants 

exhibited no uptake of either [14C]TEA or [3H]MPP+ [196].  In the case of 
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OCT2/SLC22A2, a rare (allelic frequency <1%) variant, 134insA (F45ins), also exhibited 

no uptake of [3H]MPP+ in the Xenopous oocyte system [197, 198].  A recent clinical 

study by Shikata et al. [199] investigated the role of genetic variations of 

OCT1/SLC22A1 and OCT2/SLC22A2 with respect to the therapeutic effects of 

metformin, a drug used to treat Type-2 diabetes and a substrate for both OCTs.  They 

showed that SLC22A1 SNPs -43T>G in intron 1 and 1222A>G (M408V) were negative 

and positive predictors, respectively, for the efficacy of metformin [199].  However, the 

predictive accuracy was rather low (55.5%) [199].  In the case of OATs, a rare (<1%) 

variant of OAT1/SLC22A6, 1361G>A (R454Q), caused significantly decreased uptake of 

p-aminohippurate, ochratoxin A, and methotrexate when expressed in Xenopous oocytes, 

but individuals harboring this variant did not show any difference in their renal clearance 

of adefovir [200].  Further studies are clearly required to better understand how SNPs in 

the SLC22 transporter gene family might affect drug disposition.  

 

2.3 Polymorphisms in the ABC transporter genes 

2.3.1 P-glycoprotein/ABCB1 

 To date, more than 50 SNPs have been reported for ABCB1 [201].  The sSNP 

3435C>T was the first variant reported to be associated with decreased P-gp expression 

in the duodenum [202].  This sSNP was also reported to be associated with altered 

digoxin pharmacokinetics [202].  These findings were unanticipated, because this SNP is 

not expected to affect the expression and/or functionality of P-gp since it does not 

introduce an amino acid change.  An in vitro study conducted by Wang et al. [203] 

suggested that this variant affected P-gp expression by altering the secondary structure 
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and the stability of P-gp/ABCB1 mRNA.  Recently, Kimchi-Sarfaty et al. [201] reported 

the effect of 3435C>T polymorphism in HeLa and three other mammalian cell lines on P-

gp activity.  Although decreased mRNA levels in the 3435C>T variant was not observed, 

they determined that the inhibitory effect of cyclosporine A on rhodamine 123 efflux was 

decreased when the 3435C>T sSNP was combined with the 1236C>T and/or 2677G>T 

SNPs [201].  Similarly, the inhibitory effect of digoxin on both rhodamine 123 and 

bodipy-verapamil efflux was decreased in the P-gp mutants containing all three SNPs 

(3435T-1236T-2677T) relative to wild-type P-gp [201].  The authors noted that all three 

polymorphisms create rare codons in the P-gp mRNA, and suggested that this in turn 

could influence the timing of subsequent translational folding and the conformation of the 

P-gp protein, and in this way, alter its substrate specificity [201].  Since the initial 

description of the genotype-phenotype association, numerous studies have been carried 

out to further establish the association between 3435C>T with P-gp/ABCB1 mRNA and 

protein levels [202, 204], altered drug pharmacokinetics [202, 205-207], and cancer 

prognosis [208, 209] in a clinical setting.  However, while some investigators observed a 

significant association between the presence of this SNP and decreased P-gp expression 

and/or function, others have reported no statistically significant associations [210], 

making the elucidation of the clinical consequences of this SNP unclear.     

 

2.3.2 ABCG2 

 Among the more than 80 variants identified in the ABCG2 gene, the 421C>A 

(Q141K) nsSNP has been the most extensively investigated.  The allelic frequency of this 

polymorphism is high in Asian populations, such as the Japanese [211] and Chinese 
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(approximately 35%) [212, 213], but low in Caucasian and African populations (<10%) 

[211, 213].  This SNP is located between the Walker A and the ‘C’ signature motif of 

ABCG2, leading to an addition of a basic lysine residue in that position.  Thus, it might 

be expected that this SNP could affect the expression and or/functions of ABCG2 [214].  

Indeed, Imai et al. [215] reported that levels of the Q141K variant protein were 

significantly lower when stably expressed in murine fibroblast PA317 cells, and cells 

were less able to confer drug-resistance to ABCG2 substrates, such as SN-38, 

mitoxantrone, and topotecan.  Although Morisaki et al. [216] did not observe a decreased 

in Q141 variant protein expression in stably-transfected HEK293 cells, the group did note 

that a large portion of these variant proteins were retained in the cells, and the ATPase 

activity of the Q141K variant is 1.8-fold lower than wild-type ABCG2 [216].  In 

addition, Mizuarai et al. [217] reported that the ATPase activity of the Q141K variant 

was somewhat lower (1.3-fold) than wild-type ABCG2 when expressed in insect Sf9 

cells, but this change is unlikely to be physiologically significant.  In contrast to the in 

vitro study, results from in vivo studies have been inconsistent.  Thus, Kobayashi et al. 

[211] have reported that ABCG2 protein levels were significantly lower in placenta 

samples of Japanese carrying either homozygous variant genotype (i.e. 421AA) or 

heterozygous variant genotype (i.e. 421CA).  In contrast, Zamber et al. [213] found no 

differences in either ABCG2 mRNA or protein levels in subjects carrying the wild-type 

or heterozygous 421C>A allele.  Numerous studies have attempted to establish an 

association between the presence of the Q141K variant and alteration in the disposition of 

ABCG2 substrates [212, 218-220].  However, like the case of the ABCB1 3435C>T 

polymorphism, results from these studies seem to be contradictory.  Interestingly, in 
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NSCLC A549 cells that harbor a heterozygous 421C>A genotype, Bram et al. [221] 

demonstrated a 421C allele-specific amplification during the acquisition of resistance to 

C-1305, a novel triazoloacridone anti-tumor agent.  This overexpression of both C421 

ABCG2 mRNA and protein levels caused a significant increase in resistance to SN-38 

and mitoxantrone [221].  The physiological and clinical relevance of this mono-allelic 

gene amplification remains to be further investigated in other cancer cell lines and 

samples from cancer patients. 

    

2.3.3 MRP1/ABCC1 

 Thus far, at least 22 ABCC1 nsSNP have been identified, many of which occur 

with a relatively low allelic frequency (<0.2% in the general population).  The functional 

consequences of some  ABCC1 nsSNPs have been characterized in vitro.  Although the 

128G>C (C43S) variant in exon 2 was predicted to have no impact on MRP1 functions in 

silico [222], it disrupted trafficking of MRP1 to the plasma membrane of HeLa cells and 

decreased MRP1-mediated resistance to vincristine and arsenite [223].  On the other 

hand, transport of LTC4, E217βG, and GSH by the C43S mutant remained comparable to 

the wild-type MRP1 [223].  Another ABCC1 nsSNP, 2012G>T (G671V) had no effect on 

the transport of LTC4, E217βG, and estrone sulfate [224], despite being present in a 

highly conserved region in the first NBD and predicted to have an impact on MRP1 

functions in silico [222].  Individuals carrying this polymorphism were reported to have 

lower ABCC1 mRNA expression (43%) in their peripheral blood lymphocytes [224], but 

this result is found in a small study (n = 33), and whether or not this is reflected in 

decreased protein levels is not known.  Interestingly, this nsSNP was recently found to be 
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statistically associated with an increased risk of doxorubicin-induced cardiotoxicity in 

1697 German non-Hodgkin lymphoma patients [225].  It is therefore imperative to test 

this G671V variant for in vitro or in vivo drug resistance.   

A third SNP, 1299G>T (R433S), was predicted to be deleterious in silico [222].  

Indeed, this mutant increased resistance to doxorubicin in stably transfected HeLa cells 

and decreased LTC4 and estrone sulfate transport in membrane vesicles prepared from 

HEK293T cells [226], indicating that the effect of this nsSNP is substrate specific.   

Létourneau et al. [222] characterized 10 additional ABCC1 non-synonymous SNPs and 

found only one of them (2965G>A, A989T) caused a significant decrease in MRP1-

mediated E217βG transport.  However, the transport of LTC4 and methrotexate by this 

mutant remained comparable to wild-type MRP1 [222].  Similar to the case of G671V 

variant, as no in vitro or in vivo drug resistance was tested, the phenotypic effects of these 

10 SNPs cannot be defined solely from this study.  

Compared to P-gp/ABCB1, very few studies have been carried out to explore the 

clinical role of ABCC1 SNPs.  A SNP in the first intron of ABCC1 gene has been 

associated with increased forced expiratory volume in asthma patients receiving 

Montelukast® for 6 months [227], but whether or not this SNP has a casual effect in 

patients’ response to this drug remains to be elucidated.  Another ABCC1 2168G>A 

(R723Q) variant has been associated with enhanced response (100% response versus 

51%) to taxanes and/or platinum-based chemotherapy in advanced ovarian cancer 

patients [140], even though this variant is predicted to have no phenotypic effect on the 

expression/functionality of MRP1 in silico [222].  Also, as both taxanes and platinum-



- 35 - 

based drugs are not known to be substrates of MRP1, at least in vitro, the association 

found in this study may not be clinically significant. 

Even less information is available about the consequences of SNPs in the 

proximal promoter region of ABCC1 (Table 5.1).  While the GCC repeat in the 5’-

untranslated region (5’-UTR) of ABCC1 is polymorphic [85], it has been reported not to 

affect either the constitutive or xenobiotic-induced activity of the ABCC1 promoter, at 

least in vitro [228].  

 

2.3.4 MRP4/ABCC4 

 Although information on genetic variations in the ABCC4 gene is available in 

various SNP databases [229-231], there are only three studies investigating the functional 

consequences of these SNPs that have been published to date [232-234].  Izzedine et al. 

[234] explored the potential of ABCC2 and ABCC4 SNPs in predicting Vired (a set of 3 

nucleoside reverse transcriptase inhibitors, NRTIs) induced renal proximal tubulopathy in 

HIV-infected patients.  However, they did not find any association between ABCC4 SNPs 

and the drug-induced tubulopathy [234].  On the other hand, Anderson et al. [232] 

studied the relationship between polymorphisms and NRTIs pharmacokinetics in 33 

patients, and observed an elevated (20%) median lamivudine-triphosphate concentration 

in the peripheral blood mononuclear cells of HIV patients carrying ABCC4 3’-UTR 

4131T>G variant [232].  However, it is noted that both the number of samples (n = 33) in 

the study and the increase (20%) in median concentration is relatively small [232], thus 

whether or not this finding is clinically relevant is yet to be further established. 
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Gradhand et al. [233] have identified a total of 74 genetic variants in ABCC4 by 

sequencing 2 kb of the 5’-flanking region, all exons and intron/exon boundaries of 

ABCC4 in 95 Caucasian individuals.  Among these variants, 7 haplotypes were observed 

with a frequency of at least 2% [233].  None of the reported polymorphisms, including 

the 4131T>G variant previously examined by Anderson et al. [232], were associated with 

altered MRP4 mRNA and protein levels in liver.  Again, this may be due to the small 

number of samples studied [233].  None of the non-synonymous variants affected the 

cellular localization of MRP4 [233].  In silico analysis of ABCC4 nsSNPs using PolyPhen 

[235] revealed that the T1142M (3540C>T) variant is predicted to have a deleterious 

effect on protein localization and/or function [233].  However, this remains to be 

demonstrated experimentally.   

 

3. Research hypothesis and objectives 

 A growing body of evidence suggests that drug transporters play a crucial role in 

influencing the disposition and hence the pharmacological and toxicological effects of 

drugs, toxicants and other xenobiotics.  The ABC transporters are expressed in various 

tissues and play an important role in defending the body from the toxic effects of 

endogenous and exogenous compounds and their metabolites.  These transporters also 

play a role in maintaining several important physiological processes.  Some ABC 

transporters, such as P-gp, ABCG2, MRP1, and very recently MRP4, are also found in 

cancer cells and have been implicated in mediating resistance to cancer chemotherapy.   

SNPs in genes encoding drug-metabolizing enzymes are known to affect 

individual responses to drugs and toxins.  However, little is known about the 
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consequences of polymorphisms in drug transporter genes like ABCC1 and ABCC4.  

Thus far, there are only two studies investigating the effects of SNPs found in the 

promoter region of ABCC1 (Table 5.1), and no functional data regarding SNPs of the 

ABCC4 promoter are available (Table 5.2).  Therefore this thesis sought to test the 

hypothesis that SNPs in the proximal promoter regions of ABCC1 and ABCC4 could 

influence their expression in cells derived from different tumor types. 

 To address this hypothesis, my objective was to investigate the functional 

consequences of several SNPs in the proximal promoter regions of ABCC1 and ABCC4 

in vitro.  In the case of MRP1/ABCC1, two SNPs -260G>C and -275A>G were studied.  

These variants were re-created by performing site-directed mutagenesis in a ABCC1 

promoter luciferase reporter construct -2013Luc3β [168, 170].  The luciferase activities 

of both the wild-type and mutant constructs were then measured in several human cancer 

cell lines using a dual luciferase reporter assay.  In the case of MRP4/ABCC4, the -

523G>C SNP was identified in an online SNP database and then functionally 

characterized in a similar fashion.  However, since the proximal promoter region of 

human ABCC4 had not yet been described, it was first necessary to isolate the human 

ABCC4 proximal promoter.  ABCC4 promoter luciferase reporter plasmids were then 

constructed and a preliminary characterization of the basal proximal promoter activity of 

ABCC4 was carried out. 
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Chapter 2: Methods 

1. SNP information source 

 The ABCC1 -260G>C polymorphism was identified by Wang et al. [173] through 

sequencing ABCC1 in the DNA of individuals from five different populations (96 

European-American, 94 African-American, 92 Chinese, 92 Malays, 91 Indians).  The 

ABCC1 -275A>G polymorphism was identified by Wang et al. [236] through sequencing 

ABCC1 in 27 unrelated individuals of Chinese descent.  Information on the ABCC4 SNP 

-523G>C was collected from the National Centre for Biotechnology Information (NCBI) 

Entrez SNP Database <www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=snp>.  The allelic 

frequencies of all the promoter SNPs examined in this study are summarized in Table 2.1. 

 

2. Proximal promoter reporter constructs 

2.1 Generation of ABCC1 proximal promoter reporter construct 

 The pGL3Basic luciferase reporter vector containing the ABCC1 proximal 

promoter region (-2013 to + 196, where +1 denotes the transcription initiation site) was 

generated previously [168, 170] and is henceforth referred to as -2013Luc3β (Figure 2.1).  
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Table 2.1 Reported allelic frequencies of SNPs in the proximal promoter region of 

MRP1/ABCC1 and MRP4/ABCC4 examined in this study. 

Variant Allelic frequency Population Reference 

ABCC1 -275A>G 3.7% (4/27) Chinese [236] 

ABCC1 -260G>C 

 

0% (0/92) 

4.9% (5/92) 

11% (10/91) 

23.4% (22/96) 

55.3% (52/94) 

Chinese 

Malaysian 

Indian 

European American 

African American 

[173] 

ABCC4 -523G>C 58.3% (35/60)  

63.3% (29/45)  

64.8% (29/44)  

22.5% (14/60)  

European 

Chinese 

Japanese 

Yoruba population 

NCBI Entrez 

SNP 

database 
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Figure 2.1 Schematic diagram of the MRP1/ABCC1 -2013Luc3β  construct used in 

this study.  

Generation of this promoter reporter construct was described previously [168, 170]. 

AmpR : ampicillin resistance gene. 



- 41 - 

2.2 Generation of ABCC4 proximal promoter reporter constructs 

2.2.1 Southern blotting of ABCC4-containing Bacterial Artificial Chromosome (BAC) 

clones 

A genomic sequence of chromosome 13q containing the 5’-flanking region and 

5’-UTR of ABCC4 was obtained from the Ensembl Genome Browser 

<www.ensembl.org>.  This genomic sequence was analyzed using the Vector NTi® 

program (Invitrogen, Carlsbad, CA) to generate a map of restriction sites in this region. 

Two human BAC plasmids (789G22 and 197J19) containing the 5’-flanking 

region and 5’-UTR of ABCC4 were identified from the NCBI BAC Clone Registry 

Database <www.ncbi.nih.gov/projects/genome/clone>, and were obtained from the 

Centre of Applied Genomics (The Hospital for Sick Children <www.tcga.ca> Toronto, 

ON).  DNA was isolated and purified according to suppliers’ protocol.  Purified DNA (30 

µg) was digested with 1 µl each of HindIII (10 U/µl) (New England Biolabs, Pickering, 

ON) and KpnI (10 U/µl) (New England Biolabs), or 1 µl each of NheI (10 U/µl) (New 

England Biolabs) and KpnI, or 1 µl each of XhoI (20 U/µl) (New England Biolabs) and 

KpnI for 3 hr at 37 °C.  The digested DNA was subjected to electrophoresis through a 1% 

agarose gel and then transferred onto a nylon membrane (Micron Separations Inc., 

Westborough, MA) by TurboBlotter™ (Schleicher & Schuell, Keene, NH) overnight in 

10x saline-sodium citrate (SSC) (diluted from 20x SSC: 3 M sodium chloride, 0.3 M 

sodium citrate, pH 7.0) according to the manufacturer’s instructions.  A plasmid 

containing ABCC4 cDNA (1 µg) was loaded on the gel as a positive control.  The 

membrane was first incubated in 20 ml pre-hybridization buffer (6 ml 20x SSC, 4 ml 50x 

polyvinylpyrrolidone/Ficoll™ [consists of 1% polyvinylpyrrolidone (Sigma-Aldrich, St 
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Louis, MO) and 1% Ficoll™ (Amersham Pharmacia Biotech AB, Uppsala, Sweden)], 0.4 

ml 10% SDS, 2 ml 1% pyrophosphate, and 7.6 ml distilled water) in a 80 x 220 mm 

hybridization bottle at 47 °C for 4 hr.  Two 32P-end-labeled oligonucleotides: 5’-

GCTGCCCGTGTACCAGGAGG-3’ (+3 to +23 relative to the translation start site of 

ABCC4, named probe 1); and 5’-CGAGTTACCCGGCTTTCTTG-3’ (-559 to -539 

relative to the translation start site, named probe 2) were synthesized by Integrated DNA 

Technologies (Coralville, IA), and end-labeled as follows: 10 pmol oligonucleotides, 30 

µCi γ32P-ATP (6000 Ci/mmol) (PerkinElmer, Waltham, MA), 2 µl of 10x All Phor-one 

buffer (Fermentas, Burlington, ON), 1 µl T4 polynucleotide kinase (10 U/µl) (Fermentas) 

were combined and distilled water added to a total final volume of 20 µl.  The reaction 

mixture was incubated for 10 min at 37 °C and then 180 µl of distilled water was added 

to make a total volume of 200 µl.  The 200 µl mixture was added to the hybridization 

bottle containing the membrane and pre-hybridization solution, and incubated overnight 

at 47 °C.  The membrane was then washed for 5 min with 100 ml washing buffer, which 

consisted of 6x SSC and 0.2% SDS, three times at 47 °C.  Finally, membranes were 

exposed to X-Omat™ Blue XB-1 diagnostic film (Kodak, Rochester, NY) at -80 °C for 

several exposure times ranging from 24 – 68 hr.  

 

2.2.2 Isolation and cloning of ABCC4 fragments 

 The 2.7 kb and 1.5 kb ABCC4 DNA fragments resulting from the NheI/KpnI, and 

XhoI/KpnI double digests, respectively, as identified in Section 2.2.1 were cloned into 

the pcDNA3.1(-) expression vector (Invitrogen) as follows.  BAC DNA (500 µg) was 

double digested with 70 U each of NheI and KpnI, or 70 U each of XhoI and KpnI at 37 
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°C for 16 hr.  The DNA fragments were separated on a 1% agarose gel and excised DNA 

bands were purified using a QIAquick Gel Extraction kit (Qiagen, Valencia, CA) 

according to the manufacturer’s instructions.  The ABCC4 DNA fragments were then 

ligated into the NheI and KpnI sites, or Xho and KpnI sites of pcDNA3.1(-) as follows: 

0.5 µl of gel purified pcDNA3.1(-), 16.5 µl of gel purified ABCC4 fragment, 2 µl of 10x 

T4 ligase buffer (New England Biolabs), and 1 µl of T4 DNA ligase (40 U/µl) (New 

England Biolabs) were mixed together and incubated at 16 °C overnight.  Then, 10 µl of 

the ligation products were transformed into a 100 µl volume of chemically competent 

XL1-Blue bacteria (Stratagene, La Jolla, CA).  Transformed bacteria were resuspended in 

300 µl 2x Yeast Tryptone (YT) medium and allowed to grow on a Luria Bertani (LB) 

plate containing 100 µg/ml ampicillin (LBamp plate) at 37 °C overnight.  Several 

ampicillin-resistant clones were then selected from the LBamp plate and each of them 

incubated in 5 ml LB medium at 37 °C overnight in an Innova™ 4300 shaker (New 

Brunswick Scientific, Edison, NJ) at 250 rpm.  Plasmid DNA was isolated from the 

overnight cultures using GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) according to 

the manufacturer’s protocol.   Purified plasmids containing either the 2.7 kb fragment or 

the 1.5 kb fragment of ABCC4 were sequenced by ACGT Corporation (Toronto, ON) to 

confirm the presence of ABCC4 5’-flanking region and UTR and the ABCC4 exon 1 

sequences.  These plasmids are henceforth referred as ABCC4-NK/pcDNA3.1 

(pcDNA3.1 (-) containing the 2.7 kb fragment, Figure 2.2) and ABCC4-XK/pcDNA3.1 

(pcDNA3.1 (-) containing the 1.5 kb fragment, Figure 2.2). 



- 44 - 

 

 

Figure 2.2 Schematic diagram of two ABCC4 promoter pcDNA3.1(-) constructs 

generated for subsequent construction of ABCC4/pGL3B.   

A) ABCC4NK/pcDNA3.1 and B) ABCC4XK/pcDNA3.1.  AmpR: ampicillin resistance 

gene, pCMV: cytomegalovirus promoter.  For -1706ABCC4/pGL3B construct see Figure 

2.3. 
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2.2.3 In silico mapping of putative ABCC4 transcription factor binding sites and 

transcription initiation site 

The ABCC4 5’-flanking and 5’-untranslated sequences were analyzed using three 

different transcription factor binding site prediction programs – Match™ 1.0 (Biobase, 

Germany), Genomatix Suite <www.genomatix.de>, and PROMO 3.0 [237, 238].  The 

putative transcription initiation site of ABCC4 gene was mapped in silico using Unigene 

Cluster analysis as described below.  The sequences of all the expressed sequence tags 

(ESTs) related to ABCC4 (accession number: Hs.508423) were collected from the NCBI 

Entrez Unigene Database <http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene>, 

and nine ESTs that align close to the translation initiation site of ABCC4 were selected to 

assemble a contig with the ABCC4 genomic sequence using Sequencher™ 4.7 (Gene 

Codes Corporation, Ann Arbor, MI).  

 

2.2.4 Cloning of ABCC4 proximal promoter into luciferase reporter constructs  

  The ABCC4 promoter reporter construct was generated using the polymerase 

chain reaction (PCR) to amplify the ABCC4 sequence -1706 to +119 (where +1 denotes 

the putative transcription initiation site of ABCC4, Section 2.2.3) with a MluI-tagged 

(ACGCGT) (Table 2.2) forward primer, a BglII-tagged (AGATCT) (Table 2.2) reverse 

primer, and ABCC4-NK/pcDNA3.1 as the template.  The reaction mix for the PCR was 

as follows:  1 µl of 0.1 µg/µl template DNA; 1 µl of each 0.1 µg/µl oligonucleotide 

primers (IDT); 4 µl of 2.5 mM dNTP mix (Fermentas); 5 µl of 10x PfuTurbo® reaction 

buffer (Stratagene); 1 µl of 2.5 U/µl PfuTurbo® DNA Polymerase (Stratagene); 5 µl of 

DMSO (Fisher Scientific, Ottawa, ON); and 32 µl of distilled water.  Cycling conditions
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Table 2.2  Conditions and primers used for generation of ABCC4/pGL3B promoter 

reporter constructs. 

Construct Position a Primer sequence b,d Ta Ta
 c te

 c 

-1706ABCC4 -1706 - +119 cagacgcgtAGCACCATGAACTT

GGAGCC 

60 °C 2 min 

-1380ABCC4 -1380 - +119 gagacgcgtACCTTGAATGGGGC

ACTGATAG 

60 °C 2 min 

-876ABCC4 -876 - +119 ccgacgcgtCATCACTGGTATTCT

GGAACC 

60 °C 1 min 

-641ABCC4 -641 - + 119 gcgacgcgtCTCGAGTTACCCGG

CTTTCTTG 

62 °C 1 min 

-356ABCC4 -356 - + 119 gcaacgcgtCGGATAGTGAATTT

CGGAAAG 

60 °C 1 min 

-17ABCC4 -17 - + 119 ccaacgcgtCTTCACAGGCTCCAG

CCGAGC 

65 °C 1 min 

a. +1 denotes the predicted transcriptional initiation site of ABCC4 

b. The Mlu-1 site is shown in italics, and underlined sequence represent the extra 

nucleotide added to the primer 

c. Ta: annealing temperature; te: extension time 

d. All PCR fragments ending at +119 were generated with the same reverse primer 5’-

gttagatctCTTGCC GGGCGGGGCGGG-3’.  The BglII site is shown in italics, and the 

underlined sequence represents the extra nucleotide added to the primer to provide a 

toehold for the restriction enzymes and to stabilize the termini of the amplified DNA 

[239]
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were set in a PTC-100™ Programmable Thermal Controller (MJ Research Inc., Waltham, 

MA) as follows:  96 °C (2 min), 1 cycle; 96 °C (30 s), 60 °C (30 s), 72 °C (2 min), 30 

cycles; 72 °C (1 min), 1 cycle.  The resulting amplified fragment (50 µl) was then 

digested with 1.5 µl each of MluI (10 U/µl) (New England Biolabs) and BglII (10 U/µl) 

(New England Biolabs) enzymes for 3.5 hr at 37 °C.  A 1.8 kb fragment was then gel 

purified as described previously (Section 2.2.2), and ligated into the MluI and BglII sites 

of the pGL3Basic luciferase reporter vector (Promega, Madison, WI) to create -

1706ABCC4/pGL3B (Figure 2.3).  The ligation reaction and subsequent plasmid DNA 

isolation were carried out as described in Section 2.2.2. 

Five additional 5’ deletion ABCC4 promoter reporter constructs (-1380, -876, -

641, -356, and -17ABCC4/pGL3B) were prepared using an approach similar to that 

described above.  Thus, fragments spanning various regions of the ABCC4 promoter all 

ending at +119 were prepared using PCR with appropriate MluI-tagged forward primers 

and the BglII-tagged reverse primer (Table 2.2), and the resulting amplified fragments 

were subcloned into the MluI and BglII sites of pGL3Basic as before.  The reaction mix 

for all the PCR reactions was mentioned above.  Cycling conditions were set in a PTC-

100™ Programmable Thermal Controller (MJ Research Inc., Waltham, MA) as follows:  

96 °C (2 min), 1 cycle; 96 °C (30 s), Ta (30 s), 72 °C (te), 30 cycles; 72 °C (1 min), 1 

cycle (Table 2.2).  The sequence of the PCR-generated ABCC4 fragments was confirmed 

by sequencing (ACGT Corporation) to ensure no mutations had been introduced during 

the PCR process. 
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Figure 2.3 Schematic diagram of -1706ABCC4/pGL3B construct used in this study.   

AmpR: ampicillin resistance gene. +1 denotes the transcriptional start site of ABCC4.
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3. PCR site-directed mutagenesis 

3.1 Generation of ABCC1 promoter mutants -260G>C and -275A>G  

A 1.9 kb fragment from the -2013Luc3β vector (5 µg) was obtained by digestion 

with 1.5 µl each of SacI (20 U/µl) (New England Biolabs) and XmaI (10 U/µl) (New 

England Biolabs).  After digestion, the reaction mixture was subjected to 1% agarose gel 

electrophoresis and the fragment purified using a QIAquick Gel Extraction kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instructions.  The fragment was then 

subcloned into the SacI and XmaI sites of pGEM3Z plasmid (Promega) as described in 

Section 2.2.2.  PCR-based site-directed mutagenesis was used to introduce the mutations, 

-275A>G and -260G>C.  The reaction mix for mutagenesis consisted of the following: 1 

µl of 0.1 µg/µl template DNA; 1.25 µl of each 0.1 µg/µl primers; 4 µl of 2.5 mM dNTP 

mix (Fermentas); 5 µl of 10x PfuTurbo® reaction buffer; 1 µl of 2.5 U/ul PfuTurbo® 

DNA Polymerase; and 37 µl of distilled water.  The PCR primer sequences were: -

275A>G, 5’-CCCTGGTGACGGATGCTGTCCTTAAAC-3’; and -260G>C, 5’-

GTCCTTAAACAGCATTTGAAAAGTCGCAG-3’. The cycling conditions were as 

follows: 94 °C (45 s), 1 cycle; 94 °C (45 s), 55 °C (1 min), 68 °C (10 min), 12 cycles; 68 

°C (10 min), 1 cycle.  The mutated PCR products (6 µg) were double digested with 1 µl 

each of RsrII (4 U/µl) (New England Biolabs) and XmaI, gel purified, and ligated back 

into RsrII and XmaI sites of -2013Luc3β as described above.  The presence of the desired 

mutations was confirmed by diagnostic restriction enzyme digests (EcoNI for -260G>C, 

LweI for -275A>G) and sequencing (ACGT Corporation) to verify that no unintentional 

mutations had been introduced into the plasmids. 
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3.2 Generation of ABCC4 promoter mutant -523G>C 

To generate the ABCC4 promoter mutant, a 543 bp fragment from -

1380ABCC4/pGL3B, construct containing -1380 to +119 of ABCC4, was first obtained 

by digesting 3 µg DNA with 1 µl of each EcoRI (10 U/µl, New England Biolabs) and 

XmaI.  This fragment was then gel purified using a QIAquick Gel Extraction kit 

according to the manufacturer’s instructions and subcloned into the EcoRI and XmaI sites 

of pGEM3Z as described in Section 2.2.2.  The mutation -523G>C was then introduced 

using the following primers: forward primer 5’-

TCCCATGGCACCCTCGTTTGGTCCTGAG-3’; reverse primer 5’-

CTCAGGACCAAACGAGGGTGCCATGGGA-3’.  The reaction mix content was the 

same as described in Section 3.1.  The cycling conditions were as follows: 95 °C (30 s), 1 

cycle; 95 °C (30 s), 55 °C (1 min), 68 °C (7 min), 14 cycles; 68 °C (7 min), 1 cycle.  The 

mutated PCR product (6 µg) were double digested with 1.5 µl each of XhoI and XmaI, 

gel purified using a QIAquick Gel Extraction kit according to the manufacturer’s 

instructions, and ligated back into -1380ABCC4/pGL3B and -641ABCC4/pGL3B as 

described in Section 2.2.2.  The presence of the desired mutation was confirmed by 

sequencing (ACGT Corporation) to verify that no unintentional mutations were present in 

the plasmid. 

 

4. Cell lines, culture, and transfections 

 To test the activity of the various ABCC1 and ABCC4 promoter firefly luciferase 

reporter constructs, the vectors were co-transfected with a renilla luciferase construct into 

several different cell lines.  These included: HEK293T (a SV40 transformed human 



- 51 - 

embryonic kidney cell line); HepG2 (originally derived from hepatoblastoma of a 15-year 

old white male from Argentina [240]; Hep3B (derived from a hepatocellular carcinoma 

of an 8-year-old black male [240]); MCF-7 (derived from an estrogen receptor positive 

breast adenocarcinoma from a 69-year old Caucasian female [ATCC number: HTB-22]); 

HeLa (derived from a cervical adenocarcinoma from a 31-year old black female [ATCC 

number: CCL-2]); MDCKI distal tubular epithelial cells (derived from a kidney of 

normal adult female cocker spaniel [ATCC number: CCL-34]); and LLC-PK1 proximal 

tubular epithelial cells (derived from a normal pig kidney [ATCC number: CL-101]).  

HEK293T, Hep3B, HeLa, MDCKI, and LLC-PK1 cells were cultured in Dulbecco 

Modified Eagle’s Minimal Essential (DMEM) medium (Sigma-Aldrich) supplemented 

with 7.5% fetal bovine serum (FBS) (Gibco/Invitrogen).  HepG2 was cultured in DMEM 

medium supplemented with 10% FBS, and MCF7 cells were cultured in RPMI-1640 

medium supplemented with 5% FBS.  All cell lines were maintained in T75 cm2 flasks in 

a 37 °C incubator with 5% CO2. 

 To measure the activity of the ABCC1 and ABCC4 promoter luciferase reporter 

constructs, each reporter plasmid was co-transfected with pRL-TK in triplicate into the 

cell lines as described below: cells were set up in a 24-well plate format 24 hr prior to 

transfection.  The plating densities were adjusted accordingly for each cell-type in order 

for cells to reach 70 – 80% confluence upon transfection.  Then, 150 µl of DMEM 

medium were added to each of two microfuge tubes.  To one of these tubes, 6 µl (or 8 µl 

in the case of HeLa cell transfections, or 12 µl in the case of MDCKI and LLC-PK1 cell 

transfections) of Lipofectamine™ 2000 reagent (Invitrogen) was added and to the other 

tube, reporter plasmid DNA  (2.28 µg, or 4.85 µg in the case of HeLa cell transfections, 
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or 5.7 µg in the case of MDCKI and LLC-PK1 cell transfections) and pRL-TK (0.12 µg, 

or 0.15 µg in the case of HeLa cell transfections, 0.3 µg in the case of MDCKI and LLC-

PK1 cell transfections) were added.  The renilla pRL-TK renilla reporter construct was 

used as a transfection efficiency control.  After incubating at room temperature for 5 min, 

the DNA and Lipofectamine mixtures were combined gently (~300 µl) and incubated at 

room temperature for 30 min.  Finally, ~100 µl of the transfection mixture was added to 

each of three wells and the cells were incubated for a further 48 hr at 37 °C.  The 

promoter-less pGL3Basic vector was used as a negative control. 

 

5. Dual luciferase assay 

Forty-eight hr after transfection, cells were harvested and the activity of the 

promoter reporter constructs determined using the Dual-Luciferase® Reporter Assay 

System (Promega) following the manufacturer’s instructions.  Briefly, the medium was 

removed from the wells by aspiration and the cells were washed with 1 ml 1x PBS.  1x 

Passive Lysis Buffer (PLB) (Promega) (120 µl) was added to each well and the plates 

were incubated for 15 min on a plate rocker at room temperature.  Each cell lysate (20 µl) 

was added to one well of a white Costar opaque 96-well plate (Corning, Inc., Corning, 

NY).  Luciferase Assay Reagent II (LAR II) (Promega) (50 µl) was added to each well 

and luminescence was measured after 10 s.  Then, Stop & Glo (Promega) (50 µl) was 

added to each well to quench the firefly luciferase reaction and initiate the renilla 

luciferase reaction, and the second luminescence was measured after 10 s.    Both the 

LARII and Stop & Glo reagents were added and luminescence measured automatically 
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using a MicroLumatPlus microplate luminometer (model LB96V, Berthold, Oak Ridge, 

TN).  All procedures were performed at room temperature.  

 

6. Statistical analysis 

Statistical analysis of the differences between the activities of the various mutants 

and their corresponding wild-type constructs and among various ABCC4 luciferase 

constructs was performed using a paired Student’s t-test when experiments were repeated 

three or more times. P values < 0.05 were considered statistically significant.  
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Chapter 3. Results 

1. MRP1/ABCC1 

1.1 Functional characterization of ABCC1 promoter SNPs -260G>C and -275A>G 

To investigate the functional consequences of two selected SNPs (-260G>C, -

275A>G) on ABCC1 promoter activity, the two SNPs were re-created in vitro in an 

ABCC1 promoter (-2013 to +196 of ABCC1) reporter construct by PCR site-directed 

mutagenesis.  The luciferase activities of both the wild-type and mutant ABCC1 promoter 

constructs were then measured in five human cell lines using a dual luciferase assay, and 

results expressed as a percentage of the luciferase activity of the wild-type -2013Luc3β 

promoter construct.   

For the -275A>G ABCC1 SNP, the mutant promoter exhibited luciferase activity 

(75 - 100%) that was not significantly different from the wild-type ABCC1 promoter in 

all five cell lines tested (Figure 3.1).  In the case of the -260G>C ABCC1 variant, the 

mutant promoter also exhibited luciferase activity comparable to the wild-type ABCC1 

promoter in HEK293T cells (>90%) (Figure 3.1A) and Hep3B cells (~75%) (Figure 

3.1C).  On the other hand, the -260G>C substitution resulted in a significant 40% 

decrease in activity when expressed in both HepG2 (P=0.05) cells (Figure 3.1B) and in 

MCF-7 (P<0.05) cells (Figure 3.1D), and a 60% decrease (P<0.05) when expressed in 

HeLa cells (Figure 3.1E). 



 

 

 

 

 

 

 

Figure 3.1  The effect of -260G>C and -275A>G SNPs on ABCC1 promoter activity 

in transiently transfected human cell lines.   

Luciferase reporter constructs containing the wild-type ABCC1 promoter (-2013Luc3β), 

two mutant promoters (-260G>C and -275A>G), and a promoter-less pGL3B control 

construct were co-transfected with pRL-TK into A) HEK293T cells, B) HepG2 cells, C) 

Hep3B cells, D) MCF-7 cells, and E) HeLa cells.  Luciferase activities were measured 48 

hr after transfection using a dual luciferase assay.  Values shown are means (± S.D.) from 

3-4 independent experiments and are expressed relative to the luciferase activity of the 

wild-type -2013Luc3β promoter construct.  (*) denotes P≤0.05.
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2. MRP4/ABCC4 

2.1 Confirmation and identification of ABCC4 5’-flanking region and 5’-UTR in BAC 

clones 

 Two human BAC clones containing the 5’-flanking region and 5’-UTR of ABCC4 

were obtained, and restriction enzyme digests of the two clones were carried out to obtain 

suitably sized fragments containing the proximal promoter region of ABCC4.  To aid in 

the selection of appropriate restriction enzymes to digest the two BAC clones, the 

genomic sequence of human chromosome 13q was retrieved <www.ensembl.org> and 

analyzed for restriction sites using Vector NTi® (Invitrogen).  The predicted lengths of 

ABCC4 promoter fragments after digestion of the BAC DNA with 3 pairs of restriction 

enzymes are summarized in Table 3.1.  

Southern blotting analysis was then employed to verify the presence of the 5’-

flanking region and 5’-UTR of ABCC4 in the BAC DNA.  Two 32P-labeled 

oligonucleotide probes were used for this analysis: probe 1 located in exon 1 of ABCC4 

(+3 to +23 to the translation start site of ABCC4) (Figure 3.2), and probe 2 located in the 

putative 5’-flanking region of ABCC4 (-559 to -539 to the translation start site of ABCC4) 

(Figure 3.2).  These two probes were selected to aid in excluding genomic fragments that 

contain only sequences 3’ to exon 1 of ABCC4.  Both probe 1 and probe 2 detected one 

3.5 – 4 kb band from the HindIII and KpnI double digests of both clones.  They also both 

detected two bands (9 kb and ~2.6 kb) from the NheI and KpnI double digests (Figure 

3.3).  For XhoI and KpnI double digests, a 8 kb band was detected by both probe 1 and 

probe 2 in both BAC clones DNA (Figure 3.3), but a faint 1.6 kb band was detected only 
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Table 3.1 Predicted lengths of fragments in the 5’-flanking region of ABCC4 after 

double restriction enzyme digestions of BAC DNA.   

Restriction site analysis of ABCC4 promoter sequence was performed using VectorNTi®. 

Restriction enzymes Predicted fragment sizes (kb) 

HindIII + KpnI 2.5 

NheI + KpnI 2.7 

XhoI + KpnI 1.6 
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Figure 3.2  Locations of the two oligonucleotide probes used for Southern blotting 

and the predicted restriction sites in the 5’-region of ABCC4.   

Restriction site analysis of the ABCC4 promoter region was performed using 

VectorNTi®.  The ABCC4 genomic sequence was obtained from the Ensembl Genome 

Browser. 



 

 

 

 

 

 

 

Figure 3.3  Southern blot analysis of BAC clones, 789G22 and 197J19.   

BAC clone DNA was digested with the restriction enzymes (RE) indicated on the top of 

each blot.  After resolving the genomic fragments by agarose gel electrophoresis and 

blotting the fragments onto a nylon membrane, the membrane was probed with 32P-

labeled A) probe 1 (sequence corresponding to nucleotides +3 to +23 relative to the 

translation start site of ABCC4); and B) probe 2 (sequence corresponding to nucleotides -

599 to -539 relative to the translation start site of ABCC4).  After washing, the membrane 

was then exposed to film for 68 hr at -80°C.  ABCC4 cDNA (1 ug) was used as a positive 

control for probe 1; since the probe 2 sequence is not in the coding region of ABCC4, it 

should not bind to MRP4 cDNA.  Circles (Red: HindIII + KpnI; Blue: NheI + KpnI; 

Orange: XhoI + KpnI) represent the bands identified and summarized in Table 3.2.  H: 

HindIII; K: KpnI; N: NheI; X: XhoI; 22: BAC clone 789G22; 19: BAC clone 197J19.   

Analysis performed by Ms. Kathy Sparks and myself. 
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by probe 1 in clone 197J19 upon 68 hr exposure.  Upon 72 hr exposure, a very faint 1.6 

kb band was also detected only by probe 1 in clone 789G22 (data not shown).  Since all 

bands detected with probe 2 appear to be very light (Figure 3.3B), it is believed that the 

interaction between ABCC4 restriction fragments of BAC clones and probe 2 is weak and 

hence the 1.6 kb band was not readily detected with probe 2.  Restriction fragments 

identified by Southern blotting are summarized in Table 3.2..  For both the NheI and 

KpnI, and the XhoI and KpnI double digests, the sizes of the fragments identified 

matched the sizes predicted by the in silico analysis.  However, the size of the fragment 

identified from the HindIII and KpnI double digest was larger than the size predicted by 

the in silico analysis (Table 3.1 versus Table 3.2). 

  

2.2 In silico mapping of the ABCC4 transcription initiation site  

 The proximal promoter of human ABCC4 has not yet been reported in the 

literature.  Consequently, we sought initially to establish the most likely transcriptional 

initiation site of ABCC4 gene in silico using Unigene Cluster.  Nine ESTs that align close 

to the translation initiation site of ABCC4 were selected and then assembled into a contig 

with the ABCC4 genomic sequence using Sequencher 4.7™ (Gene Codes Corporation, 

Anna Arbor, MI).  As shown in Figures 3.4 and 3.5, two ESTs (Hs#S4772736 and 

Hs#S23098146) aligned to the ABCC4 genomic sequence but terminated 3’ to the 

translation initiation site.  However, the 5’-ends of the nucleotide sequence of the seven 

other ESTs were identical to the 5’-end of the ABCC4 genomic sequence (Figure 3.5).  

These seven ESTs also aligned perfectly to the reference ABCC4 genomic sequence at 

the translation initiation site (ATG, +1 to +3) (Figure 3.5).  The two longest 5’-ESTs 
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Table 3.2  ABCC4 restriction fragments of BAC clones 789G22 and 197J19 

identified by Southern blotting. 

 Restriction fragment sizes (kb) 

Clone 789G22 Clone 179J19 Restriction enzyme 

digests Probe 1 Probe 2 Probe 1 Probe 2 

HindIII + KpnI 3.5 – 4  3.5 – 4 3.5 – 4 3.5 – 4  

NheI + KpnI 9 

~2.6 

9 

~2.6 

9 

~2.6 

9 

~2.6 

XhoI + KpnI 8 

1.6 

8 

/ 

8  

1.6  

8 

/ 
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Figure 3.4  Graphical display of the contig assembly of the reference ABCC4 

genomic sequence with nine ESTs that align close to the 5’-end of ABCC4 mRNA.   

Numbers above each line refer to the NCBI accession number for each EST.  Translation 

start site (+1) was also indicated by broken arrow. 
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Figure 3.5  Nucleotide sequence alignment in the contig assembly of the reference 

ABCC4 genomic sequence with nine selected ESTs that align close to the 5’-end of 

ABCC4 gene.  

+1 represents the translation start site of ABCC4.  Numbers to the left represent NCBI 

accession numbers.  Both transcription and translation initiation sites are highlighted and 

numbered. 
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 (DA726529 and Hs#S28985455) ended at the same position, corresponding to –119 of 

the reference ABCC4 genomic sequence.  This indicates that the major transcriptional 

initiation site of ABCC4 likely lies at position –119 to the translation initiation site.  

 To identify potential transcriptional elements that might be involved in regulating 

the transcriptional activity of ABCC4, the ABCC4 5’-flanking and 5’-untranslated 

sequences were also analyzed using three different transcription factor binding site 

prediction programs – Match™(Biobase), PROMO 3.0 [237, 238], and Genomatix (trial 

version) <www.genomatix.de>.  All three programs search for potential transcriptional 

factor binding sites by matching the input promoter sequence with a library of 

transcription factors matrices (Match™: Transfac®6.0; PROMO 3.0: Transfac®8.3; 

Genomatix: Matrix library version 5.0 developed by Genomatix).  PROMO 3.0 was 

included because this program is reported to be able to identify nuclear receptor factor 

complex binding sites while the other two programs do not [237, 238] (also see 

Transfac®6.0 documentation <www.gene-regulation.com>).  Both Match™ and 

Genomatix generate a core sequence similarity score and a matrix sequence similarity 

score for each hit identified, with the higher the score, the better the match.  On the other 

hand, PROMO 3.0 generates a Random Expectation (REx) value, with the lower the REx 

value, the more reliable the hit.  Since hundreds of hits are typically identified by each 

program, a hit is only selected if the core sequence similarity score = 1.00, the matrix 

sequence similarity score >0.9, and appear in both Match™ and Genomatix programs.  

For data generated by PROMO 3.0, a hit indicating a nuclear receptor complex binding 

site is only selected if a REx value <0.2 within a matrix sequence dissimilarity percentage 

of <10%.  Information from the literature was also considered when selecting the putative 
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ABCC4 transcriptional elements to highlight.  According to these criteria, selected 

putative regulatory elements in the ABCC4 promoter region are shown in Figure 3.6.  As 

noted in the figure, the 5’-UTR of ABCC4 is highly GC-rich (~80% according to a CpG 

plot, < http://www.ebi.ac.uk/emboss/cpgplot/>), and contains putative Sp-1 and Sp-3 

sites close to the translation initiation start site.  A putative N-myc binding site (at -321) 

was also observed in the proximal region of ABCC4.  In addition, putative binding 

elements for several members of the ets oncogene transcription factor family (e.g. Elk1, 

at -31; c-ets-1, at -34), hepatic nuclear factors (e.g. HNF-3α, at -1162) and nuclear 

hormone receptor complexes (e.g. PPARα:RXRα, at -657) were also identified. 

 

2.3 Characterization of basal ABCC4 proximal promoter activity 

 Since the ABCC4 promoter has not been previously described, it was of interest to 

identify the sequences necessary for minimal promoter activity.  Towards this end, the 

largest ABCC4 proximal promoter reporter construct, -1706ABCC4, was generated using 

PCR to amplify ABCC4 sequence -1706 to  + 119 (Figure 3.6) with a MluI-tagged 

forward primer, a BglII-tagged reverse primer and the NK/pcDNA3.1 vector as the 

template (see Section 2.2.4).  The resulting 1.8 kb amplified fragment was then subcloned 

into the MluI and BglII sites of pGL3Basic (Figure 2.3).  -1706 was chosen arbitrarily as 

a starting point just to optimize the thermodynamic properties of the forward primer.  A 

series of five reporter constructs containing successively 5’-truncated regions of the 

ABCC4 promoter was also generated using PCR (Section 2.2.4).  These successive 5’-

truncation constructs were chosen generated such that each contained one or more 

putative 



 

 

 

 

 

 

 

Figure 3.6  Selected putative regulatory elements identified in the promoter region 

of ABCC4, and map of 5’-truncated promoter luciferase constructs.   

The human ABCC4 proximal promoter region is shown (not drawn to scale) with the 

position of selected putative transcription factor binding sites indicated.  Red star 

represents the position of -523G>C SNP.  Sites were identified using Match™ 1.0, 

Genomatix Suite, and PROMO 3.0.  The six ABCC4 5’-deletion constructs generated for 

basal promoter activity analysis are also shown with arrows indicating the location where 

each construct terminates.  Putative transcription start site was identified in Section 3.2.2.  

c-ets-1: p54; CREB: cAMP response element binding protein; HNF-3α: hepatocyte 

nuclear factor-3α; HNF-4α: hepatocyte nuclear factor-4α; Luc+: luciferase gene; NF-Y: 

nuclear transcription factor Y; Nrf2: nuclear factor-E2 p45-related factor 2; PEA3: 

polyoma enhancer activator protein 3; PPARα:RXRα: peroxisome proliferator activated 

receptor α: retinoid x receptor α complex; PXR1:RXRα: pregnane X recetpor: retinoid x 

receptor α complex; RARβ:RXRα: retinoic acid receptor β: retinoid x receptor α 

complex; UTR: untranslated region. 
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transcription factor binding sites in the ABCC4 proximal promoter, as identified in 

Section 3.2.2 (Figure 3.6).  These ABCC4 promoter luciferase reporter constructs were 

then analyzed for luciferase activities in transiently transfected human cell lines.   

As shown in Figure 3.7A, the -1706ABCC4, -1380ABCC4, -876ABCC4, and -

356ABCC4 luciferase constructs showed comparable luciferase activity in HEK293T 

cells, while the activity of the -641ABCC4 luciferase construct was 1.8-fold higher than 

the activity of -1706ABCC4 (P<0.05).  On the other hand, the activity of the -17ABCC4 

construct was just ~20% of the -1706ABCC4 construct (P<0.05).  These results suggest 

that there are one or more negative regulatory elements between -1706 and -1380, and -

876 and -641 of ABCC4, and one or more positive regulatory elements between -641 and 

-356, and -356 and -17 of ABCC4. 

 To investigate if the activities of the ABCC4 promoter reporter constructs were 

dependent on the cell type in which they are expressed, the luciferase activities of three of 

the constructs (-1706ABCC4, -1380ABCC4, and -641ABCC4) were measured in MDCKI 

and LLC-PK1 cells which, like human HEK293T cells, are of kidney epithelial origin.  

However, both MDCKI and LLC-PK1 cells are relatively more differentiated and 

polarized than HEK293T cells and furthermore, are derived from dog and pig tissues, 

respectively.   

In MDCKI cells, the -1706ABCC4 construct exhibited the highest luciferase 

activity.  The -641ABCC4 construct showed ~80% and the -1380ABCC4 construct 

showed ~66% of the -1706ABCC4 activity, respectively (Figure 3.7B).  In LLC-PK1 

cells, both the -1706ABCC4 and -641ABCC4 constructs showed comparable luciferase 



 

 

 

 

 

 

 

Figure 3.7  Characterization of basal ABCC4 promoter activity in transiently 

transfected cells.   

(A) The -1706ABCC4 proximal promoter luciferase reporter construct, five additional 

ABCC4 reporter constructs with increasing lengths of 5’-deletion, and a promoter-less 

pGL3B control were transiently co-transfected with pRL-TK into HEK293T cells.  

Luciferase activities were measured 48 hr after transfection using a dual luciferase assay. 

Values shown are means (± S.D.) from four separate experiments expressed relative to 

the luciferase activity of the -1706ABCC4 promoter construct.  (B, C) Three constructs (-

1706ABCC4, -1380ABCC4 and -641ABCC4) and a promoter-less pGL3B control were 

transfected in B) MDCKI cells, and C) LLC-PK1 cells. Luciferase activities were 

measured 48 hr after transfection using a dual luciferase assay.  Values shown are means 

from two separate experiments expressed relative to the luciferase activity of the -

1706ABCC4 promoter construct.  Numbers above each bar represent the range of 

luciferase activities in two experiments.  (*) denotes P≤0.05.  Promoter constructs were 

generated by myself with advice from Dr. Tozammel Hoque
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activity, while the activity of the -1380ABCC4 construct was 35% lower than that of the -

1706ABCC4 construct (Figure 3.7C).  Interestingly, the activities of the ABCC4 proximal 

promoters were similar between MDCKI and LLC-PK1 cells.  Experiments with MDCKI 

and LLC-PK1 cells were carried out just twice so statistical analysis was not possible.  

Nevertheless, the data presented here suggest the activity of the ABCC4 proximal 

promoter may vary depending on the cell type in which it is expressed.   

  

2.4 Functional characterization of the ABCC4 SNP -523G>C 

 To investigate the effect of the -523G>C SNP on the ABCC4 proximal promoter 

activity, the SNP was re-created in two of the ABCC4 promoter luciferase reporter 

constructs (-1380ABCC4 and -760ABCC4) by site-directed mutagenesis.  The luciferase 

activities of the wild-type and mutant constructs were then measured after transfection 

into HEK293T and HepG2 cells using a dual luciferase assay as before.  In HEK293T 

cells, both mutant constructs exhibited luciferase activity that was not significantly 

different from the corresponding wild-type ABCC4 promoter (80% of wild-type -

641ABCC4 activity, P>0.05; 130% of wild-type -1380ABCC4 activity, P>0.05) (Figure 

3.8A).  Similarly in HepG2 cells, both -523G>C constructs exhibited luciferase activity 

that was not significantly different from the corresponding wild-type ABCC4 promoters 

(120% relative to both wild-type -1380ABCC4 and -641ABCC4, P>0.05) (Figure 3.8B). 

These results suggest that it is unlikely that the -523G>C SNP will significantly affect the 

promoter activity of ABCC4. 

 

 



 

 

 

 

 

 

 

Figure 3.8  Effect of the -523G>C SNP on ABCC4 promoter luciferase activity in 

transiently transfected cells.  

Wild-type (WT) promoter reporter constructs -1380ABCC4 and -641ABCC4, the 

corresponding -523G>C mutant constructs, and a promoter-less pGL3B control construct 

were transiently co-transfected into A) HEK293T cells, and B) HepG2 cells.  After 48 hr, 

luciferase activities were measured using a dual luciferase assay.  Values shown are 

means (± S.D.) from three separate experiments and are expressed relative to the 

luciferase activity of the wild-type -1380ABCC4 promoter construct. ABCC4 promoter 

mutants were created by Kathy Sparks and myself. 
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Chapter 4. Discussion 

1. Functional consequences of ABCC1 SNPs -260G>C and -275A>G 

 SNPs are the most common type of genetic variations in the human genome.  

Numerous studies have reported how various SNPs can affect individual responses to 

drugs and toxins, and development of certain diseases, but little is known about the 

consequences of SNPs in genes encoding drug transporters.  In particular, very little is 

known about the effect of SNPs in the 5’-regulatory region of drug transporter genes 

belonging to either the SLC or ABC superfamilies.  Thus, the goal of my thesis research 

was to investigate the functional consequences of several SNPs in the promoter regions 

of ABCC1 and ABCC4 in vitro.   

In this study, two SNPs found in the proximal promoter region of ABCC1 (-

275A>G, -260G>C) were characterized in vitro.  For -260G>C, it has been suggested that 

the replacement of G to C at nucleotide position -260 could disrupt a putative c-ets-1/p54 

binding site, which could potentially relieve the repressive effect of c-ets-1 on AP-1 

induced ABCC1 promoter activity [173].  For -275A>G, in silico analysis of the ABCC1 

promoter sequence reveals a putative cAMP response element from nucleotide position -

290 to -270.  Thus the change to G from A at position -275 might alter the ABCC1 

promoter activity by disrupting the putative cAMP response element.   

Thus far, only two genetic variations in the 5’-flanking region of ABCC1 have 

been examined [173, 228].  A polymorphic GCC-triplet repeat at the 5’-UTR of ABCC1, 

ranging from 9 to 23 repeats among individuals, was first reported by Grant et al. [85].  

Since the ABCC1 promoter is GC-rich (~80%) at the 5’-UTR [166, 172], addition of 



- 72 - 

more GCC-triplets could affect the transcription and/or translation processes of ABCC1.  

However, an in vitro study by Nicolis et al. [228] reported that the presence of 7 GCC 

repeat or 14 GCC repeat in ABCC1 did not affect the constitutive or azithromycin-

induced ABCC1 promoter activity in cystic fibrosis airway epithelial cells.  In contrast, 

the -260G>C SNP has been recently reported to be positively selected in the African-

American and European-American populations, and this substitution markedly enhances 

the ABCC1 promoter activity in various human cancer cell lines [173]. 

An ABCC1 promoter reporter construct containing the -2013 – +196 of ABCC1 

was used in this study.  Recently, three e-boxes were identified in a distal promoter 

region (-2140 to -1020) of ABCC1 [169], suggesting that the distal region of ABCC1 

promoter is also involved in the transcriptional regulation process.  For this reason, the 

effect of these two SNPs (-260G>C, -275A>G) on the ABCC1 promoter activity was 

studied in a luciferase reporter construct containing 2.1 kb of ABCC1 promoter, which 

include the regulatory elements mentioned above.  It is believed that the results would 

more closely resemble the true physiological effect of these SNPs on the transcriptional 

activity of ABCC1, as all the currently known regulatory elements of ABCC1 promoter 

were included in the 2.1 kb sequence (Figure 1.6).  However, it is also noted that there 

are limitations in studying transcriptional activity of genes using a dual luciferase reporter 

system.  In this study, a large variation in luciferase activity by the luciferase reporter 

construct between experiments was often observed. This may be due to inconsistent 

transfection efficiency when transfecting a large ABCC1 promoter luciferase reporter 

construct (7 kb) (Figure 2.1) into the cells.  Also, it has been previously reported that 

firefly luciferase expression is induced by cAMP-elevating agents, such as forskolin and 



- 73 - 

PGE1, in a transcription independent manner [241], suggesting that the luciferase 

promoter reporter assay system might not truly reflect the effect of a promoter on the 

transcriptional process.  In addition, the promoter is transfected into the cells but not 

integrated into the genome, which does not mimic the true physiological condition in 

which the promoter is part of the genome.  Nevertheless, current data obtained from 

luciferase reporter assay could provide some information on the effect of selected SNPs 

on ABCC1 promoter activity.  

 Overall, the results presented in this thesis research suggest that the -275A>G 

does not substantially affect ABCC1 promoter activity at least in the cell types tested.  

This polymorphism has only been genotyped in healthy Chinese individuals [236] (Table 

2.1), thus no further assessment can be made regarding this polymorphism.  However, the 

effect of -275A>G on ABCC1 promoter activity might not be readily observed in either 

HepG2 or Hep3B cells because MRP1 is not normally expressed in liver [34, 90].  

Therefore, this SNP could potentially affect the ABCC1 promoter activity in other cell 

types in which MRP1 is expressed constitutively at a higher level, such as cell lines 

derived from lung cancer (e.g. A549) or neuroblastoma (e.g. SKNBE(2)).  In addition, a 

combination of the -275A>G SNP with one or more ABCC1 SNPs might affect the 

expression and/or functionality of MRP1.  This phenomenon has been shown for the P-

gp/ABCB1 [201], in which the substrate specificity of P-gp was altered in the presence of 

3435C>T sSNP in combination of 1236C>T and/or 2677G>T SNPs [201] (Chapter 1, 

Section 2.3.1).     

In contrast to the -275A>G SNP, the -260G>C SNP appears to decrease ABCC1 

promoter activity in a cell-type specific manner.  The -260G>C SNP occurs at a much 
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higher frequency in the African American population, suggesting this SNP might be 

positively selected in this ethnic population [173].  There was no increase in the ABCC1 

promoter activity associated with this mutation in the c-ets-1 positive cell lines tested 

(HEK293T, HepG2, and HeLa cells), while a 40% decrease in activity was observed in c-

ets-1 negative MCF-7 cells [173].  Therefore, it is speculated that other transcriptional 

factor(s), other than c-ets-1, contribute to the effect of the -260G>C SNP on ABCC1 

promoter activity.  Previous ABCC1 promoter characterization, using DNAase I 

Footprinting, was unable to locate a sequence-specific DNA-protein interaction between -

477 to +119 of ABCC1 [168].  Also, truncation of the ABCC1 promoter reporter construct 

up to -115 did not lead to any significant decrease in ABCC1 promoter activity as 

compared to -824Luc3β (a promoter luciferase reporter construct containing -824 - +196 

of ABCC1) [170].  However, the analysis of ABCC1 proximal promoter sequence with 

two different transcription factor binding site prediction programs (Match™ 1.0 and 

Genomatrix) (see Chapter 2), identified a Elk1 binding site (position -263 to -258) that 

could contribute to the effect of this -260G>C SNP.  Elk1, another ets oncogene family 

member, is a downstream target of the activation of JNK pathway [242].  It has been 

previously reported that doxorubicin activates JNK pathway, which in turn increases 

association of activated c-jun with ABCC1 promoter and hence up-regulates the ABCC1 

promoter activity [171].   However, involvement of Elk1 in the regulation of ABCC1 

promoter remains to be demonstrated.  This could be done experimentally by co-

transfecting ABCC1 luciferase reporter constructs with Elk1 cDNA, or using chromatin 

immunoprecipitation (ChIP) [243] assay using antibodies directed to phosphorylated 

Elk1.  
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  Finally, the negative effect of the -260G>C SNP on ABCC1 promoter activity 

(<10 – 60% decrease) observed in the present study is in disagreement with an earlier 

study of Wang et al. [173].  These authors reported that the -260G>C substitution caused 

a significant increase (1.5 – 150 fold) in ABCC1 promoter activity depending on the cell 

type tested [173].  However, in the present study this mutation caused a decrease in the 

ABCC1 promoter activity in three cell lines tested.  It is not clear from the information 

available what accounts for the dramatically different results of the two studies.  The 

experimental methodologies used in the present study (luciferase normalized with renilla) 

and the studies of Wang et al [173] (β-galactosidase normalized with enhanced green 

fluorescent protein, EGFP) are different and this might contribute to the discrepancy.  

Another possible explanation could be related to the different sizes of ABCC1 promoter 

fragments used in the reporter constructs.  Thus, a 2.2 kb fragment (-2013 – + 196) was 

used in this study while a 0.6 kb fragment (-441 – + 194) was used in the study by Wang 

et al. [173].  Although it was previously reported that truncation of ABCC1 promoter 

reporter construct up to -115 did not decrease ABCC1 promoter activity, provided that the 

Sp-1 sites were intact at the proximal promoter region [170] (see Chapter 1, Section 

1.4.6) (Figure 1.6), it could be that the ABCC1 promoter activity varies depending on the 

length of promoter fragment and cell type tested [172].  Recently, the ABCC3 promoter 

activity was found to be dependent on the length of the promoter sequence and the cell-

type in which the promoter constructs were expressed [244].  In LS174T cells, ABCC3 

promoter activity decreased between the -1.1 kb and -4.4 kb constructs but increased 

between -4.4 kb construct and -8.1 kb construct.  However, the increase in ABCC3 

promoter activity between -4.4kb and -8.1kb was not observed in HepG2 and Caco-2 
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cells, suggesting the presence of a cell-type specific regulatory factor in LS174T cells 

[244].  Nevertheless, whether the ABCC1 promoter activity is cell-type and promoter-

length dependent requires further experimental validation.  

 

2. Isolation and characterization of the ABCC4 proximal promoter 

 MRP4/ABCC4 was initially isolated as a homologue of MRP1 [86, 87].  

However, information on how the ABCC4 gene is regulated is sparse, and no information 

with respect to the functional consequences of SNPs in the 5’-regulatory region of this 

gene is available.  Therefore, isolation and characterization of the ABCC4 proximal 

promoter was required prior to further analysis of genetic variations occurring in the 

promoter region of this gene.  

 Since the BAC clones obtained were large in size (>100 kb), enzymatic digests 

were first utilized to cut the BAC DNA into smaller fragments more suitable for cloning 

purposes.  The identities of a 2.7 kb NheI/KpnI fragment and a 1.5 kb XhoI/KpnI 

fragment containing ABCC4 proximal promoter sequences were then confirmed by 

Southern blot analysis (Figure 3.3), and subsequently cloned into pcDNA3.1 (Figure 2.2). 

An expected 2.5kb HindIII/KpnI fragment was not detectable in the Southern blots, even 

though the presence of a HindIII site was confirmed by sequencing the NK/pcDNA3.1 

construct.  However, as a larger than expected fragment (3.5 – 4 kb) (Table 3.2) was 

identified, it is possible that the accessibility of the restriction site is limited depending on 

the folding of the BAC DNA.  

 In silico analysis of the ABCC4 proximal promoter sequence revealed that it was 

TATA-less, CAAT-less, and GC-rich (74 - 80%) between position +1 and + 119 (Figure 
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3.6).  The human ABCC1 promoter also shares these characteristics [85, 166, 172].  

However, low sequence identity between ABCC1 promoter and ABCC4 promoter was 

only observed at the proximal region (position -95 to +196 of ABCC1 versus position -

200 to +119 of ABCC4, ~65%) (Wise2, <www.ebi.ac.uk/Wise2/dbaform.html>).  At this 

point it is not sure whether the GC-rich region of ABCC4 promoter is a CpG island.  A 

CpG island is normally unmethylated, GC-rich (60 – 70%), and shows no GC 

suppression around the region (i.e. CpG dinucleotide occurs at an expected, low 

frequency) [245].  The size of a CpG island varies from 0.3 to 3 kb and generally located 

at the promoter region of house-keeping genes.  Bisulfite sequencing would be required 

to investigate the methylation status of the proximal ABCC4 promoter.  In silico analysis 

of ABCC4 promoter sequence also identified numerous putative transcription factor 

binding sites based on sequence similarity, some of which are highlighted in Figure 3.6.  

The significance of these putative transcription factor binding sites in the regulation of 

ABCC4 expression could be assessed using co-tranfection of a ABCC4 luciferase reporter 

construct with a transcription factor of interest or the ChIP assay [243]. 

The transcriptional initiation site of ABCC4 is suggested to be 119 bp 5’- to the 

translation initiation site, using the Unigene Cluster approach.  Our current data are in 

disagreement with the finding by Lamba et al. [88].  These authors, using the 

NNPP/eukaryotic program algorithm, predicted the transcription initiation site to be 158 

bp 5’- to the translation initiation site of ABCC4 [88].  The Unigene Cluster is considered 

to be a superior way to identify transcriptional initiation site, since this approach makes 

use of the ESTs.  ESTs are short (500 to 800 bp) sub-sequences of a transcribed protein-

coding or non-protein coding DNA sequence that are being expressed in a cell at a 
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particular time [246].  If the transcriptional initiation site was at -158 5’- to the translation 

initiation site, one or more ESTs would have been expected to terminate around that 

region.  On the other hand, it should be noted that ESTs are often sequences of rather 

poor quality [246].  Also, genes containing a TATA-less promoter usually have multiple 

transcription initiation sites [247], and the ABCC4 promoter might fall into this category.  

Thus the location of a transcriptional initiation site of ABCC4 requires experimental 

confirmation.  5’-Rapid Amplification of cDNA Ends (5’-RACE) could be done for this 

purpose [239], as  previously done for rat and mouse Abcc1 [170]. 

The ABCC4 promoter luciferase data obtained from HEK293T cells suggests that 

there may be one or more negative regulatory elements located between -1706 and -876, 

and -876 and -641.  Several suppositions can be made based on these data and predictions 

from transcription factor binding site prediction programs.  For instance, MRP4 may have 

a gender-specific expression profile.  Thus, Mrp4 mRNA is male-predominant in rat 

kidney [185], but is female-predominant in mouse kidney [187].  In mice, low Mrp4 

expression is thought to be due to repression by both 5α-dihydroxytestosterone and male 

pattern growth hormone secretion [187].  The reasons for male-predominant rat Mrp4 

expression levels in rats are currently unknown.  No information is available regarding 

gender-specific MRP4 expression in humans.  HEK293T cells are hypotriploid 

embryonic cells containing three copies of X chromosomes (refer to ATCC: CRL-1573).  

Hence, whether or not MRP4 expression is gender-specific in human kidney cannot be 

determined from the present study.  Interestingly, ABCC4 promoter activity was similar 

when promoter constructs were expressed in MDCKI cells (derived from a female 

canine; ATCC: CCL-34) and in LLC-PK1 cells (derived from a male pig; ATCC: CL-
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101).  Nevertheless, it has been reported that dihydroxytestosterone causes a 4-fold 

increase in MRP4 expression in prostate carcinoma LNCaP cells [186].  These findings 

suggest certain sex steroids and/or sex-specific growth hormone secretion patterns could 

repress MRP4 expression.  No sequence corresponding to any known androgen-

responsive element was found at the proximal ABCC4 promoter sequence.  However, 

androgens might modulate ABCC4 promoter activity either by binding to a more distal 5’ 

region or in an indirect manner.   

Another possible transcription factor that might influence regulation of MRP4 in a 

gender-specific manner is the hepatic nuclear factor 4-alpha (HNF4-α) (Figure 3.6).  

HNF4-α is a member of the nuclear receptor family and plays an important role in liver 

development and differentiation [248].  In mice, this transcription factor is reported to 

control sexually dimorphic expression of several Cyp enzymes, such as Cyp2a4, 2b9, 

2b10, and 2b13 [249].  Thus, it is tempting to speculate that HNF4-α might play a role in 

ABCC4 gene regulation.  

Mrp4 induction was observed in farnesol X-activated receptor knockout (fxr-/-) 

mice [128, 129, 250]. These data imply that FXR could repress MRP4 expression.  

However, no sequence corresponding to any known FXR or FXR complex binding site 

was found in the proximal ABCC4 promoter sequence.  Since fxr-/- knockout mice have a 

higher bile acid concentration in their serum [123, 128], Mrp4 induction in these mice 

could be a response to bile acid accumulation independent of FXR [128, 251]. 

 The ABCC4 promoter analysis data from the present study also suggest the 

presence of one or more positive regulatory elements located between -641 and -356, and 

between -356 and -17 of this gene.  Because frequently elevated MRP4 expression has 
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been observed in patients with aggressive primary neuroblastoma and correlates 

significantly with N-myc oncogene amplification [161], it has been suggested that N-myc 

might play a role in up-regulating the ABCC4 transcriptional activity and hence MRP4 

expression [161].  Indeed, in silico sequence analysis indicates the presence of a putative 

E-box at position -321 in the proximal promoter region of ABCC4 (Figure 3.6).  

It has been reported that Mrp4 protein levels in mice were increased upon 

administration of the pro-oxidants heptatotoxin acetaminophen (16-fold) and carbon 

tetrachloride (26-fold) [184].  A putative Nrf2 binding site was identified at position -34 

in the proximal promoter region of ABCC4 (Figure 3.6).  Nrf2 often binds to antioxidant 

response elements of genes that are involved in protecting cells against oxidative stress 

[248].  Murine Mrp1 expression was reported to be significantly lower in Nrf2-deficient 

mouse embryo fibroblasts [180].  Nrf2 has also been shown to bind to the related murine 

Abcc2 promoter and increase its promoter activity [252].  In addition, increased Mrp4 

mRNA (4 – 10 fold) levels were observed after treating rodents with ethoxyquin and 

oltipraz for 4 days, two microsomal enzyme inducers and known Nrf2 activators [185, 

187].  Therefore, it is possible that MRP4 could be another downstream target of Nrf2.   

It has been previously demonstrated that MRP4 expression is upregulated by the 

CAR activator, TCPOBOP [123], and the peroxisome proliferator activated receptor α 

(PPARα) activator, clofibrate [253].  A putative PPARα complex binding site at position 

-657 is suggested by in silico analysis, but no binding sites preferred by CAR were 

identified.  It is possible that the CAR complex might bind to a distal region of the 

ABCC4 promoter, which has been shown previously for ABCB1 (-7.8 kb of ABCB1) 

[254].  It should be noted, however, that Mrp4 mRNA levels did not seem to be induced 
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by either phenobarbital (another CAR activator) or clofibrate in rat liver and kidney 

[254].  However, caution has to be shown when generalizing findings from rodents to 

humans.  Moreover, no rodent Abcc4 promoter sequences have been described in the 

literature to date, and hence no comparisons of rodent Abcc4 and human ABCC4 

promoters can be made.  Additional reporter constructs are required to further refine these 

regulatory regions, and DNA-protein interaction assays such as the ChIP assay [243] are 

required to identify transcription factors that are involved in ABCC4 gene regulation. 

 When three of the ABCC4 promoter luciferase reporter constructs were tested in 

polarized, differentiated MDCKI and LLC-PK1 kidney cells, the preliminary data 

obtained suggest that the regulation of ABCC4 promoter activity in these cell lines may 

be different from that in the HEK293T cells.  This could be simply due to species 

differences (HEK293T, human; MDCKI, dog; LLC-PK1, pig).  Also, MDCKI and LLC-

PK1 cells are polarized cells derived from adult animals, whereas HEK293T are un-

polarized kidney cells derived from embryonic tissues and transformed with a large T SV 

antigen.  In addition, a recent study has reported that HEK293 cells express certain 

neurofilament proteins, implying these cells might have characteristics of neuronal cells 

[255].  Therefore, it seems likely that the ABCC4 promoter is under the control of 

different regulatory elements in different cell types.  

 

3. Functional consequences of ABCC4 SNP -523G>C 

 The -523G>C ABCC4 polymorphism was chosen from the online database for 

study because, although the  -523C>G substitution does not appear to lie on any known 

putative transcription factor binding site (Figure 3.6), the allelic frequency of this SNP is 
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high and varies across different populations (from 23% in a Yoruba population to >60% 

in an Asian population) (Table 2.1). 

 The -523G>C mutants exhibited luciferase activitivies (80 – 130%) comparable to 

both the wild-type -1380ABCC4 and -641ABCC4 constructs in both cell lines tested.  

However, like MRP1, MRP4 expression is low in liver [87, 89] and hence the effect of 

this SNP might not be readily observed in HepG2 cells.  The effect of this SNP might be 

more prominent when it is tested in prostate cancer cells (e.g. LNCaP) or neuroblastoma 

cells (e.g. SKNBE(2)).  In HEK293T cells, a trend for increased -1380ABCC4 promoter 

activity by the -523G>C substitution was observed (~30%, P=0.06) (Figure 3.8A).  

Therefore, it is still of interest to study the effect of -523G>C SNP on ABCC4 promoter 

activity in kidney cells such as MDCKI and LLC-PK1 cells.  In addition, the -523G>C 

SNP might affect the expression and/or functionality of MRP4 in conjunction with other 

SNPs.  In this regard, two ABCC4 haplotypes have been recently shown to associate with 

MRP4 mRNA expression levels [233].  One haplotype (denoted as haplotype D in the 

study), containing a G allele in nucleotide position -523 of ABCC4, was associated 

significantly with lower MRP4 mRNA expression levels in the liver [233].  On the other 

hand, another haplotype (denoted as haplotype F), containing a C allele nucleotide 

position -523 of ABCC4, was associated significantly with higher MRP4 mRNA 

expression levels in the liver [233].  None of the haplotypes were associated with MRP4 

protein expression levels in the liver [233].  Whether or not the -523G>C SNP could 

influence MRP4 mRNA expression in combination with other SNP(s) requires further 

study.  
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Chapter 5. Summary and Future Directions 

1. Summary 

 In this study, the functional consequences of two ABCC1 proximal promoter 

SNPs (-260G>C, -275A>G) and one ABCC4 proximal promoter SNP (-523G>C) were 

examined to investigate their possible role in the regulation of ABCC1 and ABCC4 

promoter activities, respectively.   

In the case of MRP1/ABCC1, the luciferase assay results suggested that the -

275A>G SNP had no significant effect in any of the cell lines tested.  Thus it seems 

unlikely to substantially affect the activity of the ABCC1 promoter and thus the 

expression of MRP1.  However, the -260G>C SNP might affect the ABCC1 promoter 

activity in a cell-type specific manner, because the substitution decreased ABCC1 

promoter activity only in three of the cell lines (HepG2, MCF-7, and HeLa) tested. 

 In the case of MRP4/ABCC4, initial sequence analysis indicated that the ABCC4 

promoter is TATA-less, CAAT-less, and GC-rich in its proximal region.  Preliminary 

characterization of the -1706ABCC4 construct in HEK293T cells revealed the presence of 

one or more negative regulatory regions between -1706 and -876 and between -876 and -

641, and one or more positive regulatory regions between -641 and -356 and between -

356 and -17 (Figure 3.7A).  Also, preliminary experiments showed that the ABCC4 

promoter displayed differential activity in MDCKI and LLC-PK1 cells (Figure 3.7).  The 

-523G>C SNP did not cause a significant change in ABCC4 promoter activity in either 

HEK293T or HepG2 cells, thus also seems unlikely to affect the expression of MRP4. 
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2. Future Directions 

2.1 Further functional characterization of MRP1/ABCC1 SNPs in tumor cells  

 The current study has shown that the effect of the ABCC1 -260G>C SNP could be 

cell-type specific (Chapter 3).  Although the -275A>G SNP is suggested to have no effect 

on ABCC1 promoter activity, the SNP might have a phenotypic effect activity in other 

cell-types that were not studied in this thesis.  Therefore, it would be of interest to further 

test the -260G>C and -275A>G mutant reporter constructs in tumor cells where increased 

MRP1 expression is significantly associated with poor prognosis, such as those derived 

from neuroblastoma (e.g. SKNBE(2)) and lung cancer (e.g. A549).  Sequence analysis 

using transcription factor prediction programs suggested that Elk1 might be involved in 

the modulatory effect of -260G>C on ABCC1 promoter activity (Chapter 4).  Co-

transfection of ABCC1 luciferase reporter constructs with an Elk1 cDNA expression 

vector could be performed to test the above hypothesis.  

 Three additional SNPs in the proximal promoter region of ABCC1 have been 

recently genotyped (Table 5.1).  In particular, the -65G>A SNP (reported to be -241G>A 

in the literature [256]) is located in a Sp-1 binding site.  Mutation of this Sp-1 site alone 

has been reported to cause a 5-fold reduction in ABCC1 promoter activity [170].  

Therefore, this SNP might also drastically decrease the activity of the ABCC1 promoter 

by disrupting this Sp-1 binding site and hence Sp-1-mediated transcriptional activation.  

Since Sp-1 is ubiquitously expressed [257], the effect of this SNP could possibly be 

observed in all cell types. 
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Table 5.1  Reported allelic frequencies of SNPs in the proximal promoter region of 

MRP1/ABCC1 

Nucleotide position* Allelic frequency Reference 

-1793A>G N/A NCBI Entrez SNP database 

-1666G>A 44.4% (23/54) Chinese [236] 

-1661A>G N/A [258] 

-1645A>G 52.16% (217/416) total 

32.5% (39/120) European 

53.4% (64/88) Chinese 

38.6% (34/88) Japanese 

66.7% (80/120) Yoruba 

[229] 

-1634A>G 1.9% (1/54) Chinese [236] 

-1484G>A 1.9% (1/54) Chinese [236] 

-1103delT N/A NCBI Entrez SNP database 

-855C>T N/A NCBI Entrez SNP database 

-239C>G 15.8% (19/120) European [229] 

-65G>A 2% (6/306) Japanese [256] 

+38(GCC)9-23 Varied [85, 228, 256] 

+145C>T 0.35% (1/286) total 

0% (0/72) Chinese 

1.43% (1/70) Malaysian 

0% (0/70) Indian  

0% Caucasian (0/72) 

[259] 

+150C>T 0.35% (1/286) total 

0% (0/72) Chinese 

1.43% (1/70) Malaysian 

0% (0/70) Indian  

0% Caucasian (0/72) 

[259] 

 
* Nucleotide positions are relative to the transcriptional start site (+1)



- 86 - 

2.2 Identification of potential transcription factors involved in transcriptional regulation 

of MRP4/ABCC4 

 Initial characterization of the basal ABCC4 proximal promoter activity in 

HEK293T cells suggest the presence of one or more putative negative regulatory regions 

between -1706 and -876, and between -876 and -641, and one or more putative positive 

regulatory regions between -641 to -356, and between -356 to -17 (Chapters 3 & 4).  A 

next step would be to make more reporter constructs containing additional 5’-deletions 

between the regions -1706 to -641, and -356 to -17, to further map the regulatory regions 

in ABCC4.   Once the regulatory regions are more defined, several methods could be 

employed to identify which transcription factors bind to these regulatory regions.  For 

instance, a putative transcription factor expression vector (e.g. N-myc, Figure 3.6) could 

be co-transfected with the ABCC4 promoter constructs to test if such factors could affect 

the ABCC4 promoter activity.  Also, mutations could be introduced in the putative 

transcription factor binding site to determine if disrupting the binding site affects ABCC4 

promoter activity.  In addition, DNA-protein interaction assays such as EMSA could be 

performed to study the interactions between various putative transcription factors and the 

ABCC4 promoter.  

 Preliminary results suggest that the ABCC4 promoter might be under the control 

of different regulatory elements in MDCKI and LLC-PK1 cells (Chapter 3).  Therefore, it 

would also be of interest to more fully characterize the basal ABCC4 promoter activity in 

MDCKI and LLC-PK1 cells, and then elucidate the factors that contribute to the 

differences in ABCC4 promoter activity among these three kidney cell types.  Since the 

canine and pig Abcc4 promoter sequences are currently unknown, isolation of these 
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mammalian ABCC4 promoter orthologs would further aid in the understanding of ABCC4 

transcriptional regulation and whether or not these promoter sequences are well 

conserved.   

 

2.3 Functional characterization of MRP4/ABCC4 SNPs in different cell types  

 Although the -523G>C ABCC4 polymorphism did not significantly alter the 

ABCC4 promoter activity in vitro, the data suggest that the effect of -523G>C SNP might 

be cell-type dependent.  Higher MRP4 expression is observed in kidney, prostate [87], 

and in primary aggressive neuroblastoma [161].  It would therefore be of interest to test 

this SNP, using the -1706ABCC4, -1380ABCC4 and -641ABCC4 constructs, in cell lines 

that are derived from adult kidney (e.g. LLC-PK1 and MDCKI), prostate (e.g. LNCaP), 

or neuroblastoma cells (e.g. SKNBE(2)).  These experiments might aid in elucidating 

whether the effect of SNP is cell-type dependent.  

Two SNPs (+70C>T and +72C>T) in the putative 5’-UTR of ABCC4 have been 

reported (Table 5.2).  The 5’-UTR of a gene may contain sequences that regulate 

transcriptional activity of the gene.  Therefore, these SNPs, together or alone, might have 

an effect on the transcriptional activity of ABCC4.  The luciferase reporter assay can be 

used to find out if these SNPs affect the transcriptional activity of these genes.  This 

strategy would also help in delineating possible regulatory elements that are present in 

the 5’-UTR of ABCC4.
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Table 5.2  Reported allelic frequencies of SNPs in the proximal promoter region of 

MRP4/ABCC4 

Nucleotide position* Allelic frequency Reference 
-1389A>G 16% (107/668) total 

25% (21/84) in African American 

0% (0/84) in Caucasian 

15% (13/84) in Asian 

11.7% (14/120) in European 

14.4% (13/90) in Chinese 

0.91% (8/88) in Japanese 

32.3% (38/118) Yoruba 

[229] 

-1122G>T N/A NCBI Entrez SNP database 

-1011G>A N/A NCBI Entrez SNP database 

-829T>A N/A NCBI Entrez SNP database 

-828T>C N/A NCBI Entrez SNP database 

-752delG N/A NCBI Entrez SNP database 

-640C>T N/A NCBI Entrez SNP database 

+70C>T 3.78% (37/978) total 

2.38% (7/294) White Caucasian 

2.13% (4/188) not specified 

1.2%  (3/250) Black or African 

American 

10% (2/20) Japanese 

9.91% (21/212) Asian 

[230] 

+72C>T 0.18% (1/548) total 

0.19% (1/516) not specified 

0% (0/20) Japanese 

0% (0/12) Pacific islander 

[230] 

 

* Nucleotide positions are relative to the transcriptional start site (+1) (see Section 3.2.2)
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