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Abstract 

ABCG2 encodes for a multidrug efflux transporter called the mitoxantrone 

resistance protein (MXR, BCRP) that mediates the efflux of substrates out of the cell and 

is important in detoxification. The present study was focused on the expression and 

function of MXR amino acid variants, activity of the ABCG2 promoter and promoter 

variants, characterization of ABCG2 locus cis-regulatory elements and variant enhancers, 

and examination of DNA methylation around ABCG2. MXR expression, localization and 

activity were characterized using whole cells and inside-out vesicles. The Q141K variant 

had reduced expression. MXR I206L had increased efflux of pheophorbide A and both 

V12M and D620N had increased ATPase activity. The activity of ABCG2 regulatory 

elements was tested in in vitro and in vivo luciferase assays. Two promoter SNPs 

(rs76656413 and rs59370292) had decreased in vivo liver enhancer activity. Six regions 

with in vivo liver enhancer activity and several enhancer SNPs (rs9999111, rs12508471, 

rs72873421, rs149713212 and rs2725263) with altered activity in vivo were identified. 

Association of these SNPs with ABCG2, PPM1K or PDK2 expression in different tissues 

was detected. In vitro assays were used to identify nuclear receptor response elements. 

The ABCG2 promoter responded to multiple nuclear receptor ligands, and the promoter 

SNP rs66664036 had a significantly increased response to 17β-estradiol. Nine rifampin, 

six 17β-estradiol and three dexamethasone responsive regions were identified. Enhancer 

SNP rs12508471 had decreased response to 17β-estradiol and increased response to 

dexamethasone, while rs573519157 had an increased and rs190754327 had a decreased 

response to 17β-estradiol. Finally, methylation of CpG islands in the ABCG2 locus was 

correlated with the expression of ABCG2 in human liver and kidney tissues. There was 



x 
 

no correlation of whole CpG island methylation with ABCG2 expression. However, a 

CpG site within CpG4 correlated with ABCG2 expression in the kidney, and part or all of 

select CpG islands had significantly lower methylation in liver than in kidney. The 

genetic and epigenetic regulation of the ABCG2 gene locus described in this dissertation 

may contribute to clinical variation in ABCG2 expression. 
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Chapter 1 : Function and Regulation of the Mitoxantrone Resistance Protein  

1.1 Overview 

The mitoxantrone resistance protein (MXR; BCRP; ABCG2), referred to here as 

MXR, is an efflux transporter expressed apically in several tissues with a broad range of 

both exogenous and endogenous substrates. The transport activity, tissue distribution and 

specific cellular localization of MXR suggest that it plays a pivotal role in endogenous 

substrate disposition as well as the protection and detoxification of the body from 

xenobiotics. Overexpression of MXR is associated with drug resistance to a variety of 

anticancer drugs, and its expression has been linked with decreased disease-free survival 

in several different cancers. An individual’s susceptibility to certain drug-induced side 

effects has also been linked to MXR expression or nonsynonymous single nucleotide 

polymorphisms (SNPs) in the MXR gene ABCG2. Initial reports on common ABCG2 

SNPs suggest that amino acid altering SNPs have significant effects on substrate 

selectivity, transport function, expression and localization. However, these SNP-

associated changes in MXR function do not account for all of the variation in MXR 

expression or the pharmacokinetic and pharmacodynamic properties of MXR substrates. 

The details of ABCG2 regulation are not well known, but the evidence is accumulating 

for regulation by methylation, transcription factors and nuclear receptors. Here, we 

discuss the current literature on the different mechanisms which alter MXR expression 

and function. 
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1.2 Introduction 

Both drug metabolizing enzymes and transporters contribute to drug distribution, 

elimination, response and toxicity. The ATP-binding cassette (ABC) transporters 

comprise a superfamily of membrane transporter proteins that utilize the energy from 

ATP hydrolysis to translocate substrates, against their concentration gradient, across both 

extra- and intracellular membranes1. These membrane bound proteins are responsible for 

the biological distribution of both endogenous and exogenous compounds. The ABC 

transporters represent one of the largest families of transporters, with seven highly 

diverse families (ABCA to ABCG)1. The importance of these membrane transporters in 

drug disposition is evident from the recently published guidelines on drug transporters2. 

The efficacy of cancer therapy is often limited by the development of drug 

resistance by cancer cells. One method of resistance is attributed to efflux membrane 

transporters, which become upregulated and efflux chemotherapeutics from the cancer 

cell, thus conferring cancer cell resistance by reducing the internal concentration of the 

drug. One of the main efflux transporters indicated in multidrug resistance during 

chemotherapy is the mitoxantrone resistance protein (MXR)3. MXR is a high capacity 

transporter that recognizes a wide variety of substrates, including chemotherapeutics 

ranging from anthracenes to kinase inhibitors4. Since the expression of MXR can lead to 

drug resistance, MXR is a prognostic factor in both hematopoietic and solid cancers, as 

well as an indicator for possible drug toxicity3. 

There are multiple nonsynonymous variants of MXR, many of which are rare; 

MXR is a highly polymorphic transporter with over 80 single nucleotide polymorphisms 

(SNPs) in its gene, ABCG25–11. The transport functions of the common nonsynonymous 
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variants and many unnatural variants of MXR have been investigated12. Due to 

difficulties in monitoring the transport efficacy of an efflux transporter, these reports are 

often limited to one variant against several substrates or one substrate for several variants. 

However, since MXR has multiple binding regions for substrate interactions, several 

nonsynonymous variants have been shown to possess altered substrate specificity and 

activity13. This indicates that each variant should be screened against whole panels of 

MXR substrates to determine if there are any differences in its transport capabilities. 

There are many assays being utilized for the characterization of MXR variants, and these 

tools must continue to be optimized and utilized so that future generations of therapeutics 

may be screened14.  

Although nonsynonymous variants of MXR have been shown to alter MXR 

function, and possibly substrate specificity, their frequency does not account for all the 

reported variability in MXR expression, as individuals with reference MXR still have 

variability in expression15. Therefore, in order to effectively evade multidrug resistance, 

we must understand the mechanisms that regulate the expression of the gene that codes 

for MXR, ABCG2. Recent research has highlighted the role of the ABCG2 promoter and 

its hypomethylation in the regulation of MXR expression16. However, there is growing 

evidence for additional regulation of ABCG2, including that of alternate promoters, 

enhancers and nuclear receptor (NR) response elements16.    

By understanding both drug-drug interactions and underlying DNA differences 

that alter the expression or function of a drug response protein, we could predict drug 

toxicity and efficacy, bringing us closer to personalized medicine17,18. Here, we describe 

the current literature regarding MXR and ABCG2 regulation, including the MXR protein 
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itself, MXR substrates and inhibitors, the nonsynonymous variants of MXR, and 

regulation of ABCG2 via DNA methylation and its promoter, enhancers and NRs.  

 

1.3 The Mitoxantrone Resistance Protein 

The mitoxantrone resistance protein (MXR) is a 75 kDa membrane transporter 

first isolated from a mitoxantrone resistant human colon carcinoma cell line19,20. It was 

independently isolated from a doxorubicin resistant human breast cancer cell line (MCF-

7 AdVp) and named the breast cancer resistance protein (BCRP)21. Shortly thereafter, the 

protein was isolated from placental tissue and named the ABC transporter of the placenta 

(ABCP)22.  MXR transport is unidirectional, and since it localizes to the plasma 

membrane, it transports substrates from the cytoplasm out of the cell. Since its discovery, 

MXR has been shown to transport numerous endogenous and exogenous substrates, thus 

becoming a major player in clinical studies of the pharmacokinetics of its substrates.  

 

1.3.1 Tissue Distribution 

MXR is expressed in many tissues and protects the body from natural dietary 

toxins and carcinogens. Expression of MXR has been reported in the intestinal and colon 

epithelium21,23–25, where it effluxes substrates out of the epithelium cell and back into the 

lumen, limiting the absorption of MXR substrates. It is also highly expressed in the bile 

canalicular membrane of hepatocytes21,23–25, where it transports substrates and many of 

their conjugates into the bile, increasing their elimination from the body. MXR is 

expressed at lower levels in the renal cortex tubules21,24,25, where it mediates the excretion 

of substrates into the urine. MXR is expressed in the ducts and lobules of the breast23, 
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where it effluxes nutrients, toxins, carcinogens or drugs from the circulation into milk. It 

is expressed in the placental syncytiotrophoblasts21–28, where it works to protect the fetus 

from endogenous hormones and toxins by moving substrates in the fetal circulation to the 

maternal circulation26. MXR is also present in the endothelium of veins and capillaries, 

most importantly at the blood-brain barrier where it keeps its substrates from penetrating 

into the brain23,25,29. Finally, MXR is expressed in the side population of hematopoietic 

stem cells; it has been proposed that its role there is the protection of the progenitor 

cells30–32. 

 

1.3.2 Localization 

MXR is a plasma membrane protein and is generally not expressed on other 

intracellular membranes33. This allows MXR to efflux its substrates out of the cell. There 

have been reports of MXR having altered cellular localization in times of nutrient 

deprivation, such as low folate, when it then relocates to vesicle membranes under the 

assumption it helps to sequester nutrients in these vesicles34. MXR has apical localization 

in the epithelium of the small intestine and colon and the liver bile canaliculi, indicating a 

role of MXR in systemic exposure through the regulation of digestive uptake, thus 

secreting substances into the bile for their elimination and preventing substrates from 

entering circulation from the gut23. MXR is also localized to the apical side of most breast 

ducts and lobules, where it moves substrates into the milk23. Finally, MXR has mainly 

apical localization in placental syncytiotrophoblasts23, with one report of some 

cytoplasmic staining in these cells24, where it moves substrates into the maternal 

circulation.  
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1.3.3 Structure 

MXR and related ABCG subfamily members are half-transporters consisting of 

one nucleotide binding domain (NBD) and a membrane spanning domain (MSD) that 

consists of six transmembrane (TM) α-helices35,36. Compared to other ABC transporters, 

the orientation of the MXR NBD and MSD is reversed. The NBD is at the amino-

terminal end of the protein, including an intracellular stretch that has the ATP binding 

site (Walker A and B motifs) and the C signature motif of ABC transporter, before the 

MSD and finally the acid terminal end of the protein (see Figure 1.1)37. The NBD 

stretches from residues 1-396, and the MSD from residues 397-65537. There is a N-

glycosylation site at Asp590 in the extracellular loop connecting TM5 with TM638, and 

the Cys603 amino acid, also in this loop, is responsible for disulfide bond formation 

between MXR oligomers39. The Arg363 and T402-G410 residues are relevant for correct 

biogenesis, folding and membrane insertion of the MXR protein40,41. Additionally, the 

R482 amino acid is critical in substrate interaction42.  
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Figure 1.1 Structure of the MXR transporter. A schematic representation of MXR 

membrane organization with nonsynonymous variant locations indicated. Figure was 

obtained from Polgar and Bates43 with additional variants added.  

 

1.3.4 Oligomerization 

The MXR protein is unique among the multidrug resistant transporters because it 

is a half transporter and needs to form oligomers in order to create a functional unit. The 

MXR protein migrates on a gel as a monomer at ~70-75 kDa under reducing conditions 

and as a dimer at 140-180 kDa (depending on glycosylation and other modifications) 

under non-reducing conditions44,45. However, in human cells the minimal stable 

functional unit of MXR is a homotetramer, and it has potential to have higher forms of 

oligomerization, including as a homo-dodecamer44. Cys603 is responsible for disulfide 
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bond formation between MXR oligomers39. However, the formation of intra-molecular 

disulfide bonds between MXR proteins is not necessary for activity and transport 

function3. The formation of higher order oligomers of MXR would provide multiple 

binding sites and flexibility in the protein’s recognition of substrates. Multiple homology 

modeling and structural analysis help to elucidate the structure of MXR in vivo37; 

however, additional structural data are needed to confirm the current two dimensional 

structure predictions and make a three dimensional map of the functional transporter.  

 

1.4 Therapeutic Substrates of MXR 

The MXR protein is extremely flexible in its substrate recognition. Ongoing 

functional characterization of the transporter adds to the list of MXR substrates, which 

includes a broad spectrum of synthetic and endogenous compounds3,37. The substrate 

specificity of MXR overlaps with that of other multidrug transporters, and it has been 

suggested that the dual role of these transporters assists in synergistic protection of the 

body and its organs1,46. MXR was first discovered in cellular resistance to 

chemotherapeutic agents; since then many classes of chemotherapeutics have been tested 

in cytotoxicity assays and identified as MXR substrates. Additionally, a number of other 

non-chemotherapeutic compounds such as statins, antiretrovirals and antibiotics have 

been shown to be transported by MXR (see Table 1.1). 

 

1.4.1 Anthracenes and Topoisomerase Inhibitors 

The ability of many anticancer agents to elicit their cytotoxic effects depends on 

intracellular access of the drug. The overexpression of efflux transporters, such as MXR, 
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leads to reduced intracellular accumulation of anticancer agents and drug resistance. 

Mitoxantrone is an anthracenedione anticancer agent47 used in combination therapies to 

treat prostate and breast cancers and multiple sclerosis48–50. Resistance to mitoxantrone is 

a hallmark of MXR overexpressing cell lines19,20,33,51–57. Mitoxantrone stimulates MXR 

ATPase activity58, but direct kinetics for this compound have not been reported. The 

anthracene derivative bisantrene also shows reduced accumulation in MXR expressing 

cell lines20. Additionally, cells resistant to mitoxantrone exhibit cross-resistance to other 

topoisomerase inhibitors including etoposide51,57,59, GV19677160, indolocarbazole61, 

becatecarin62, NB-506 and J-10708863. 

 

1.4.2 Antimetabolites  

Many antimetabolites, which are chemotherapeutic agents that interfere with 

rapidly dividing cells, are also MXR substrates. The most well-characterized 

antimetabolite substrate of MXR is methotrexate (MTX). Methorexate is an antifolate 

that competitively inhibits the dihydrofolate reductase enzyme, making it an effective 

agent to treat many types of cancers and rheumatoid arthritis64. The ability for MXR to 

transport MTX was first identified in cell lines that overexpressed MXR and had 

resistance to MTX57,65. MTX is a high capacity, low affinity substrate of MXR with 

reported Km values of 0.68 – 1.3 mM55,64,66. MXR also transports MTX diglutamates and 

triglutamates, but it cannot transport MTX with more than three glutamates55,64,66. 

Another metabolite of MTX, 7-hydroxy-methotrexate is also transported by MXR55.  

Although MXR can transport MTX and folic acid55, it cannot transport the 

reduced folate leucovorin66. Interestingly, most lipophilic antifolates are much better 
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substrates of the mutant G482 MXR67, but MTX transport is specific to reference R482 

MXR68. Other antifolates such as GW1843, tomudex, pyrimethamine and trimethrexate 

are also substrates of MXR67,69. Other antimetabolites can be transported by MXR, 

including pyrimidine analogs like 5-fluorouracil57 and multiple purine analogs such as 

clofarabine, fludarabine, 6-mercaptopurine and 6-mercaptopurine riboside70. 

Additionally, nucleotide and nucleoside analogs are MXR substrates, specifically 

CdAMP and cladribine70. Considering the wide breadth of antimetabolites that are MXR 

substrates, emerging antimetabolite therapies should be screened through MXR substrate 

assays. 

 

1.4.3 Anthracyclines  

The MCF-7 AdVp cell line overexpresses MXR and accumulates the 

anthracycline daunorubicin (daunomycin) to a lesser extent than the parental cell line20. 

Additionally, both daunorubicin and doxorubicin were shown to stimulate MXR ATPase 

activity58.  However, these cells harbor a R482G/T variant MXR protein, and reference 

MXR is not capable of transporting daunorubicin71,72. The MCF-7 AdVp cells are also 

cross-resistant to doxorubicin51, epirubicin56,71 and pirarubicin57. The transport of many 

anthracyclines is attributed to the R482G/T mutation in MXR, including idarubicin71. The 

R482G/T MXR variant is not found in humans, but these data provide information 

regarding the determinants of MXR substrate specificity. 
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1.4.4 Camptothecin Analogues  

Camptothecin is an anticancer agent that works through inhibition of DNA 

topoisomerase I and its derivative irinotecan, a cytotoxic camptothecin whose active 

metabolite is SN-38, a commonly used anti-cancer agent for treatment of colorectal, lung 

and gastric tumors73. Although camptothecin itself is not transported by MXR74, many of 

its derivatives, including irinotecan (CPT-11)75–77, the irinotecan active metabolite SN-38 

(7-ethyl-10-hydroxycamptothecin)54,56,74–78, SN-38 glucuronide76,78, topotecan20,33,52–

54,56,74,75,79, 9-aminocamptothecin52,56,74,75,80, homocamptothecin77 and diflomotecan77,81, 

are MXR substrates. Thus, overexpression of MXR causes cancer cell line resistance to 

SN-38 and irinotecan82,83. The structural comparison of camptothecin analogues 

transported by MXR has given insight into key features of MXR substrates. Since 

irinotecan analogues with a hydroxyl group at position 10 or 11 of their A ring are good 

substrates for MXR, hydrogen bond formation is considered to be involved in substrate 

recognition and/or transport84. Additionally, negative potential at position 10 or 11 of the 

A ring85 and a polar group at position 9 or 1080 are both important for substrate 

recognition by MXR. Continued elucidation of the structural features of MXR substrates 

will inform the development of anticancer agents with lower potential for drug resistance. 

Although camptothecin derivatives are effective anticancer agents, they are often 

accompanied by side effects; these side effects have been linked to several efflux drug 

transporters including MXR73. In MXR knockout mice, topotecan plasma levels are 

increased and milk accumulation is decreased relative to reference86. Elacridar 

(GF120918), a non-selective inhibitor of ABC transporters, increases plasma topotecan 

levels and increases fetal topotecan exposure, demonstrating the potential for clinically 
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significant drug-drug interactions involving MXR79. In human studies, decreased 

function ABCG2 alleles have been associated with irinotecan induced neutropenia87,88, 

oral bioavailability of topotecan89 and diflomotecan81, and extensive plasma 

accumulation of SN-38 and its glucuronide90. The development of campthothecin 

derivatives that are not MXR substrates would be expected to improve the benefit-risk 

ratio for these agents.  

 

1.4.5 Kinase Inhibitors  

Many new anticancer agents have been developed to target specific mitogenic 

pathways within cancer cells. Many of these mitogenic pathways are regulated by 

kinases, and inhibition of these kinases is an effective anticancer therapy. Tyrosine kinase 

inhibitors (TKIs) were first developed for treatment of hematopoietic malignancies, and 

efflux of these compounds can lead to drug resistance91. MXR expression is high in many 

hematopoietic cancers92,93, making TKIs that are not substrates of MXR a useful strategy 

for future development. 

The first TKI, imatinib mesylate, is transported in MXR overexpressing cell 

lines94,95, and individuals develop “pharmacokinetic resistance” to imatinib through the 

overexpression of MXR96. Many other TKIs, including lapatinib, dasatinib, gefitinib, 

vandetanib and erlotinib are also substrates of MXR97–102. Most TKIs were initially 

thought to be inhibitors of MXR, but it is now clear that agents such as nilotinib, 

dasatinib and CI1033 are high-affinity substrates of MXR that at high concentrations 

inhibit the transporter103,104. Most TKIs, like erlotinib, stimulate the ATPase activity of 

MXR, supporting the claim that they are MXR substrates105. Abcg2-/- mice have 
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increased bioavailability of erlotinib99 and increased sorafenib penetration into the 

brain106, illustrating the importance of MXR in TKI pharmacokinetics. MXR also plays a 

role in the transport of the cylin-dependent kinase/Aurora kinase inhibitor JNJ-

7706621107. MXR should therefore be evaluated in the development of all kinase 

inhibitors. 

 

1.4.6 Statins  

Statins target HMG-CoA reductase and are used in the treatment of coronary heart 

disease108.  Statins are widely used and generally well-tolerated; however, serious 

complications such as myopathy may occur108. The ABCG family is associated with the 

transport of cholesterol steroids36, and MXR transports a number of statins, including 

rosuvastatin109 and pitavastatin110 (see Table 1.1). Patients with reduced function variants 

of MXR had higher exposure to rosuvastatin111, fluvastatin, pravastatin and 

simvastatin112, higher liver levels and a greater therapeutic response108. Noncoding SNPs 

in the ABCG2 locus are associated with greater response to rosuvastatin113. Although 

individuals with these variants might exhibit improved drug response, they also have the 

potential for drug toxicities. The use of statins as a gout treatment has also been proposed 

because they are able to alter ABCG2 expression114.  Thus, identification of statins that 

are substrates of MXR, of MXR variants with lower transport of these compounds and of 

the pathways involved in the statin regulation of MXR is important for assessing the 

benefit-risk ratio in patients.  
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1.4.7 Antiretrovirals 

The development of antiretroviral therapy (ART) has led to significant declines in 

human immunodeficiency virus (HIV) associated morbidity and mortality115. Although 

combination therapy is now a hallmark of ART, there are numerous drug resistance and 

metabolic complications that are associated with HIV treatment115. Overexpression of 

MXR in vitro leads to increased resistance to the nucleoside reverse transcriptase 

inhibitor (NRTI) zidovudine (AZT) as a result of decreased cellular accumulation of AZT 

and its metabolites116,117. Similarly, lamivudine has reduced activity in MXR 

overexpressing cells116. Antiretroviral drugs are competitive inhibitors of MXR, and 

multiple antiretrovirals (in order of IC50 rank: lopinavir, nelfinavir, delavirdine, efavirenz, 

saquinavir, atazanavir, amprenavir and abacavir) increased pheophorbide A accumulation 

in a MXR expressing cell line118. Identification of ART agents that can inhibit MXR in 

combination treatment settings could provide avenues to circumvent resistance.  

 

1.4.8 Antibiotics 

The ability of MXR to transport antibiotics, especially into milk, is of particular 

interest not only in humans, but in cows as well. MXR can transport a number of 

antibiotics including ciprofloxacin, ofloxacin, norfloxacin, erythromycin, tetracycline, 

rifampicin and enrofloxacin119–121. MXR alters the pharmacokinetics, hepatobiliary 

excretion and milk secretion of nitrofurantoin122. It also mediates the biliary excretion of 

ciprofloxacin, grepafloxacin, ofloxacin and ulifloxacin, and the tubular secretion of 

ciprofloxacin and grepafloxacin123. Identification of antibiotic substrates of MXR is 

necessary to limit infant exposure and reduce antibiotic accumulation in cow’s milk. 
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1.4.9 Other Therapeutic Drugs 

Sulfasalazine, a prodrug for 5-aminosalicylic acid, is an anti-inflammatory 

medication used for rheumatoid arthritis and inflammatory bowel disease124,125. 

Sulfasalazine is a high affinity (Km = 0.7 μM) substrate of MXR126,127 and is used 

clinically as a marker of MXR activity128–130. MXR transports other immunomodulators 

including the anti-inflammatory diclofenac131, the antirheumatic drug leflunomide and its 

metabolite A771726 (teriflunomide)132.  

MXR also transports numerous other therapeutic compounds that treat everything 

from parasites to sclerosis (see Table 1.1). MXR transports drugs that work in the gastric 

tract such as the proton pump inhibitor pantroprazole, which can also inhibit MXR133, 

and the antiulcerative agent cimetidine134. Since MXR is expressed in the apical side of 

the intestinal epithelium, its efflux of these compounds back into the lumen might aid in 

their therapeutic action or work to reduce plasma levels of the drug. For example, Abcg2-

/- mice have increased plasma concentrations and decreased milk accumulation of 

cimetidine86.  MXR also transports several antidiabetic agents such as glyburide135,136, 

and is responsible for the biliary excretion of troglitazone sulfate, the major metabolite of 

the antidiabetic agent troglitazone137.  MXR also mediates the transfer of glyburide across 

the human placenta from fetus to maternal circulation138. Finally, the expression of MXR 

at the blood brain barrier can impact any of its antipsychotic substrates that need to enter 

the CNS, such as the depression medicine befloxatone139. Prazosin, a drug used to treat 

anxiety, post-traumatic stress disorder and panic disorder, has reduced accumulation in 

cells overexpressing MXR20. Expression of MXR may influence the pharmacological or 

toxicological actions of its many substrates.   
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Table 1.1. Therapeutic Substrates of MXR 
Statins Quinoline Alkaloids Antimetabolites 
nitrofurantoin140 irinotecan75–77,82,83 methotrexate55,57,64–66 
pitavastatin110,141 SN-3854,56,74–78,82,83 MTX diglutamate55,64,66 
pravastatin112,142 SN-38-glucuronide76,78 MTX triglutamate64,66 
lamivudine143 topotecan20,33,52–54,56,74,75,79,86 7-hydroxy-MTX55 
fluvastatin112 9-aminocamptothecin52,56,74,75,80 GW184369 
simvastatin112 homocaptothecin77 trimethrexate67 
rosuvastatin109,111 diflomotecan77,81 tomudex69 
 NX21175 pyrimethamine67 
Kinase Inhibitors DX-8951f 52,144 5-fluorouracil57 
gefitinib97,98,101 gimatecan145 CdAMP70 
erlotinib97,99,105 belotecan146 cladribine70 
imatinib94–96   clofarabine70 
lapatinib100 Others fludarabine70 
nilotinib103 prazosin20  6-mercaptopurine (6MP)70 
dasatinib102,103 Iodoarylazidoprazosin147 6MP riboside70 
vandetanib101  mycophenolic acid glucuronide148  
sorafenib106 azidopine147  Immunomodulators 
tandutinib149 nitrendipine147  diclofenac131 
CP-724,714150 nicardipine147  leflunomide132  
symadex151 nifedipine147  teriflunomide132 
*CI1033104  cimetidine86,134  albendazol sulfozide152  
JNJ-7706621107 *pantroprazole133  sulfasalazine126–130 
 glyburide135,136,138   
Antibiotics troglitazone sulfate137  Topoisomerase Inhibitors 
ciprofloxacin119,123   TH-337153  mitoxantrone19,20,33,51–58 
ofloxacin119,123 *dipyridamole154  bisantrene20 
norfloxacin119 ME3327155  aza-antrapyrazole53,156 
erythromycin120 PM-5155  etoposide51,57,59 
tetracycline120 *oxfendazole152 teniposide59 
rifampicin120 moxidectin157 indolocarbazole61 
enrofloxacin121 zoledronic acid158 NB-50663 
nitrofurantoin122 riluzole159   J-10708863 
grepafloxacin123 olmesartan medoxomil160 GV19677160 
ulifloxacin123 befloxatone139  *becatecarin62 
 4-methylumbelliferone (4Mu) sulfate161  
Anthracyclines# 4Mu glucuronide161 Antiretrovirals 
doxorubicin51,58 E3040 sulfate161  zidovudine (ZVD)116,117  
epirubicin56,71 2,4-dinitrophenyl-S-glutathione161 ZDV metabolites116,117 
pirarubicin57 albendazol sulfoxide152 lamivudine116,143 
 ortataxel162 ganciclovir163 
 bicalutamide164  
 *NSC73306165  
*Also inhibits MXR at higher concentrations 
#Substrates of the R482G/T variant MXR  
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1.5 Natural Substrates of MXR 

The tissue distribution and localization of the MXR transporter supports an 

important role in detoxification and protection. This role was illuminated in MXR 

knockout mice, which develop phototoxicity due to accumulation of the porphyrin class 

of dietary toxins166. Since then it has been shown that MXR is responsible for the 

protection of the body from other dietary toxins such as carcinogens167. Additionally, 

MXR is responsible for the distribution of many natural compounds, including 

flavonoids, folic acid, steroids, and bile acids (see Table 1.2). Identification of the natural 

substrates of MXR adds to the knowledge of its function in the body and could help in 

identifying structurally similar therapeutic substrates of MXR. 

 

1.5.1 Porphyrins 

Porphyrins are naturally occurring aromatic compounds that bind and form 

complexes with metals. The most common porphyrin is heme, which gives blood cells 

their red color and their ability to transport iron. The buildup of porphyrins, either in cells 

or in vivo, leads to phototoxicity. Abcg2-/- mice experience phototoxicity due to the 

accumulation of porphyrins166, which led to their establishment as MXR substrates10,168. 

Pheophorbide A, a natural dietary toxin, accumulates in MXR knockout mice to cause 

phototoxicity166 and is a specific MXR substrate and good in vitro probe for MXR 

function169. Levels of protoporphyrin IX (a derivative of heme) are also increased in the 

erthyrocytes of Abcg2-/- mice166, and protoporphyrin IX was later determined to be a 

substrate of MXR170. MXR mediates the transport of other porphyrins, including 
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hematoporphyrin10,171 and 3-(1'-hexyloxyethyl)-3-devinyl pyropeophorbide-A (HPPH)172, 

and is important for the biliary excretion of porphyrins173.  

Transport of porphyrins by MXR is consistent with phototoxicity caused by some 

MXR inhibitors and substrates174. The MXR specific inhibitor fumetrimorgin C (FTC) 

blocks phytoporphyrin (phylloerythrin) transported in MXR expressing cell lines173. 

Additionally, the reduced accumulation of pyropheophorbide A methyl ester, chlorine e6 

and protoporphyrin IX (generated by treating with 5-aminolevulinic acid) in a MXR 

overexpressing cell line was reversible by FTC treatment175. The continued 

characterization of porphyrin substrates of MXR could give new insight into the 

mechanisms that lead to clinical phototoxicity and its prevention. 

 

1.5.2 Carcinogens 

One of the most common food carcinogens is 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP). MXR transports PhIP134, along with other 

carcinogens including Benzo[a]pyrene-3-sulfate and Benzo[a]pyrene-3-glucuronide176. 

The ability of MXR to protect against carcinogen exposure is evident from reports that 

Abcg2-/- mice have higher plasma levels of PhIP due to impaired hepatobiliary and 

intestinal excretion of PhIP167 and have decreased PhIP transport into milk86. MXR 

reduces systemic exposure to the heterocyclic amines 2-amino-3-methylimidazo[4,5-

f]quinoline (IQ) and 3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (Trp-P-1) and the 

potent human hepatocarcinogen aflatoxin B1177. The ability of MXR to reduce systemic 

exposure to carcinogens is associated with cancer susceptibility. For example, prostate 

cancer patients with reduced function alleles of MXR had a significantly shorter survival 
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time178. Reduced function MXR variants were also associated with increased risk of 

diffuse large B-cell lymphoma179. Mechanisms that reduce MXR expression could result 

in cancer prevention. 

  

1.5.3 Flavonoids 

Fruits, vegetables and beverages are all important sources of flavonoids180–182. 

Flavonoids are polyphenolic compounds that are characterized as flavonols, flavones, 

flavanones, flavanols, isoflavones, chalcones, or anthocyanidins. These compounds are 

all widely distributed throughout the plant kingdom; the two most common flavonols 

(which are the most common flavonoids) are quercetin and kaempferol181,183. Quercetin 

and kaempferol are major constituents of Ginkgo biloba extract, and both are MXR 

substrates184. Lumen absorption of quercetin and the quercetin glucuronides is limited by 

MXR efflux185. Additionally, plasma concentrations of quercetin and isorhamnetin 

(methylated metabolite of quercetin) increase in MXR knockout mice185. 

Many flavonoids have biological activity, such as riboflavin (vitamin B2) which is 

secreted into milk by MXR186. MXR transports many of the flavonoids (see Table 1.2), 

including hesperetin and its metabolites and flavopiridol187–189. Flavopiridol is a cyclin-

dependent kinase inhibitor being developed as an acute myeloid leukemia (AML) 

treatment. MXR overexpressing cells are resistant to flavopiridol189 and ABCG2 mRNA 

levels correlate with flavopiridol cytotoxicity in AML blast cell samples93. The 

importance of MXR in flavopiridol activity requires careful study. 

Some flavonoids have weak estrogenic activities and are called phytoestrogens. 

Some phytoestrogens, including genistein, naringenin, acacetin and kaempferol, 
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potentiate the cytotoxicity of SN-38 and mitoxantrone and increase cellular accumulation 

of topotecan190. Studies in Abcg2 -/- mice have shown increases in AUC of 

genistein191,192, plasma levels of diadzein192 and the accumulation of inulin in the brain 

and testis192. Thus, MXR is important in limiting the oral availability and distribution of 

phytoestrogens into the brain, testis, epididymis and fetus192. Alterations in MXR 

expression or function could impact the bioavailability and tissue exposure to 

phytoestrogens. 

 

1.5.4 Hormones 

In addition to many phytoestrogens, MXR transports many other hormones 

including estrone 3-sulfate (E1S), dehydroepiandrosterone sulfate (DHEAS) and the 

estrogen metabolites 17β-estradiol sulfate and 17β-estradiol-17β-D-glucuronide 

(E217βG)161,193. Data on whether MXR can transport estrogen are conflicting, as there are 

reports of MXR transport of 17β-estradiol120 and non-transport of free estrogen and 17β-

estradiol193. MXR transport of estrogen conjugates is well supported; the Km for E1S 

ranges from 3.6-16.6 μM161,194 and the Km for E217βG is 44.2 μM66. MXR is implicated 

in the bioavailability of estrogens and is responsible for the biliary excretion of the 3-O-

sulfate conjugate of 17α-ethinylestradiol, a component of oral contraceptives195. The 

expression of MXR could affect many hormonal processes, especially in tissues where 

both hormones and MXR are prevalent, such as the placenta, breast and testes.  
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1.5.5 Dyes and Fluorescent Compounds 

There are many different dyes and fluorescent compounds utilized in the 

laboratory setting, including Hoechst 33342 dye and D-luciferin (substrate of the firefly 

luciferase), that are substrates of MXR196,197. Many of the dyes that are transported by 

MXR are used in flow cytometry assays. For example, the expression of MXR in 

hematopoietic pluripotent progenitor cells is a major contributor to the efflux of Hoechst 

33342198,199. Two other cell imaging agents, rhodamine 123 and Bodipy-prazosin, are 

actively transported from cells by MXR58,71, have reduced accumulation in MXR 

overexpressing cell lines20 and their efflux is inhibitable by the MXR specific inhibitor 

FTC200. These dyes have also been utilized in vivo; for example, MXR transports Bodipy-

prazosin away from the mouse fetus136. The newly developed fluorescent bile salt 

analogues cholyl-L-lysyl-fluorescein and cholylglycylamido fluorescein are being 

developed as in vivo tools to monitor liver transporter function201,202. 

 

1.5.6 Other Natural Substrates 

MXR is located on the apical membrane of the bile canalicular membrane and 

transports bile acids such as cholate and deoxycholate120,202. Additionally, MXR is 

expressed in the kidney and mediates urate secretion at the brush border membrane of 

renal proximal tubule cells203. MXR also transports uric acid, and ABCG2 

polymorphisms and gene expression levels have been repeatedly associated with gout204–

206. Determining mechanisms that regulate the expression and function of MXR could 

lead to new pathways to identify individuals at risk for gout. 
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There are many other dietary nutrients that are transported by MXR, including 

folic acid and vitamin K55,66,207. Resveratrol, the natural phenol found in the skin of red 

grapes and other fruits and that is associated with increased life span, is transported by 

MXR55. Glutathione (GSH), the major endogenous thiol antioxidant with a critical role in 

the preservation of cellular redox balance as well as the detoxification of exogenous and 

endogenous compounds, is also transported by MXR208. Finally, MXR transports 

phenethyl isothiocyanates; isothiocyanates are non-nutrient constituents abundant in 

cruciferous vegetables that inhibit carcinogenesis209. 

MXR is also important for the transport of cellular components. The potent 

sphingolipid mediator sphingosine 1-phosphate (S1P) is transported by MXR210. 

Additionally, the phospholipid phosphatidylserine, usually kept on the inner-leaflet of the 

cell membrane, is also transported by MXR211. The most interesting cellular compound 

that MXR transports is amyloid β212, a component of amyloid plaques indicated in the 

causation of Alzheimer’s disease212. Therefore, the expression and function of MXR at 

the blood-brain barrier could be playing a role in the accumulation of amyloid β, and 

therapies designed to increase MXR expression or function could be beneficial in 

Alzheimer patients.  
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Table 1.2. Natural Substrates of MXR 
Porphyrins Carcinogens 
pheophorbide A166,168,169 PhIP86,134,167  
protoporphyrin IX166,168,170,175 benzo[a]pyrene-3-sulfate176 
phytoporphyrin173 benzo[a]pyrene-3-glucuronide176 
pyropheophorbide A methyl ester175 IQ177 
chlorine e6175 Trp-P-1177 
hematoporphyrin10,171 aflatoxin B1

177 
HPPH172  
zinc mesoporphyrin168 Flavonoids 
heme168 genistein190–192 
hemin168 naringenin190 
zinc protoporphyrin IX168 acacetin190 
copper protoporphyrin IX168 kaempferol184,190 
 flavopiridol189 
Steroids/Hormones riboflavin186 
estrone 3-sulfate161,193,194  quercetin185 
DHEAS161 quercetin glucuronides185 
E(2)17β glucuronide66,161 isorhamnetin185 
17β-estradiol sulfate193 hesperetin188 
oestradiol120 hesperetin 7-O-glucuronide187 
3-O-sulfate 17α-ethinylestradiol195 inulin192 
 daidzein192 
Bile Acids  
glycoCA202 Dyes 
tauroCA202 rhodamine 12320,58  
taurolithocholic acid-3-sulfate202 bodipy-prazosin58,71,136,200 
cholic acid/cholate120,202 hoechst 3334258,71,198,199 
deoxycholate120 eFluxxID® Green213 
 eFluxxID® Gold213 
Dietary Compounds D-luciferin196,197 
uric acid/urate203,204 cholyl-L-lysyl-fluorescein201 
folic acid55  cholylglycylamido fluorescein202 
vitamin K207 bodipy-dihydropyridine147 
plumbagin207  
resveratrol55 Others 
phenethyl isothiocyanates209 sphingosine 1-phosphate210 
glutathione208 phospholipid phosphatidylserine211 
 amyloid β212 

 

1.6 MXR Inhibitors 

There are currently many natural products and synthetic inhibitors of MXR (see 

Table 1.3), and many libraries of compounds are being screened for their ability to inhibit 
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MXR function196,214. Identification of dietary compounds and therapeutics that inhibit 

MXR could aid in the understanding of drug-drug interactions and the prevention of drug 

toxicity. MXR inhibitors are identified through assays utilizing a well characterized 

substrate of MXR and screening for whether target compounds can alter transport. This 

has led to the discovery of multiple competitive and noncompetitive inhibitors (see Table 

1.3). Competitive inhibitors act as substrates with high affinity for a MXR substrate 

binding sites, preventing binding and active transport of other substrates. Non-

competitive inhibitors can act in various ways, for example by blocking the ATPase 

activity that is necessary for transport of xenobiotics across the plasma membrane. 

Typical examples of noncompetitive inhibitors of MXR are cyclosporine A and sodium 

orthovanadate58,215.  

 

1.6.1 Prototypical MXR Inhibitors 

One of the most common specific and potent inhibitors of MXR, fumitremorgin C 

(FTC), is an indolyl diketopiperazine isolated from Aspergillus fumigatus and is not 

transported by MXR53,200,216,217. FTC inhibits the ATPase activity of MXR218 and reverses 

mitoxantrone, doxorubicin and topotecan resistance53,216. Depending on the MXR 

substrate, FTC has IC50 values in the range of 0.5-10 μM53,58,216,219. Although FTC is a 

potent MXR inhibitor, it is not being developed for clinical use because it causes severe 

in vivo neurotoxicity, including tremors and convulsions. There are many FTC analogs 

that have also been targeted as specific MXR inhibitors, although many also have severe 

cytotoxicity220. The most promising FTC analogs for use in the clinic are Ko134 and 

Ko143, which are both potent and specific MXR inhibitors without cytotoxicity98,221.  
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Two more common inhibitors of MXR are the benzimidazoles pantoprazole and 

omeprazole, which inhibit MTX transport with IC50 values around 13 μM and 36 μM, 

respectively133. Pantoprazole, a proton pump inhibitor, is a common treatment for acid 

reflux, acts through competitive inhibition and is also transported by MXR133. Co-

treatment with pantoprazole reduces imatinib clearance and increases imatinib 

penetration into mouse brain94. Development of an effective and safe MXR inhibitor 

would be beneficial particularly for the treatment of brain tumors.  

MXR also has overlap in its inhibitor profile with P-glycoprotein (P-gp), another 

common ABC transporter. The P-gp inhibitor tariquidar inhibits MXR-mediated 

pheophorbide A transport169. Another P-gp inhibitor elacridar (GF120918) reverses 

MXR-dependent cellular resistance to topotecan and other camptothecin derivatives75,222, 

to etoposide59 and to mitoxatrone and MTX65,221,222. Elacridar also works in vivo and 

during co-treatment increases topotecan plasma and fetal concentrations in mice79, 

reduces imatinib clearance and increases imatinib penetration into mouse brain94. 

Possibly due to its dual inhibition of both MXR and P-gp, elacridar increases the oral 

bioavailability of topotecan by 50% in patients223.  Since elacridar can be used in vivo to 

inhibit ABC transporters, it is a promising clinical combination therapeutic for reversal of 

drug resistance or improvement of chemotherapeutic bioavailability. 

 

1.6.2 Hormones 

Many sulfate and glucoronide conjugates of estrogen derivates and other 

hormones are transported by MXR, but their parent compounds are not193. However, free 

estrogens like estrone and 17β-estradiol increase the cellular accumulation of topotecan, 
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mitoxantrone and SN-38 in MXR overexpressing cell lines134,224. Estrogen antagonists 

and agonist screens found that diethylstilbestrol, estrone, tamoxifen, toremifene, TAG-11 

and TAG-139 all reverse MXR-mediated SN-38 and topotecan resistance225. Therefore, 

estrogen levels in tissues could play a role in target site concentrations of MXR 

substrates. 

 Glucocorticoids regulate growth, metabolic, developmental and immune 

functions, and glucocorticoid derivatives are widely prescribed to treat immune 

disorders226. The natural glucocorticoid corticosterone and the glucocorticoid drugs 

beclomethasone, 6α-methylprednisolone, dexamethasone and triamcinolone inhibit, but 

are not transported by, MXR134. The impact of glucocorticoid treatment on MXR 

substrates in vivo requires further study. 

 

1.6.3 Tyrosine Kinase Inhibitors 

Tyrosine kinase inhibitors (TKIs) are anticancer agents given as single or 

combination therapies for many cancers and are particularly important in the treatment of 

hematopoietic malignancies101. Initially, both imatinib and gefitinib were reported to 

reverse MXR-mediated topotecan and SN-38 resistance, without being transported by 

MXR227–229. They have both since been shown to be transported by MXR, functioning as 

competitive inhibitors of the transporter97,230,231. Erlotinib reverses MXR-mediated drug 

resistance105, but it also stimulates MXR ATPase activity and is a substrate97. Recent data 

suggests that nilotinib, imatinib, dasatinib, lapatinib and sunitinib all function as MXR 

substrates at low concentrations231–234 but inhibit MXR at higher concentrations103. 
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1.6.4 Natural Inhibitors 

The interaction of naturally occurring compounds with drugs is of clinical 

significance and may explain individual variability in drug pharmacokinetics. Extracts of 

isoflavonoids from food sources inhibit MXR-mediated transport235. Flavones are the 

most potent MXR inhibitors236, but multiple flavonoids, including phytoestrogens, also 

inhibit transporter function190,235,237–241. The glucoside derivatives of flavonoids have 

significantly reduced MXR inhibitory capabilities235,237. Some of the most potent 

flavonoid inhibitors of MXR include coumestrol235, chrysin237, biochanin A237, 

quercetin241, retusin and ayanin240. Although administration of chrysin did not affect 

topotecan pharmacokinetics in rats or mice242, in vivo experiments should focus on 

flavonoids given in combination as found in food, since MXR inhibition may be 

additive243.  

Many chalcones, which are phenols and structurally related to flavonoids (they 

are flavonoid precursors), and indolylphenylpropenones are MXR inhibitors244. Curcumin 

is a phenol linked with beneficial effects in many diseases, particularly at low doses 

where it reduces amyloid β accumulation in Alzheimer models245. The major forms of 

curcuminoids in turmeric powder, curcumin, demethoxycurcumin and 

bisdemethoxycurcumin, are all noncompetative inhibitors of MXR246. Additionally, 

tetrahydrocurcumin, a major curcumin metabolite, also inhibits MXR247. Further studies 

investigating the complex interaction of amyloid β, curcumin and MXR would be 

beneficial to the study of Alzheimers. 
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Table 1.3. MXR Inhibitors 
Kinase Inhibitors Natural Compounds Others 
*imatinib94,227,229–232  coumestrol235 cyclosporine A58,215 
*gefitinib97,98,196,228,229 genistein121,190,191,235,237,243 orthovanadate58 
EKI-785229 daidzein235,237,238 fumitremorginC53,58,200,216–219 
sunitinib234,248 biochanin A235,237,239,243 Ko13498,221 
*nilotinib103,231,232 glycitein235 Ko14398,221,249 
*dasatinib103,231 prunetin235 digoxin134 
*erlotinib97,105 chrysin237,242,243 elacridar59,65,75,221,222  
*lapatinib100,233 7,8-benzoflavone242 novobiocin54,250 
*CI1033104 apigenin237,243 glafenine196  
bisindolylmaleimides IV251 fisetin237 tracazolate196 
indolocarbazole251 hesperetin237,238,243 calcimycin196 
bisindolylmaleimides V251 kaempferol190,237,243  doxazosin mesylate196 
arcyriaflavin A251 naringenin190,237,243 tariquidar169 
K252c251 phloretin237 tryprostatin A211 
UCN-01169 quercetin237,238,241 biricodar252  
purvalanol A171  silybin237  *Dipyridamole154 
WHI-P180171 silymarin237,238,243 nicardipine154,253 
LY294002254 resveratrol238 nitrendipine154,253 
 kaempferide239 nimodipine154 
Estrogens 5,7-dimethoxyflavone239  niguldipine253 
estrone224,225 8-methylflavone239 PZ-39255,256 
17β-estradiol134,224 acacetin190 ortataxel257 
diethylstilbestrol225 chalcones244  tRA96023257 
tamoxifen225 indolylphenylpropenones244 XR9577258 
toremifene225 curcumin246 WK-X-34258,259 
TAG-11225 demethoxycurcumin246  WK-X-50258 
TAG-139225 bisdemethoxycurcumin246 WK-X-84258 
 tetrahydrocurcumin247 albendazole sulfoxide121 
Glucocorticoids caffeine260  
corticosterone134 naringenin-7-glucoside190 Antiretrovirals 
beclomethasone134  6-prenylchrysin236 lopinavir118  
6α-methylprednisolone134 tectochrysin236 nelfinavir118,261 
dexamethasone134  delavirdine118 
triamcinolone134 Antipsychotics efavirenz118 
 clozapine249 saquinavir118,261 
Analog Screens paliperidone249 atazanavir118 
dihydropyridines253 chlorpromazine249 amprenavir118 
pyridines (Im)253 quetiapine249 abacavir118 
chromanones262 olanzapine249 ritonavir261 
taxanes263 haloperidol249  
 reserpine32  
 risperidone249  
*indicates also substrate of MXR 
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1.7 Physiological Function of MXR 

Separate from its role in cancer resistance and pharmacokinetics, MXR has an 

important function in the body. The tissue distribution and substrate and inhibitor profiles 

of MXR indicate its importance for the distribution of nutrients, especially into the milk, 

and the defense of tissues from carcinogens and phototoxic compounds. Although 

therapeutic MXR inhibitors are being developed or are already in clinical use, the 

disruption of the physiological function of MXR must be considered in developing such 

strategies.  

 

1.7.1 Distribution of Dietary Compounds 

MXR regulates the absorption of dietary compounds, and its cellular localization 

is altered in times of nutrient deprivation. During times of low folate, MXR localizes to 

the membrane of intracellular vesicles where it assists in sequestering nutrients34. 

Additionally, MXR is expressed in the ducts and tubules of the breast, where it 

contributes to the secretion of nutrients, particularly riboflavin (vitamin B2), into milk186. 

The expression of MXR in the lumen serves to reduce overall systemic exposure 

to various compounds. The distribution of phytoestrogens are altered in Abcg2 -/- mice, 

which have increased AUC of genistein191,192, plasma levels of diadzein192, brain and 

testis accumulation of inulin192, and plasma concentrations of quercetin and isorhamnetin 

(methylated metabolite of quercetin)185. Although phytoestrogens are not strictly 

nutrients, they are considered beneficial due to their estrogenic and anti-estrogenic 

effects264. 
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1.7.2 Tissue Defense 

MXR plays an important role in protecting the brain, fetus, prostate and eye46. In 

Abcg2 -/- mice, there is increased exposure to the dietary carcinogen PhIP167 and 

hepatocarcinogen aflatoxin B1
177. Additionally, MXR reduces the systemic exposure to 

the heterocyclic amines IQ and Trp-P-1177. MXR also plays a role in the placental barrier 

and the protection of the fetus from glyburide, Bodipy-prazosin and bile acids136,202. The 

inhibition of MXR in mice via elacridar treatment increased fetal topotecan exposure79. 

Reduced MXR function limits the accumulation of PhIP, topotecan and cimetidine into 

mouse milk86 and simultaneously increases systemic and fetal exposure to harmful 

compounds. As a result of both the natural protective role of MXR against carcinogens265 

and its ability to efflux chemotherapeutics out of cancer cells266, MXR expression is 

associated with decreased progression-free and disease-free survival in a variety of 

cancers267–275. 

 

1.7.3 Phototoxicity 

MXR knockout mice develop phototoxic skin lesions due to the accumulation of 

chlorophyll-derivative porphyrins from natural dietary sources that are MXR 

substrates166, particularly pheophorbide A10,168,169. Phototoxicity has been reported in 

healthy individuals with chlorophyll rich diets276, and it is also a well known side effect 

of several therapeutic agents that are MXR substrates277–280 and inhibitors281.  Low 

functioning nonsynonymous alleles of MXR have reduced porphyrin transport282, and 

this could contribute to human phototoxicity in individuals treated with a number of 

MXR substrates such as statins277 and imatinib278. MXR transports many photosensitizers 
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with structures similar to that of pheophorbide A and increases photodynamic resistance 

to pheophorbide A, pyropheophorbide A methyl ester, chlorine e6 and 5-aminolevulinic 

acid in photodynamic therapy (PDT)175. PDT is an anticancer treatment in which a tumor-

selective photosensitizer is administered and  light is activated to cause cell death through 

the generation of reactive oxygen species175. MXR needs to be studied as a possible 

mechanism for the development of cellular resistance to this therapy.  

The accumulation of porphyrins is also relevant to cytotoxicity that occurs during 

hypoxia. Normally, MXR protects tissues during hypoxia by effluxing heme and 

porphyrin compounds out of the cell283. This is most relevant to stem cells as it reduces 

erythropoietic protophyria by effluxing protoporphyrin IX170. Additionally, the major 

endogenous thiol antioxidant glutathione (GSH), which has an extensive role in the 

preservation of cellular redox balance, is transported by MXR208. Therefore, the 

expression and function of MXR in individual cells can be relevant for their survival 

upon exposure to hypoxia.  

 

1.8 MXR Variants  

Nonsynonymous variants of ABCG2 and other ABC membrane transporters have 

been implicated in the in vivo drug disposition, therapeutic efficacy and adverse drug 

reactions of their substrates35,284–286. There are several common and many rare 

nonsynonymous variants of ABCG2 (see Figure 1.1 and Table 1.4)5–11. The minor allele 

frequencies (MAFs) of ABCG2 variants are population-specific5–11. The effects of 

transporter variants on different substrates are not always the same; in fact, 14% of 

variants in membrane transporters exhibited substrate specific defects in transport287. The 
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transport function of the common nonsynonymous variants and many unnatural variants 

of ABCG2 have been investigated12. The functional studies and phenotype association of 

ABCG2 nonsynonymous variants8,285,288 indicate that some variants of MXR have 

substrate-dependent alterations in transport abilities. 

 

1.8.1 V12M 

The V12M variant is located in the NH2-terminal intracellular region of the MXR 

transporter (see Figure 1.1). The V12M polymorphism is most common in Asian and 

Caucasian populations with MAFs ranging from 2-45%5–11. Although there have been a 

few reports of altered V12M localization289 and lower V12M protein expression in cells10 

and Hispanic livers15, the majority of reports indicate no effect of this variant on mRNA 

or protein6,9,282,290–292. There is evidence for substrate-dependent effects of the V12M 

variant as it causes lower porphyrin10 and higher methotrexate293 transport. The V12M 

variant also has protective effects (higher IC50) against pheophorbide A6 and SN-38282. 

However, the V12M variant was similar to reference MXR in its mitoxantrone stimulated 

ATPase activity294, as well as sensitivity to mitoxantrone282,292. Patients homozygous for 

the V12M variant had worse survival in diffuse large B-cell lymphoma179 and response to 

imatinib mesylate treatment295. 

 

1.8.2 Q141K 

The Q141K variant lies between the Walker A motif and the ABC signature 

region (see Figure 1.1). The Q141K variant is very common, with MAFs in Asian and 

Caucasian populations ranging from 6-36%5–11. Reports on alteration in MXR function 
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are contradictory. Some reports show that Q141K exhibits lower SN-38294, porphyrin10, 

urate203 and glyburide135 transport, and lower IC50s for imatinib296, topotecan89, Symadex 

(C-1311)151, SN-38 and mitoxantrone9,282,292. Other reports show that Q141K has similar 

mitoxantrone stimulated ATPase activity294, pheophorbide A IC50
6 and MTX ATP-

dependent transport293 compared to reference. The Q141K transporter has lower protein 

expression, but mRNA levels are unaffected6,9,10,27,290–292,297,298. However, intestinal 

mRNA and protein levels are not affected by the Q141K130,268. Alterations in Q141K 

protein levels have been linked to an increase in proteasomal degradation299,300. Thus, 

studies that normalized for MXR expression (as opposed to total protein) saw no changes 

in Q141K function291, indicating that the Q141K protein functions properly, but has 

reduced expression due to higher protein degradation. 

MXR Q141K is associated with altered pharmacokinetics and multiple adverse 

events. The Q141K variant transporter alters the pharmacokinetic parameters of SN-38 

and its glucuronide88,90, gefitinib97, sulfasalazine130,301, topotecan89, diflomotecan81, 

mycophenolic acid glucuronide148, fluvastatin, pravastatin and simvastatin112, and 

rosuvastatin111 but has no effect on the pharmacokinetic properties of imatinib296, 

nitrofurantoin140, irinotecan90, pitavastatin141, pravastatin142 or lamivudine143. MXR 

Q141K is also associated with chemotherapy-induced diarrhea302,303,  acute lymphoblastic 

leukemia complications304 and neutropenia in cancer patients treated with irinotecan87,88. 

Due to the reduction in urate transport by the Q141K variant, it is estimated that this SNP 

is responsible for 10% of gout cases in Caucasians203. Finally, lower expression of 

Q141K could have ramification in the protection of the body from carcinogens. This is 

consistent with reports of MXR Q141K association with increased risk and worse 
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survival in patients with diffuse large B-cell lymphoma179. The Q141K variant transporter 

is also associated with poorer survival in patients who were younger at diagnosis or had 

bulky tumors179. The MXR V12M/Q141K haplotype was associated with the worst 

overall survival in diffuse large B-cell lymphoma179. Collectively, these data suggest that 

both V12M and Q141K MXR transporters can have significant effects on 

pharmacokinetics and pharmacodynamics. 

 

1.8.3 R482 Mutations 

The MXR R482T variant was identified from a doxorubicin resistant cell line, but 

has not been found in human samples. This mutation is located in the intracellular 

domain near the third transmembrane helix, a region important in other ABC transporters 

for the recognition of substrates, and drastically changes the substrate antagonist-specific 

profile of MXR71. Both the MXR R482T and R482G mutants cannot transport MTX65, 

but are 100 to 1000-fold more resistant to the antifolates GW1843 and Tomudex69 and 

lipophilic antifolates67. Additionally, the 482G and 482T variants, but not reference 

MXR, transport rhodamine 123, daunorubicin and LysoTracker Green71. Due to the 

position of R482 near transmembrane 3 and its ability to alter the MXR substrate profile, 

it has been proposed that this residue is important for the interaction of MXR with 

charged substrates (like MTX and rhodamine 123) but not with neutral unconjugated 

sterols, bile acids or antibiotics120. Continued research on these mutations could inform 

our understanding of acquired drug resistance.  
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Table 1.4 Nonsynonymous Variants of MXR 

 

 

 

SNP ID Position1 Δnt2 ΔAA3 MAF4 (%) Sources 

rs2231137 34 G>A Val12Met 0.0-45 
5,8,10,11,27,143,268,289,292, 

305–310 
- 38 C>T Ser13Leu 0.3 307 
- 151 G>T Gly51Cys 0.1 11 
- - - Lys86Met - 218 

rs2231139 376 C>T Gln126Stop 0.0-3 8,10,11,143,307,308,311 

rs2231142 421 C>A Gln141Lys 0.0-41 
5,8,10,11,27,90,143,268,289,29

2, 305–311 
- 458 C>T Thr153Met 3.3 10,11 
- 479 G>A Arg160Gln 0.3-0.5 8,10,307 

rs1061017 496 C>G Gln166Gly 0.3 11 
rs12721643 626 A>C Ile206Leu 0.6-20 8,10,11,268,305 
rs1061018 623 T>C Phe208Ser 0.3 10,11 
rs3116448 742 T>C Ser248Pro 0.5 10,11 
rs34678167 805 C>T Pro269Ser 0.2-0.8 143,305,309 

- 1060 G>A Gly354Arg 0.3 307 
- 1291 T>C Phe431Leu 0.3-0.8 8,10,11,307,311 
- 1322 G>A Ser441Asn 0.5 8,10,311 
- - - Arg482Ala - 218 

rs192169063 1465 T>C Phe489Leu 0.5-0.8 8,10,307,311 
- 1515 C>- Phe506Stop 0.3 307 

rs35965584 1624 A>G Thr542Ala 1.9 305,312 
- 1711 T>A Phe571Leu 0.5 10 
- 1723 C>T Arg575Stop 0.3 8,10,307 

rs34264773 1768 A>T Asn590Tyr 0.0-1.1 8,10,11 
rs34783571 1858 G>A Asp620Asn 0.5-1.1 8,10,11,305,306,313 

- 34/421 G>A/C>A Val12Met/ 
Gln141Lys 0.6-1.5 305,309,311 

1Position in cDNA 
2Change in nucleotide, variants without indicated change are not natural 
3Change in amino acid 
4Minor allele frequency in percent from all reported populations, individual population 
MAFs are reported elsewhere5–11 
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1.9 ABCG2 mRNA 

The expression of ABCG2 mRNA is an important determinant of MXR expression 

and function and is altered by many types of stimuli, ranging from hypoxia to xenobiotic 

exposure314–320. This regulatory control of MXR expression gives cells the ability to adapt 

to excessive or reduced levels of endogenous substrates which are essential for their 

survival. Characterizing the variability in ABCG2 throughout the body is important in 

understanding how expression impacts both systemic and target site drug exposure. 

 

1.9.1 mRNA variability 

Reports on the expression of ABCG2 in different normal tissues show wide 

variability in ABCG2 expression levels. As much as a 500-fold change in mRNA 

expression has been noted across human liver samples, without detectable copy number 

variations15. In human intestine, ABCG2 levels vary 1.8- to 78-fold130,268. In a cohort of 

human liver and kidney samples collected as part of the Pharmacogenetics of Membrane 

Transporters project, large variation in ABCG2 mRNA was detected (see Figure 

1.2). Additionally, overexpression of ABCG2 is seen in cancers92,268–275, with 

reports of ABCG2 mRNA levels varying 1000-fold in the blast cells of leukemic 

patients92 and 200-fold in AML blast cell samples93. Higher expression of ABCG2 

mRNA has been linked to decreased disease-free survival of patients with several types 

of cancers268–275. This variability of ABCG2 expression is not accounted for by the 

Q141K variant with reduced protein stability or other non-synonymous variants of 

ABCG215, and additional mechanisms must contribute to variation in expression321.   
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Figure 1.2 Expression profile of ABCG2 mRNA in human tissues. ABCG2 mRNA 

expression in 60 human (A) kidney and (B) liver tissues, determined by qRT-PCR and 

displayed as 2ΔCt relative expression. The mRNA expression of ABCG2 was normalized 

to the geometric mean of GAPDH, β-2 microglobin, and β-actin, then quantile 

normalized as described in Chapter 5 Materials and Methods. Each sample is represented 

by a column along the x-axis.   
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1.9.2 Splice variants 

In addition to variation in expression, there are eleven ABCG2 mRNA splice 

variants reported in the National Center for Biotechnology Information (NCBI) website 

(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi?db=human&l=ABCG2). Of 

these, the major splice variants are prominent in different tissues. Several tissue-specific 

isoforms of ABCG2 occur due to the creation of splice variants of the 5’-UTR from use of 

alternate promoters322–324. The most common of the exon 1 splice variants is called 

E1a15,325, and it is generated by the use of any one of three adjacent promoters and is 

commonly detected in drug-resistant cell lines323. E1b is associated with lower ABCG2 

mRNA in livers15, and its murine equivalent is expressed in the intestine324. E1c, which 

has an intron 1 that is approximately 90 kb longer than the other exon 1 splice variants, is 

detected in human leukemia322 and during murine erythroid differentiation326.  

 

1.10 ABCG2 and its regulation 

MXR is transcribed by ABCG2 located on the anti-strand of chromosome 4q22 

between PKD2 and PPM1K21. ABCG2 spans over 66 kb and includes 15 introns and 16 

exons22. The translational start site is located in exon 2, the Walker A domain in exon 3 

and the Walker B and ABC signature domains in exon 622 (see Figure 1.3). ABCG2 is 

highly conserved; it is known as the white protein in Drosophila and has been found in 

all sequenced vertebrates16. Due to the wide variability in ABCG2 expression, 

mechanisms that are important in the regulation of ABCG2 are of increasing importance. 
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Figure 1.3. Orientation of the ABCG2 locus and MXR protein. Diagram depicts the 

orientation and location of the ABCG2 gene on chromosome 4, followed by an enlarged 

version of the ABCG2 gene with the introns (horizontal line) and exons (vertical lines) 

noted. Finally, the organization of the MXR protein is depicted; boxes are the location of 

important physical features, and lines connect these features with the exons that code for 

them. Abbreviations are as follows: M, Morgans; TMD, transmembrane domain; ABC, 

ATP-binding cassette. Figure adapted from Bailey- Dell325 with all components to scale. 

 

1.10.1 Promoter 

The basal ABCG2 promoter is a TATA-less sequence that instead includes a 

CCAAT box and numerous Sp1, AP-1 and AP-2 sites 312 bp upstream of the 

transcriptional start site325. An alternate promoter for ABCG2 is used to generate one of 

the 5’ UTR mRNA variants322. The basal -628/+362 ABCG2 promoter segment had 

suppressed activity in MCF-7 cells, whereas the -312/+362 promoter segment was highly 

active325.  

The proximal promoter of ABCG2 also has a functional aryl hydrocarbon receptor 

(AhR) response element between -194 to -190327,328 that overlaps with its functional 
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progesterone receptor (PR)317 and estrogen receptor (ER)329 response elements. There is 

an NF-κB response element at -23, which works in concert with estrogen to increase 

ABCG2 expression315. Additionally, there is a hypoxia inducible factor (HIF)-1α 

response element between -116 and -112330 and an antioxidant response element at -431 

to -420331. Recently, an interferon-γ activated sequence  at -448/-422 was shown to 

increase the ABCG2 promoter activity upon stimulation of the JAK2/STAT5 pathway by 

prolactin332. This overlaps with the antioxidant response element stimulated by Nrf2 in 

stem cells331. The cMyc-Max protein also binds to the unmethylated proximal promoter 

of ABCG2 to activate ABCG2 transcription in human leukemic hematopoietic progenitor 

cells333,334.  

Although the ABCG2 proximal promoter has many transcription factor (TF) 

response elements, SNPs within the ABCG2 promoter have not yet been associated with 

its mRNA levels. There has been a report of an adjacent promoter haplotype -15622C/T 

and 1143C/T conferring lower MXR expression, and thus it was associated with higher 

erlotinib PK parameters335. Further studies of this polymorphism and other promoter 

polymorphisms are required to understand their contribution to the variation in ABCG2 

mRNA. 

 

1.10.2 Methylation 

DNA methylation occurs by the addition of a methyl group to the 5’ position of 

cytosine (C) when it is directly linked with a guanine (G). DNA methylation occurs in the 

human genome at these "CpG" sites (the ‘p’ refers to the phosphate group linking the two 

nucleotides)336. CpG sites cluster in specific regions of the genome at a frequency higher 
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than what would randomly be expected throughout the genome, and these regions are 

termed CpG islands (CGIs)337,338. Promoters are often associated with a high frequency 

of CpG sites339,340, and when these multiple CpG sites over a gene’s promoter are 

methylated, it causes gene suppression337. Additionally, methylation of CpG sites has 

been shown to affect the binding of TFs, especially over gene promoters341,342. 

 The ABCG2 basal promoter is on the edge of a large CGI that covers most of the 

ABCG2 proximal promoter and the core of which is just upstream of the transcriptional 

start site325. Normally, minimal to absent methylation of the ABCG2 promoter CGI has 

been reported in human liver tissues343 and in renal cell lines344. Treatment with the 

demethylating agent 5-aza-2’-deoxycytidine or other xenobiotics in cell lines induces 

ABCG2 expression, whereas the hypermethylated ABCG2 promoter is associated with 

gene silencing344–348. The degree of ABCG2 promoter methylation correlates to ABCG2 

mRNA levels in cancer cell lines344–347 and hypomethylation of the ABCG2 promoter 

contributes to drug-resistance in cell lines and patients344–349. Additionally, demethylation 

of the ABCG2 promoter has also been correlated with metastasis and stage of cancer, but 

not with the development of cancer itself350. Methylation of the ABCG2 promoter may 

determine the allele-specific expression profile in certain tissues, specifically in 

placenta27. Further research on the impact of ABCG2 promoter methylation in normal and 

malignant tissues is warranted. 

 

1.11 Nuclear Receptors 

Recent research has highlighted that SNPs in non-coding genomic regions can 

affect gene transcription and expression levels of metabolizing enzymes and membrane 
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transporters, and thus drug disposition321,351. Additional variation in enzyme and 

transporter expression can be mediated by ligand-activated TFs from the nuclear receptor 

(NR) family; these TFs stimulate drug detoxification pathways to temporarily alter gene 

expression in response to changes in the cell environment352,353.   

NRs are ligand-dependent TFs, and theirligands include a variety of fatty acids, 

vitamins and steroids354 that bind to consensus sequences in the genome and promote the 

transcription or transrepression of target genes355. NRs exist as homo- and heterodimers 

with each partner recognizing specific DNA sequences, called response elements356. 

These response elements exist as direct, indirect or inverted half-sites separated by 

variable length nucleotide spacers357. 

 NRs have been classified depending upon their binding partner and the type of 

response element to which they bind356. Class I NRs include the steroid hormones and 

bind to inverted repeats358, and Class II NRs are heterodimeric partners of RXR and bind 

to direct repeats359. The other two classes of NRs are orphan receptors binding to direct 

repeats and NRs acting as monomers to bind to a single half-site356,357. NRs can also be 

categorized based upon their mechanism of action, which includes their ligand binding 

while the NR is located in the cytosol (Type I) or nucleus (Type II)360. The large number 

of heterodimer combinations between different NRs and their diversity of isoform 

expression depending on cell type and development could generate significant diversity 

in gene regulation361.  

The expression of ABCG2 is altered by many types of stimuli, including 

hypoxia314, inflammation315, xenobiotics316, hormones317,318 and nutrients319,320. There is 

much evidence supporting the regulation of ABCG2 by NR pathways, including those for 
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the ER, PR, AhR, HIF, pregnane X receptor (PXR), constitutive androstane receptor 

(CAR), glucocorticoid receptor (GR), retinoid-related orphan receptor (ROR), 

peroxisome proliferator-activated receptor (PPAR) and NF-E2 related factor-2 (Nrf2)314–

320,328–331,362. The understanding of the pathways and xenobiotics that regulate ABCG2 

expression could have application clinically. For example, it has been proposed to utilize 

statins as a treatment of gout because statins are able to alter ABCG2 expression114. Since 

~13% of current drugs target NRs363, it is imperative we understand the NR 

transcriptional regulation of drug enzymes and transporters, especially ABCG2. 

 

1.11.1 Estrogen Receptor 

The ER is a class I and type I NR and is usually activated by 17β-estradiol (E2), 

but can be activated or suppressed by several other types of estrogens357. The ER has two 

forms, ERα and ERβ, that have specific tissue expression and regulate overlapping but 

different cellular pathways357. The ER is important in many cellular processes, including 

growth, differentiation, inflammation and function of the sexual organs364. The ER also 

plays a major role in many cancers, including breast, ovarian, colorectal, prostate, and 

endometrial364. The ER binds to estrogen responsive elements (ERE) almost exclusively 

in cis-regulatory regions; it has only been found to bind to 4% of the proximal promoters 

for estrogen responsive genes365. Additionally, ER works in concert with many other TFs 

and co-factors to activate its target genes. The presence of the general TFs AP-1, Sp1 and 

CREB1, substantially increase the modulation of activity with estrogen treatment364,366–

369. Additionally, GATA3 is integral to the ERα receptor pathway in several tissues, 

including kidney and breast370. Other transcriptional co-factors, like p300, AP-2γ and 
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FoxA1, directly interact with ER and work as long-range tethering sites for the ERα-

mediated transcription368,371. ER dimerizes with many other NRs, including the hepatic 

nuclear factor (HNF)-4, thyroid receptor (TR), retinoic acid receptor (RAR), retinoid X 

receptor (RXR), and the vitamin D receptor (VDR)361. The type of response that ERs 

elicit upon ligand binding depends on the expression of the two ER forms, which ER 

ligand has bound, other cofactors that are present and chromosome conformation364. 

Stimulation of ER both induces318,372,373 and downregulates224,374,375 ABCG2 

expression. The ability of ER to either increase or decrease ABCG2 expression depends 

on both the tissue and presence of other NR224,318,372–375. Additionally, ER often shares 

response elements with the progesterone receptor (PR), such as the ER/PR element found 

in the ABCG2 proximal promoter317. The ER and PR have a normal role in the 

upregulation of ABCG2 during pregnancy to augment protection of the fetus26,79,329. 

Understanding the ER regulation pathway for ABCG2 is vital because of the role both of 

these proteins play in the placenta and mammary tissues26,28.  

 

1.11.2 Glucocorticoid Receptor 

The GR is another type I, class I NR that is expressed in almost every tissue and is 

activated by glucocorticoids376. After being released from its repressors by one of its 

ligands, GR works to trans-repress target genes by binding to other TFs in the nucleus 

such as AP-1 or NF-κB and inhibiting them from activating transcription of the target 

gene377. Glucocorticoids have a broad endogenous role in the body, including regulation 

of growth, metabolic, immune and stress related pathways, and are critical for the 

function of the central nervous, digestive, hematopoietic, renal, and reproductive 
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systems226,376,378,379. Due to the powerful anti-inflammatory and immunosuppressive 

action of glucocorticoids, they are widely utilized for treatment of acute and chronic 

inflammatory diseases, autoimmune diseases, organ transplant rejection, and 

malignancies of the lymphoid system378,380.  

The majority of glucocorticoid response elements (GREs) are >10 kb from the 

transcriptional start site of glucocorticoid responsive genes, with only 9% of GREs in the 

proximal promoter381. The ~1000 bp surrounding a GRE is evolutionarily conserved and 

the level of conservation for a predicted GRE is correlated to the extent of GR occupancy 

at that element382. Many other TFs are associated with GREs, including AP-1, ETS, 

C/EBP or HNF4381. AP-2 also interacts with GR383, and is implicated along with PPAR 

and the liver X receptor (LXR) in cell response to inflammation379,384. 

The GR ligand dexamethasone increases the expression of both PXR and RXR385, 

which in turn increases the expression of genes by increasing activity of NR/RXR 

dimers386,387. Due to dexamethasone’s ability to induce PXR expression, dexamethasone 

is capable of acting via direct GR-dependent mechanisms at either low concentrations or 

short exposure and via a PXR-dependent mechanism at high concentration or long 

exposure386,388,389. Dexamethasone decreases ABCG2 expression both in vivo390 and in 

vitro391. Both GR and PXR regulatory elements of ABCG2 must be identified and 

characterized in order to understand the pathways that dexamethasone utilizes to regulate 

ABCG2. 
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1.11.3 Retinoid X Receptor 

The RXR proteins RXRα/β are essential dimerization partners of many steroid 

hormone receptors and other NRs, including PXR, LXR, CAR, PPAR and the farnesoid 

X receptor (FXR). However, a biological role and ligand for RXR has not been 

identified359. RXRα interacts with HNF4α, and both RXRα and HNF4α interact with 

ERα361. In addition to the importance of RXRα and ERα in the placenta, HNF4α and 

RXRα are important liver specific nuclear factors359,392. Thus, the pathways of RXR/NR 

regulation and their target tissues overlap with that of the MXR protein and give support 

for the possible regulation of ABCG2 by RXR/NR dimers. 

The function of RXR/NR dimers can be repressed by the interaction of the 

octamer 1 (Oct-1, POU2F1) TF393. In addition to RXR, Oct-1 interacts with GR, AR and 

PR393–395. Additionally, RXR dimerized with PPAR, CAR or LXR binds to GR or ER 

response elements, inhibiting the ER or GR response396–399. The restrictive expression 

patterns for RXRα/β and the activation or repression of gene expression being dependent 

on interaction with other co-factors could explain how this NR affects expression of 

genes in selected tissues359. 

 

1.11.4 Pregnane X Receptor 

PXR is a NR critical in the regulation of hepatic genes and drug metabolizing 

enzymes and transporters400. PXR is a Type I, Class II NR that is activated by a variety of 

ligands including steroids, bile acids and antibiotics401. The most common PXR ligand is 

rifampin402. Upon binding of its ligand, PXR dissociates from its regulatory proteins in 

the cytoplasm, translocates to the nucleus and alters gene expression through 
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heterodimerizing with RXR. PXR is predominantly expressed in liver, small intestine and 

colon, as well as other tissues, cancer cell lines and tumor samples401.  

The expression of PXR mRNA is correlated with the expression of ABCG2 

mRNA403,404, and rifampin induces ABCG2 expression316,405. PXR is also activated by 

other ligands, including statins and the bile acid lithocholic acid406. Since ABCG2 is 

integral in statin response108 and the development of gout204, PXR is a candidate for 

linking ABCG2 expression with disease or drug response. The ability of rifampin to 

induce ABCG2 expression and the correlation of PXR with ABCG2 indicate that PXR 

can regulate ABCG2316,403–405. Additionally, the identification of PXR response elements 

and a better understanding of the PXR induction pathway for ABCG2 could identify new 

therapeutic targets.  

 

1.11.5 Farnesoid and Liver X Receptors 

LXR and FXR both dimerize with RXR and are Type II and Class II NRs highly 

expressed in the intestine and liver407. These NRs bind DNA in a complex with 

corepressors and become active once the ligand displaces the corepressors and recruits 

coactivators407. FXR is a known regulator of bile acid408, lipid homeostasis409 and drug 

metabolizing and transport genes352, especially those involved in statin response410–412. 

Lower expressing variants of FXR in combination with reduced function of ABCG2 have 

recently been linked to statin response413. LXR binds to cholesterol metabolites, regulates 

cholesterol turnover and hepatic glucose metabolism and represses a set of inflammatory 

genes in immune cells399. Additionally, LXR is implicated along with PPAR in cell 

response to inflammation379,384. Unlike the other ABCG genes407, there has been no FXR 
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or LXR response elements identified for ABCG2. The identification of these elements 

would aid in the understanding of the effects of FXR and LXR dynamics on ABCG2 

regulation during homeostasis and drug targeting of bile acid, cholesterol and lipid 

pathways. 

 

1.11.6  Aryl Hydrocarbon Receptor 

The aryl hydrocarbon receptor (AhR) is a Class I, Type II NR that translocates to 

the nucleus upon ligand binding and dimerizes with the aryl hydrocarbon receptor nuclear 

translocator (ARNT)414 or ER415. Additionally, AhR dimerizes with several other NR414 

and has recently been shown to recognize nontraditional AhRE motifs416,417. Many 

carcinogens are known ligands of AhR and through AhR induce multiple metabolizing 

enzymes and drug transporters418. Exposure to carcinogens causes DNA damage that 

leads to DNA mutations419, and exposure to exogenous carcinogens are a factor in the 

development, severity and aggressiveness of cancer. ABCG2 expression is increased with 

carcinogen exposure176,420,421. The expression of ABCG2 and activity of its promoter are 

both altered by exposure to AhR ligands327,328,422. This induction of ABCG2 expression 

through the AhR pathway would allow the body to protect itself, and its vital organs, 

from exposure to these carcinogens.  

 

1.11.7 COUP-TFII 

Chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII), is a 

member of the steroid NR family and is important in glucose, cholesterol and xenobiotic 

metabolism pathways423. COUP-TFII binds to the same direct repeat segments as VDR, 
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TR, RAR, RXR, PPAR and HNF4423. Therefore, COUP-TFII exerts negative regulatory 

function on these NRs by competing for their common response element, forming 

inactive heterodimers or tethering the corepressor silencing mediator for retinoid and 

thyroid hormone receptor (SMRT), and tightening the chromatin structure423–425. In 

contrast, the binding of GR stimulates COUP-TFII induced transactivation by attracting 

cofactors, while COUP-TFII binding will repress the GR-governed transcriptional 

activity424. The restrictive expression patterns for COUP-TF426 and its dynamic 

interactions with many other NRs could explain how it affects expression of genes in 

selected tissues. 

 

1.12 Summary 

The MXR protein is expressed apically in numerous tissues, especially those 

relevant for drug absorption and excretion, and has a number of natural and synthetic 

substrates and inhibitors. The MXR transporter has several amino acid variants 

implicated in altered drug response and cancer risk. Finally, the wide variability in 

mRNA expression of ABCG2 can be attributed to the activity of the basal ABCG2 

promoter, DNA methylation and regulation by NRs. Much has been done to understand 

the role MXR plays in protection from toxins, drug pharmacokinetics, 

pharmacodynamics, and toxicity, cancer risk and severity, and distribution of nutrients 

and natural compounds. However, little is known about the function and substrate 

profiles of amino acid variants of MXR and the mechanisms that regulate ABCG2. These 

mechanisms need to be fully elucidated to aid in the translation of MXR 

pharmacogenomics into clinical application. 
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1.13 Focus of Thesis 

1.13.1 Rationale  

There is interindividual variability in the therapeutic response, pharmacokinetic 

and pharmacodynamic profiles of MXR substrates, as well as in the expression of MXR 

among healthy individuals and in cancerous tissues. It was been demonstrated that 

ABCG2 responds to different stimuli and is thus altered through exposure to different 

compounds. Additionally, ABCG2 is polymorphic and many of its nonsynonymous 

variants have not been characterized; of those that have, there are conflicting reports on 

substrate-dependent effects, activity and localization. Therefore, in addition to continued 

characterization of ABCG2 nonsynonymous variants, the mechanisms and cis-regulatory 

elements involved in regulation of ABCG2 and the corresponding effects of SNPs within 

these elements must be examined.  

 

1.13.2 Hypotheses  

First, I hypothesize that some MXR variants exhibit altered substrate profiles, 

expression and localization compared to the reference transporter. Second, I hypothesize 

that SNPs within the ABCG2 proximal promoter and cis-regulatory elements of the 

ABCG2 locus affect the ability of these elements to regulate transcription. Third, I 

hypothesize that the activity of some cis-regulatory elements in the ABCG2 locus can be 

attributed to regulation by nuclear receptors. Finally, I hypothesize that DNA methylation 

patterns in the ABCG2 locus are tissue-specific and regulate the transcription of ABCG2. 
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1.13.3 Specific aims 

1. Characterize nonsynonymous variants of ABCG2. Cell based assays were used to 

examine in vitro expression and localization, and flow cytometry and inside-out 

membrane vesicles were used to examine ATPase, indirect and direct transport 

activity of MXR variant transporters (Chapter 2).   

2. Examine the effects of SNPs on ABCG2 promoter activity through in silico 

transcription factor binding predictions, in vitro luciferase assays and an in vivo 

hydrodynamic tail vein assay (Chapter 3). 

3. Identify cis-regulatory elements in the ABCG2 gene locus through in silico 

predictions, in vitro luciferase assays and an in vivo hydrodynamic tail vein assay 

(Chapter 4). Similar methods were used to examine the effects of SNPs within 

these elements on their activity, and enhancer variants were associated with gene 

expression (Chapter 5). 

4. Examine the response to nuclear receptor ligands of in silico predicted cis-

regulatory elements in the ABCG2 locus, the ABCG2 promoter and their SNPs 

through in vitro luciferase assays (Chapter 6). 

5. Examine epigenetic DNA modifications in the ABCG2 locus in human liver and 

kidney tissues and their association with ABCG2 expression (Chapter 7). 

 

Collectively, these studies will enhance our understanding of how genetic and epigenetic 

changes influence MXR function and expression. The results from this research will 

drive future clinical investigations examining how interindividual variation in MXR 

expression and function contributes to differences in drug response.   
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Chapter 2 : Functional Characterization of MXR Variants 

2.1. Abstract 

The mitoxantrone resistance protein (MXR, BCRP, ABCG2) is an efflux membrane 

transporter with nonsynonymous variants that may alter the pharmacokinetic and 

pharmacodynamic properties of MXR substrates. In the present study, the expression and 

function of the MXR nonsynonymous variants V12M, Q141K, I206L, P269S, T542A, 

D620N and V12M/Q141K are characterized. Transient and stable expression of MXR 

variants in MCF-7 and HEK293 Flp-in cells, respectively, was used to investigate MXR 

function. Inhibitable efflux of MXR substrates was measured using flow cytometry and 

the localization and expression of the variant proteins was determined using Western 

blots and immunohistochemistry. Inside-out vesicles from the stable cell lines were used 

to test the ATPase and uptake activity of the MXR proteins. The V12M variant exhibits 

reduced protein expression but higher ATPase activity than the MXR reference protein. 

The Q141K variant also exhibited lower whole cell and membrane protein expression, 

consistent with published data. The first characterization of the T542A variant and 

V12M/Q141K transporters indicated no alteration in expression or function. The I206L 

had increased inhibitable efflux of the pheophorbide A compound and D620N had higher 

vanadate-sensitive ATPase activity. There was no alteration in localization of the MXR 

variants. In conclusion, MXR nonsynonymous variants have substrate-dependent 

alterations in function that may contribute to the interindividual variability in the 

pharmacokinetics and pharmacodynamics of MXR substrates. 
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2.2. Introduction 

The mitoxantrone resistance protein (MXR, BCRP, ABCG2) is a member of the 

ATP-binding cassette (ABC) transporter family1. MXR and other ABCG subfamily 

members are half-transporters consisting of one nucleotide binding domain (NBD) and 

six transmembrane domains2,3. The functional MXR efflux transporter is found as both a 

homodimer and a tetramer 4,5. MXR, located on the apical plasma membrane, transports a 

wide variety of compounds including nutrients, natural dietary toxins, cytotoxic agents 

and fluorescent drugs6,78. It is expressed in many tissues, including the intestine9–12, 

liver9–12, breast10, placenta9–16 and blood-brain barrier10,12,17, thus playing an important 

role in the detoxification and protection of the body8,18,19. Not only has wide variability of 

ABCG2 expression been reported in normal tissues20–22, but overexpression of ABCG2 is 

seen in some tumors22–30 and has been associated with disease-free survival 22,24–30. 

Overexpression of MXR also confers resistance to a variety of anticancer agents, 

including mitoxantrone, camptothecins (irinotecan, topotecan, SN-38) and 

anthracyclines31–33. 

Nonsynonymous variants of MXR and other ABC membrane transporters have 

been implicated in in vivo drug disposition, therapeutic efficacy and adverse drug 

reactions of their substrates2,69–71. The effects of transporter variants on different 

substrates are not always similar; in fact, 14% of variants in membrane transporters 

exhibited substrate specific defects in transport72. MXR has increased flexibility 

compared to other transporters and multiple substrate binding domains that have different 

inhibitor and substrate interactions73. MXR mutations occurring at the 482 amino acid are 

only found in drug-resistant cells lines. However the mutations exhibit extensive 
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substrate and antagonist specific activity74. The functional studies and phenotype 

association of other MXR nonsynonymous variants7,70,75 indicate that some variants of 

MXR have substrate-dependent alterations in transport abilities. Thus, it is necessary to 

systematically characterize the substrate-dependent effects of ABCG2 genetic variants.  

MXR was initially identified in a cell line resistant to mitoxantrone34,35, an 

anthracenedione derivative anticancer agent36. It is used in combination therapies to treat 

prostate and breast cancers and multiple sclerosis37–39. Mitoxantrone is often used in 

growth inhibition assays to measure the activity of the MXR protein40, however its 

kinetic parameters for MXR (Km and Vmax) have never been reported. In fact, many MXR 

substrates are still lacking kinetic analysis. With the development of ABCG2 Flp-in stable 

cell lines41 and isolation techniques for inside-out vesicles42, kinetic assays are now 

possible. 

MXR knockout mice (Abcg2-/-) experience phototoxicity due to the accumulation 

of porphyrins43, especially pheoporbide A, which are established MXR substrates44,45. 

Normally, MXR protects tissues during hypoxia by effluxing heme and porphyrin 

compounds out of the cell46. Phototoxicity is also a well known side effect of several 

anticancer kinase inhibitors47–50, which are also MXR inhibitors51, and it occurs in 

healthy individuals with chlorophyll rich diets52.  Pheophorbide A is not a substrate of P-

gp or MRP1 and has been targeted as a potential MXR specific probe53. However, 

nonsynonymous alleles of MXR have reduced porphyrin transport54 which may 

contribute to cellular resistance to photodynamic therapy55 and cause clinical 

phototoxicity.  
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Sulfasalazine is another specific substrate of MXR56. Sulfasalazine, of which 5-

aminosalicylic acid  is the active metabolite, is an anti-inflammatory medication used for 

rheumatoid arthritis and inflammatory bowel disease57,58. It has been used as a successful 

clinical marker of MXR activity and MXR inhibition59,60. It has also been used as a 

successful in vivo probe for MXR low-functioning alleles in healthy patients21. 

Understanding the contribution of MXR variants to sulfasalazine exposure and efficacy 

could lead to further use of this drug as an MXR probe substrate or help in facilitating 

optimal drug therapy for the widely occurring systemic inflammatory diseases.  

Irinotecan, a cytotoxic camptothecin whose active metabolite is SN-38, is a 

commonly used anti-cancer agent for treatment of colorectal, lung and gastric tumors61. 

Both irinotecan and its active metabolite SN-38 are transported by MXR62,63. 

Overexpression of MXR can cause resistance to SN-38 and irinotecan in vitro64,65. The 

Q141K MXR variant has been associated with SN-38 pharmacokinetics66, reduced in 

vitro transport67 and severity of irinotecan-induced neutropenia66. There is also a report of 

one homozygous Q141K individual with extensive SN-38 accumulation68. Further 

clarification of the effect of Q141K on SN-38 transport and the investigation of other 

MXR variants could enhance our understanding of irinotecan pharmacogenomics. 

Current research on MXR nonsynonymous variants focuses on variants with high, 

or frequent, minor allele frequencies (MAFs). However, decreased function variants of 

other membrane transporters have significantly lower allele frequencies and are more 

likely to alter evolutionarily conserved amino acid residues72. Aside from two variants, 

V12M and Q141K, most of the reported MXR variants have low MAFs. Therefore, it is 

important to determine if MXR variants, regardless of their MAFs, have altered function. 
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In this study, the effect of nonsynonymous variants identified in the SOPHIE 

cohort was investigated for their effect on the expression and function of MXR. The 

SOPHIE cohort is a group of ethnically diverse group of individuals who have donated 

DNA and are willing to be a part of future clinical pharmacogenomic studies76. 

Transiently and stably transfected cell lines were used to look at mRNA and protein 

expression, protein localization, and cellular efflux. Inside-out vesicles from the stably 

transfected cells were used to examine MXR vanadate-sensitive ATPase activity after 

stimulation with different MXR substrates. Preliminary studies were performed in inside-

out vesicles to examine the kinetic parameters of mitoxantrone, SN38, pheophorbide A 

and sulfasalazine transport by MXR variants. 

 

2.3. Materials and Methods 

2.3.1. Chemicals and Materials 

Mitoxantrone, sulfasalazine, doxorubicin hydrochloride, verapamil, pantoprazole 

sodium hydrate, protease inhibitor cocktail, CelLyticTM MT Lysis Buffer, Tween 20, 

sodium orthovanadate, fumitremorgin C (FTC), ouabain, sodium azide, estrone-3-sulfate, 

bis-tris propane (BTP), KCl, acridine orange, NADH, phosphol(enol)pyruvic acid (PEP), 

lactic dehydrogenase (LD) and pyruvate kinase (PK), creatine phosphate, creatine kinase, 

EGTA, MgCl2, ATP magnesium salt, NaOH, sodium dodecyl sulfate (SDS), Triton X-

100, Nunc LabTek II 2-well glass chamber slides and Potter-Elvenjem homogenizers 

were all purchased from Sigma Aldrich (St. Louis, MO). The 2X TaqMan Universal PCR 

Master Mix and Taqman probes ABCG2 hs01053796_m1, GAPDH Hs99999905_m1 

and GusB Hs99999908_m1 were purchased from Applied Biosystems (Carlsbad, CA). 



101 
 

Vesicles made from mock transfected (BD CT) and MXR overexpressing (BD BCRP) 

Sf9 cells and 488-Alexa goat anti-mouse secondary antibody were purchased from BD 

Biosciences (San Jose, CA). Non-fat dried milk and 0.45 μm nitrocellulose membranes 

were both purchased from Bio-Rad (Hercules, CA). Pierce BCA assay kits and 1.1 mL 

polypropylene flow cytometer tubes were purchased from Thermo Scientific (Rockford 

IL). RNase Easy Mini Kits, QIAquick PCR Purification Kits and QIAprep Miniprep Kits 

were all purchased from Qiagen (Valencia, CA). The human embryonic kidney 

(HEK293) Flp-in cell line, high-glucose Dulbecco’s modified Eagle’s medium (DMEM), 

Opti-Minimal Essential Medium (Opti-MEM), dithiothreitol (DTT), BioRad 

Kaleidoscope Protein Ladder, NuPage 4X Sample buffer, β-mercapthanone, NuPage 20X 

running buffer, NuPage 20X transfer buffer, NOVEX-NuPAGE 4-12% Bis-Tris SDS-

PAGE gels, GAPDH antibody (mouse anti-human), pOG44 vector, pcDNA5/FRT vector, 

DH5α competent cells, ProLong Gold Antifade plus DAPI mounting reagent, 

SuperScript® III First-Strand Synthesis System and Lipofectamine 2000 were all 

purchased from Invitrogen (Carlsbad, CA). The 100 mm LB Amp-100 agar plates, LB 

Broth supplemented with 100 μg/mL ampicilin and 10X MOPS buffer were purchased 

from Teknova (Hollister, CA). DMSO, 1X phosphate buffered saline (PBS), 0.05% 

trypsin, hygromycin, Tris-HCl, EDTA, HEPES and 100X penicillin and streptomycin 

were all purchased from the UCSF Cell Culture Facility (San Francisco, CA). Methanol 

and acetone were both purchased from Fisher Scientific (Pittsburgh, PA). High-Fidelity 

Phusion Buffer, Phusion High-Fidelity DNA Polymerase, bovine serum albumin (BSA), 

DpnI, and DpnI digestion buffer were all purchased from New England Biolabs (Ipswich, 

MA). All other materials including the human breast adenocarcinoma (MCF-7) cell line 
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(American Type Culture Collection, Manassas, VA), 10% fetal bovine serum (FBS, 

Axenia BioLogix, Dixon, CA), Improved Minimum Essential Medium (IMEM) without 

phenol red (Mediatech Inc, Manassas, VA), anti-human ABCG2 antibody 5D3 PE 

conjugated (eBioscience, San Diego, CA), mouse anti-human ABCG2 antibody BXP-21 

(Santa Cruz, Paso Robles, CA), goat anti-mouse secondary antibody 800CW IRDye 

(LiCore, Lincoln NE), PD Multitrap G-25 Sephadex columns (GE Healthcare 

Biosciences, Pittsburgh, PA), 0.45 μM mixed cellulose ester (MCE) filter plates 

(Millipore, Billerica, MA), HYPERflasks (Corning, Corning, NY), PiColorLock ATPase 

Assay kits (Innova Biosciences, Cambridge, United Kingdom) and dNTPs (Denville, 

Metuchen, NJ) were all purchased from the indicated manufacturers. The human breast 

adenocarcinoma doxorubicin and verapamil resistant cell line (MCF-7 AdVp) was a 

generous gift from Susan Bates (National Cancer Institute, Bethesda, MD). 

 

2.3.2. Genetic Analysis of ABCG2 Coding Region  

SNPs in the ABCG2 coding regions were retrieved for all available ethnic 

populations from publicly available databases, including 1000 Genomes (phase 1 release 

02/14/2012)77, dbSNP build 135, and HapMap release 2878 and were combined with 

those from the SOPHIE cohort reported in the Pharmacogenetics of Membrane 

Transporter Database (http://pharmacogenetics.ucsf.edu/, UCSF, San Francisco, CA)76. 

Additional non-synonymous variants of MXR were extracted from previously published 

sequencing studies79–82. Details regarding the sequencing of SOPHIE samples for ABCG2 

coding SNPs have already been published83. Genotypes from 1000 Genomes (phase 1 

release 05/21/2011) were used for calculating haplotypes. Haplotypes were determined 
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by downloading each region’s genotype and information files from the 1000 Genomes 

browser for all available ethnic groups combined. Genotype and information files were 

then loaded into Haploview version 4.284 and linkage disequilibrium analysis was 

performed using all available SNPs. The potential effect of non-synonymous variants on 

MXR function were predicted using the Grantham scale85, SIFT86 and PolyPhen87 

prediction programs. Evolutionary conservation was determined by alignment of 

orthologous amino acid sequences from six species (chimp, dog, cow, mouse, rat and 

zebrafish) to that of the human sequence using the UCSC genome browser 

(http://genome.ucsc.edu/).  

 

2.3.3. Cloning of MXR and Site Directed Mutagenesis for MXR Variant Plasmids 

 MXR was previously cloned in the Kroetz lab from human placental cDNA into 

the pcDNA5/FRT vector using the primers in Table 2.1. Variants where then introduced 

into the reference MXR pcDNA5/FRT plasmid. Site-directed mutagenesis (SDM) 

primers for each of the MXR nonsynonymous SNPs (Table 2.1) were designed using the 

PrimerX© program and synthesized by Integrated DNA Technologies (San Diego, CA). 

PCR reaction components for all primers are as follows: 1X High-Fidelity Phusion 

Buffer, 1 unit Phusion High-Fidelity DNA Polymerase, 200 nM dNTPs, 1 μM each 

primer and 100 ng reference MXR pcDNA5/FRT vector, all in a final volume of 50 μL. 

PCR reaction conditions for all primers are as follows: an initial cycle for 30 sec at 98°C, 

followed by 16 cycles of 10 sec at 98°C, melting temperature (varies per primer pair) for 

30 sec and 3.5 min at 72°C, then a final extension for 10 min at 72°C. The SDM PCR 

reactions were then digested for at least 20 min at 37°C with 1 unit DpnI. The reactions 



104 
 

were purified using the QIAquick PCR purification kit per the manufacturer’s protocol, 

and 5 μL of the purified SDM reaction was transformed into 35 μL DH5α competent 

cells. After growing for 24 hr on 100 mm LB Amp-100 agar plates, single colonies were 

expanded overnight at 37°C with shaking in LB broth supplemented with 100 μg/mL 

ampicillin. DNA was isolated from the bacteria using the QIAprep Miniprep Kit per the 

manufacturer’s protocol, and the plasmid was sequenced with the RVPrimer3 and other 

primers listed in Table 2.2 to confirm the presence of the SNP at the correct location. The 

DNA concentration was checked using a NanoDrop Spectrophotometer (Thermo 

Scientific) and stored at -20°C. 

 

Table 2.1. Cloning and SDM Primers for MXR Variants 
Variant Primer Sequence1 Tm2 (°C) 

WT CCTGAGCTCGTCCCCTGGATGTC 53 

 
GAGAACTGTAAGGGACAGGTATG 

 V12M GTCGAAGTTTTTATCCCAATGTCACAAGG 61 

 
CCTTGTGACATTGGGATAAAAACTTCGAC 

 Q141K CGGTGAGAGCAAAACTTAAAGTTCTCAGCAGC 64.7 

 
GCTGCTGAGAACTTTAAGTTTTGCTCTCACCG 

 I206L CACTGATCCTTCCCTCTTGTTCTTGGATGAG 64.4 

 
CTCATCCAAGAACAAGAGGGAAGGATCAGTG 

 P269S TCCTGAGCAGACCCGTGGAACATAA 64.6 

 
TTATGTTCCACGGGTCTGCTCAGGA 

 T542A GCAACACTTCTCATGGCCATCTGTTTTGTG 64.7 

 
CACAAAACAGATGGCCATGAGAAGTGTTGC 

 D620N AAAGCAGGGCATCAATCTCTCACCCTG 64.4 
  CAGGGTGAGAGATTGATGCCCTGCTTT   

1Forward and reverse primers per SNP 
2Melting temperature used for annealing step of PCR 
Abbreviations: PCR, polymerase chain reaction; Tm, Temperature 
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Table 2.2. Sequencing Primers for MXR pcDNA5/FRT 
Primer Sequence 
F3:294 GGAACGCACCGTGCACATGC 
1003F TAAAGTGGCAGACTCCAAGGTT 
1749F GATTCTACTGGAATCCAGAACAGAGC 
2218R TCGTGGAATGCTGAAGTACTGAAGCC 
R2:2569 CAGTGTGATGGCAAGGGAACAG 
Abbreviations: F, Forward; R, Reverse 

 

2.3.4. Cell Culture 

HEK293 Flp-in cells were grown in high-glucose DMEM supplemented with 

10% FBS, 100 units/mL penicillin and 0.1 mg/mL streptomycin. The MCF-7 cell line 

was grown in IMEM without phenol red, supplemented with 10% FBS, 100 units/mL 

penicillin and 0.1mg/mL streptomycin. The MCF-7 ADVP cell line was grown in IMEM 

without phenol red, supplemented with 10% FBS, 100 units/mL penicillin, 0.1mg/mL 

streptomycin, 3 μg/ml doxorubicin and 5 μg/ml verapamil. All cell lines were grown in a 

5% CO2 incubator at 37°C. To maintain cells, they were split upon reaching confluency 

by treatment with 0.05% Trypsin-EDTA, washing with 1X PBS and suspension in fresh 

media at a 1:5 to 1:20 dilution. 

 

2.3.5. Transient Transfection of MCF-7 Cells 

For transient transfections, we utilized the parent cell line of the MCF-7 Ad/Vp 

cell line from which MXR was cloned, the MCF-7 cell line9. MCF-7 cells have low 

background expression of MXR (data not shown) and have been utilized through the 

literature in MXR transport assays9,88. MCF-7 cells were split with 0.05% Trypsin-

EDTA, seeded at  ~2 x 106 cells in a T-25 plate and transfected once they reached 95% 

confluency in fresh IMEM with 10% FBS, but without antibiotics and phenol red. Cells 
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were then transfected with Lipofectamine 2000 following guidelines suggested in the 

manufacturer’s protocol. In short, 25 μL of Lipofectamine 2000 was diluted with 600 μL 

Opti-MEM and incubated for 5 min, then gently mixed with a 625 μL solution of 10 μg 

pcDNA5/FRT constructs diluted with Opti-MEM. The DNA-Lipofectamine mixture was 

allowed to incubate at room temperature for 30 min before being placed onto cells with 4 

mL of antibiotic-free media. All cell lines were incubated with their transfection agents 

for 18-24 hr before use in the efflux assays. 

 

2.3.6. Creation of Stable HEK293 Flp-in Cells 

The stable HEK293 Flp-in cell lines were created by transfection of HEK293 Flp-

in cells followed by selection with hygromycin. The HEK293 Flp-in cell line are 

commercially available cells that have an engineered single Flp-in site to ensure one 

cDNA clone of ABCG2 is inserted at a controlled location; similar Flp-in cells have been 

used in other MXR experiments41. Also, the HEK293 Flp-in parent cell is the HEK293T 

cells, which have low to undetectable expression of MXR (data not shown). HEK293 

Flp-in cells were split with 0.05% Trypsin-EDTA, seeded at  ~5 x 105 cells per well of a 

6-well plate and transfected once they reached 80% confluency in fresh DMEM with 

10% FBS, but without antibiotics. Cells were then transfected with Lipofectamine 2000 

following guidelines suggested in the manufacturer’s protocol. In short, 10 μL of 

Lipofectamine 2000 was diluted to 250 μL with Opti-MEM and incubated for 5 min, then 

gently mixed with a 250 μL solution of 0.4 μg ABCG2-pcDNA5/FRT plasmid plus 3.6 

μg pOG44 DNA diluted with Opti-MEM. The DNA-Lipofectamine mixture was allowed 

to incubate at room temperature for 30 min before being placed onto cells with 1.5 mL of 
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antibiotic-free media. All cell lines were incubated with their transfection agents for 6-8 

hr, and then the transfection media was removed and fresh DMEM with 10% FBS and 

antibiotics added. After 24 hr, the media was again changed to DMEM media 

supplemented with 75 μg/mL hygromycin. Media was refreshed again after 48 hr with 

DMEM plus 75 μg/mL hygromycin and the cells were continually selected for 1 to 2 

weeks in the hygromycin media, until colonies were visible. Per each variant, ~10 

colonies were selected and expanded in DMEM plus 75 μg/mL hygromycin until 

confluent in a T-25 plate. Cells were then split with 0.05% trypsin and aliquots were 

taken for membrane expression analysis using flow cytometry, with additional aliquots 

for protein and mRNA extraction. Colonies of HEK293 Flp-in cells stably expressing 

variant MXR proteins with MXR expression levels similar to that of WT were selected 

for further studies. Colonies from cells transfected with empty pcDNA5/FRT vector that 

had the lowest level of MXR expression were also selected for further studies. 

 

2.3.7. Protein and mRNA Extraction from Cells 

To obtain whole cell lystates, transiently transfected MCF-7 cells and stably 

transfected HEK293 Flp-in cells were grown to confluency, then rinsed with 1X PBS and 

trypsinized with 0.05% trypsin until detached. Cells were then centrifuged at 500g, and 

the pellet was rinsed with 1X PBS. Up to 5 x 106 cells were resuspended in 500 μL of 

CelLytic MT lysis buffer plus 1:1000 protease inhibitor cocktail following the 

manufacturer’s protocol. Cells were incubated at 4°C for 15 min and then centrifuged at 

14,000g for 10 min at 4°C. Protein concentration of the supernant was determined using a 
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Pierce BCA assay kit following the manufacturer’s protocol. Lysates were kept at -80°C 

until analyzed for protein expression. 

 To obtain mRNA from transiently and stably transfected cells, after trypsinizing 

and washing cells as above, mRNA was extracted from 5 x 106 cells using the RNase 

Easy Mini Kit following the manufacturer’s protocol. The RNA concentration was 

determined using spectrophotometry and kept at -20°C until assayed for mRNA 

expression levels. 

 

2.3.8. MXR Immunoblots  

Whole cell lysates and membrane fractions (as vesicles) from transient or stably 

transfected cells (MCF-7 or HEK293 Flp-in, respectively) and whole cell lysates from 

drug-resistant MCF-7 ADVP cells were characterized by Western blotting. Either 10 μg 

whole cell lysate or 5 μg of membrane fractions mixed with 1X NuPage LDS sample 

buffer and 5% v/v β-mercapthanone were loaded per lane of a 4-12% Bis-Tris SDS-

PAGE gel. Samples were separated alongside a BioRad kaleidoscope protein ladder at 

120 V for 2 hr, or until the dye front reached the end of the gel, with 1X NuPAGE MOPS 

SDS running buffer in the XCell SureLockTM electrophoresis cell (Invitrogen). Samples 

were then transferred to a 0.45 μm nitrocellulose membrane using 1X NuPAGE transfer 

buffer in the Xcell II Blot Module (Invitrogen) at 32 V for 1.5 hr. Membranes were 

washed three times with 1X PBS for 5 min and then blocked for 1 hr at room temperature 

with 2% nonfat dried milk in 1X PBS. Membranes were incubated with BXP-21 mouse 

anti-human primary MXR antibody (1:500) in 2% nonfat dried milk plus 0.1% Tween 

(PBS-T) overnight at 4°C with rocking, then primary GAPDH goat anti-human antibody 
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at 1:20,000 was added for 1 hr. Membranes were washed three times with 1X PBS-T for 

5 min and then incubated with IRDye 800CW goat anti-mouse secondary antibody at 

1:10,000 for 1 hr at room temperature. Membranes were rinsed three times with 1X PBS-

T for 5 min and a final time with 1X PBS before imaging both 800 and 700 nm channels 

on an Odyssey® Classic infrared scanner (LiCore). Densitometric analysis was 

performed using ImageJ89. Expression of MXR was normalized to that of GAPDH and 

variant MXR expression was compared to the reference MXR plasmid.  

 

2.3.9. Flow Cytometry 

Membrane expression of MXR was determined in either transiently transfected 

MCF-7 cells or stably transfected HEK293 Flp-in cells via flow cytometry. At least 48 hr 

prior to an experiment, media was changed to IMEM with 10% FBS and 1X Pen-Strep 

but without phenol red. When cells reached confluency, they were washed with 1X PBS 

and then treated with 0.05% trypsin until detached, centrifuged at 500g for 5 min and 

washed with 1X PBS. Cells were then resuspended at 1 x 105 cells per tube, centrifuged 

at 500g and the pellet washed with 200 μL of 1X PBS. Cells were resuspended in 500 μL 

of 1:250 5D3-PE conjugated primary MXR antibody and incubated for 1 hr at room 

temperature in the dark. Cells were centrifuged at 500g for 5 min and the pellet washed 

twice with 500 μL 1X PBS. The pellet was resuspended in 300 μL 10% FBS in 1X PBS 

(10% FBS-PBS) and internal fluorescence of the cell measured on a FACSCalibur flow 

cytometer (BD Biosciences, San Jose, CA) channel 2 (FL2-H) after gating for live cells 

based on forward (FSC) and side (SSC) scatter. For each sample, 5,000-10,000 events 
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were captured and recorded as histograms with counts on the y-axis and log fluorescence 

on the x-axis. 

The capability of transiently transfected MCF-7 cells to efflux mitoxantrone, 

doxorubicin and pheophorbide A was measured by flow cytometry. Cells were grown to 

confluency in IMEM with 10% FBS and 1X PBS but without phenol red and then 

trypsinized with 0.05% trypsin until detached. Cells were centrifuged at 500g for 5 min, 

the pellet washed with 1X PBS and 5 x 105 cells transferred to a 1.1 mL polypropylene 

tube. Cells were centrifuged again at 500g for 5 min and the pellet resuspended in 250 μL 

of 100 μM pantoprazole in phenol-free IMEM media, or inhibitor-free phenol-free IMEM 

media for 30 min at 37°C. An aliquot (250 μL) of 2X drug solution in phenol-free IMEM, 

with or without 100 μM pantoprazole, was added to the cells and incubated for 30 min at 

37°C. Final drug concentrations were 10 μM mitoxantrone, 10 μM doxorubicin and 1 μM 

pheophorbide A. Cells were centrifuged at 500g for 5 min at room temperature and 

resuspended in 500 μL phenol-free IMEM and incubated for 30 min at 37°C. Cells were 

then centrifuged at 500g for 5 min at 4°C and the pellet washed twice with 500 μL ice 

cold 1X PBS. Samples were resuspended in ice cold 10% FBS-PBS and kept on ice until 

analysis on a FACSCalibur flow cytometer channels 3 and 4 (FL3-H, FL4-H) after gating 

for live cells based on forward (FSC) and side (SSC) scatter. For each sample, 5,000-

10,000 events were captured and recorded as histograms with counts on the y-axis and 

log fluorescence on the x-axis. Each experiment was replicated two to seven times. 
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2.3.10. Immunocytochemistry 

  Localization of MXR proteins in stably transfected HEK293 Flp-in cell lines was 

determined using fluorescent antibodies and a laser-scanning confocal microscope. Stably 

transfected cells were plated at 1 x 105 per well on 2-well glass chamber slides and grown 

until 80% confluent in IMEM with 10% FBS, 1X Pen-Strep and no phenol red. Media 

was then aspirated off the cells, the cells were washed twice with 2 mL 1X PBS per well, 

fixed with ice cold 300 μL 1:1 v/v methanol and acetone at -20°C for 10 min and gently 

washed twice with 1X PBS. Nonspecific binding sites were blocked with 300 μL 1X PBS 

plus 1.5 mg/mL BSA per well for 1 hr at room temperature. Cells were then incubated 

with BXP-21 primary MXR antibody at 1:25 v/v in blocking buffer overnight at 4°C. 

Each well was washed twice with 1 mL 1X PBS and then incubated with the 

fluorescence-conjugated secondary antibody Alexa 488 goat anti-mouse at 1:100 v/v in 

blocking buffer for 1 hr at room temperature in the dark. Wells were gently washed twice 

with 1 mL 1X PBS, the chamber slides and gasket removed and the well allowed to dry. 

Cells were covered with ProLong Gold Antifade plus DAPI mounting reagent, fitted with 

a cover slide and dried for 4 hr at room temperature and 24 hr at 4°C. Slides were stored 

at -20°C until imaged using a Retiga CCD-cooled camera and associated QCapture Pro 

software (QImaging Surrey, BC Canada) filtered for green (MXR) and blue (DAPI) 

fluorescence with 10 to 25 sec exposures at both 10X and 40X magnification.  

 

2.3.11. qRT-PCR 

 ABCG2 mRNA levels were quantified in HEK293 Flp-in stable cell lines using 

reverse-transcription polymerase chain reaction (RT-PCR). RNA (3 μg) extracted from 
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stably transfected HEK293 Flp-in colonies were reverse transcribed by the SuperScript® 

III First-Strand Synthesis System in a 10 μL reaction containing 0.1 U SuperScript III 

(SSIII) reverse transcriptase, 1X SSIII reaction buffer, 500 μM dNTPs, 1X random 

hexamers, 20 U RNase OUT and 5 mM MgCl2, with the residual volume filled with 

RNase-free water. Samples were incubated at the following conditions: 5 min at 65°C, 5 

min at 25ºC, 50 min at 50ºC and 10 min at 85ºC. Gene expression was then quantified in 

a reaction containing 1X TaqMan Universal Master Mix, 1X gene expression assay, and 

1 μL cDNA in a 10 μL volume. The reaction was then analyzed in the 7900HT Fast Real-

Time PCR System under the following conditions: 95°C for 2 min, then 35 cycles 

between 95°C for 15 sec and 60°C for 1 min. Gene expression of ABCG2 and an internal 

control, either GAPDH or GusB, were analyzed in each sample. Expression of ABCG2 

was normalized to either the expression of GAPDH or GusB and expressed as ΔΔCt for 

each sample. The expression of each ABCG2 variant was compared to the expression of 

reference ABCG2.  

 

2.3.12. Vesicle Isolation 

Membrane fractions of HEK293 Flp-in stably transfected cells were isolated and 

formed as previously described42 with modifications. First, cells were grown to 

confluency in a HYPERflask (yields ~2 x 108 cells), trypsinized with 0.05% trypsin until 

cells detached, centrifuged at 500g for 5 min and the pellet washed twice with 1X PBS. 

All further steps were done with ice cold buffers, on ice or at 4°C. Cells were then lysed 

with 10 mL hypotonic lysis buffer (consisting of 0.5 mM Tris-HEPES and 0.1 mM 

EGTA at pH 7.5) using 10 strokes of a Potter-Elvenjem homogenizer. The lysate was 
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centrifuged at 2000g for 10 min and the supernatant saved while the pellet was 

homogenized again in another aliquot of 10 mL hypotonic lysis buffer. After centrifuging 

the re-homogenized cells at 2000g, the supernatants were combined, homogenized by 10 

strokes of a Potter-Elvenjem homogenizer and then centrifuged at 100,000g for 30 min. 

The resulting pellets were suspended in 7.2 mL of 250 mM sucrose/10 mM Tris-HEPES 

and homogenized by 10 strokes of a Potter-Elvenjem homogenizer. Homogenate was 

layered in 1.2 mL aliquots over 1.2 mL of 40% w/v sucrose and centrifuged at 100,000g 

for 30 min. The middle cloudy layer was extracted (~2.25 mL), brought to a final volume 

of 9 mL with 250 mM sucrose/10 mM Tris-HEPES and centrifuged at 100,000g for 30 

min. The resulting pellet was resuspended in 100 μL 250 mM sucrose/10 mM Tris-

HEPES, protein was quantified using a BSA assay and samples were frozen at -80°C in 

10-20 μL aliquots. Before use, vesicles were slowly thawed, incubated with 0.05% 

Brij58, a detergent previously identified to support the formation of sealed inside-out 

vesicles90,91, and formed by passing through a 23 gauge needle at least 10 times. 

 

2.3.13. Vanadate Sensitive ATPase Assay 

Membrane vesicles isolated from HEK293 Flp-in stable cell lines were assayed 

for their ATPase activity. Uptake buffer for the ATPase assay was 250 mM sucrose/10 

mM Tris-HCl with 2.5 mM MgCl2, 0.5 mM ATP, 2 mM ouabain and 3 mM sodium 

azide. Vanadate sensitive ATPase activity was determined by calculating the difference 

between the activities of the vesicles obtained in the presence and absence of 2 mM 

sodium orthovanadate. Vesicles were stimulated with 5 μM of sulfasalazine, 

mitoxantrone, SN-38, pheophorbide A or estrone-3-sulfate. A 90 μL aliquot of uptake 
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buffer with drugs was warmed to 37°C, and then formed vesicles were added to the 

uptake buffer. The reaction was incubated for 30 min at 37°C, and the release of 

inorganic phosphate was immediately determined using the colorimetric PiColorLock 

ATPase Assay kit following the manufacturer’s protocol. Absorbance of the samples 

were determined at 635 nm and compared to a standard curve to quantify liberated 

inorganic phosphate. The sulfasalazine experiment was repeated twice with triplicate 

wells per condition; whereas the other three drugs were only tested in one experiment 

with at least triplicates per condition. Results were analyzed as described below with BD 

CT empty vesicles used as the negative control.  

 

2.3.14. H+/ATPase Assay 

 Vesicles were tested for their ability to simultaneously generate a proton gradient 

and for ATPase activity to determine the extent of inside-out and intact vesicles. The dual 

H+-ATPase assay was based on a previously published protocol92 , with slight alterations, 

which allows for the monitoring of acridine orange and NADH absorbance 

simultaneously. The quenching of acridine orange occurs inside the vesicle once protons 

are pumped into the vesicles, thus creating an acidic environment and altering the 

absorbance of acridine orange at 495 nm93. The ATPase activity is monitored by coupling 

inorganic phosphate cleavage with the oxidation of NADH, which can be monitored by a 

decrease in absorbance at 340 nm92. Vesicles were obtained either from HEK293 Flp-in 

cells as described above or purchased from commercially available sources which were 

made from mock transfected (BD CT) and overexpressing MXR (BD BCRP) cells. The 

reaction buffer consisted of 10 mM MOP-BTP at pH 6.5 plus 140 mM KCl, 2 mM ATP, 
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1 mM EDTA, 1 mM DTT, 50 μM acridine orange, 1 mg/mL BSA, 0.05% Brij58, 250 

μM NADH, 1 mM PEP, 25 μg/mL LD and 50 μg/mL PK. First, 10 μg of membranes 

were diluted to 100 μL by 10 mM MOP-BTP with 0.05% Brij58, and then vesicles were 

formed by passing through a 23 gauge needle 10 times. Vesicles were incubated with 

equal volume 2X reaction buffer for 10 min. The reaction was initiated by the addition of 

4 mM MgCl2, and the absorbance at wavelengths 495 and 340 nm was read every 30 sec 

for 60 min. The proton gradient was abolished by permeablizing the membrane with 

0.015 % w/v Triton X-100. 

  

2.3.15. Vesicle Uptake Assay 

 The ability of inside-out vesicles to uptake MXR substrates was determined by 

adapting and optimizing previously published vesicle uptake protocols42,45,56,62,81,94,95. 

Vesicle uptake buffer consisted of 250 mM sucrose, 10 mM Tris-HCl, 1 mM ATP, 5 mM 

MgCl2 and an ATP-regenerating system (5 mM creatine phosphate, 0.5 μg creatine 

kinase). Reaction stop buffer consisted of ice cold 250 mM sucrose, 10 mM Tris-HCl and 

10 mM EDTA. Uptake reactions were performed using cold 0-100 μM SN-38 and 10 μM 

mitoxantrone with 1 μg vesicles in uptake buffer at 37°C for 0-5 min. Reactions were 

quenched with ice cold stop buffer, vacuum filtered through an MCE filter plate and 

washed with 1 mL cold stop buffer. Vesicles were dissolved in 10% DMSO plus 1% 

acetic acid for mitoxantrone and 0.1N NaOH plus 0.1% SDS for SN-38. Mitoxantrone 

absorbance was read at 670 nm, and SN-38 fluorescence emission was measured at 545 

nm after excitation at 414 nm. Uptake reactions for sulfasalazine and pheophorbide A 

were performed using 50 μM sulfasalazine and 10 μM pheophorbide A with 1 μg vesicles 
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in uptake buffer at 37°C for 0 - 5 min. Sephadex G-25 columns were prepared with stop 

buffer per the manufacturer’s instructions. Reactions were quenched with 150 μL ice cold 

stop buffer and vesicles isolated by spinning through a G-25 sephadex column at 700g for 

2 min. The elute was made basic by the addition of 50 μL of 10 N NaOH and the 

absorbance at 460 nm (sulfasalazine) or 410 nm (pheophorbide A) was measured. The 

uptake of substrates was normalized for μg of protein and time for each reaction.  

 

2.3.16. Statistics 

The expression of MXR protein or ABCG2 mRNA in MXR transiently or stably 

transfected cell lines and vesicles was considered different between reference and 

pcDNA5/FRT if P < 0.05 when tested with a Student’s t-test. The expression of MXR 

protein or ABCG2 mRNA in MXR transiently or stably transfected cell lines and vesicles 

was considered different between reference and variant MXR constructs, if P < 0.05 

when tested with an ANOVA followed with a post-hoc Bonferroni t-test. Differences in 

populations separated by flow cytometry were detected by testing the cumulative 

distribution function (CDF) plots, which exhibit the distribution of fluorescence through 

the two populations. CDFs were tested for differences between the distribution of MXR 

variants and MXR reference proteins using a generalized Chi-squared test to provide a 

value for T(x). Degrees of freedom were determined by the general formula “k-c”, where 

k is bins and c is parameters plus 1. For all flow data there were 100 bins used for the 

distribution of the data and parameters were the 14 gates used on both samples (7 each: 

FSC, SSC, FL1-FL4H and Count). Therefore degrees of freedom (DFs) were calculated 

by 100 bins – 14 parameters +1 = 85 DFs and critical T(x) values >108 for 85 DFs were 
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considered significant at the P < 0.05 level, the actual P values noted on the cell 

histograms. For efflux assays, the “Inhibitable Efflux” (IE) is defined as the difference in 

median fluorescence with pantoprazole (FLinhibitor) minus mean fluorescence without 

pantoprazole (FLo), divided by mean fluorescence without pantoprazole67 (Equation 2.1). 

Significance between MXR WT and variants was determined by an ANOVA followed by 

a post-hoc Bonferroni t-test with P <0.05 considered significant. 

 

𝐼𝐸 = 𝐹𝐿𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟−𝐹𝐿𝑜
𝐹𝐿𝑜

       Equation 2.1 

 

 For ATPase assays, the vanadate-sensitive ATPase activity was determined by 

taking the difference in ATPase activity without and with sodium orthovanadate 

treatment. The velocity of ATP hydrolysis was then calculated by dividing the μmole of 

liberated inorganic phosphate by mg of vesicles and reaction time. Vanadate-sensitive 

ATPase velocity was tested for differences between MXR reference and EV using a 

Student’s t-test and MXR reference was tested for differences from MXR variants using 

an ANOVA followed by a post-hoc Bonferroni’s multiple comparison t-test with P < 

0.05 considered significant. Statistics were determined using the Graphpad Prism 5 (La 

Jolla, CA) software. 

 

2.4. Results 

2.4.1. Nonsynonymous Variants of MXR in the SOPHIE Cohort 

 Sequencing of the SOPHIE cohort identified six nonsynonymous variants in 

ABCG2; none of the variant amino acids fall within the key ABC domains, but five of six 
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are evolutionarily conserved (Table 2.3). These variants include the widely described 

V12M and Q141K variants, both with >25% MAF in one population and MAF >5% in 

almost all populations. The valine at position 12 is the only non-conserved amino acid; 

most species have a methionine at this position (data not shown). All three methods used 

to estimate the extent of disruption by the amino acid change predicted that these two 

SNPs would have low to medium disruption of the protein function. The V12M and 

Q141K polymorphisms were in low linkage disequilibrium (r2=0.16), thus the haplotype 

V12M/Q141K occurred at a frequency of 0.6% in the Caucasian and African American 

populations of the SOPHIE cohort.  

All other nonsynonymous variants in ABCG2 had MAF <2% in the SOPHIE 

cohorts and were generally only present in one or two populations. The I206L and 

D620N variants have MAF of ~2% in African American and Caucasian populations, 

respectively. The D620N SNP was predicted to have little effect on protein function by 

both Grantham and SIFT score, but PolyPhen predicted it was potentially damaging 

(Table 2.3). The sequencing of the SOPHIE cohort also resulted in the first report of the 

T542A variant, which has since been confirmed95. The P269S SNP had <1% MAF in the 

Asian population, and was predicted to be the most detrimental to protein function by all 

three prediction methods (Table 2.3). Variants from the MXR sequencing have been 

deposited in dbSNP and are available on the Pharmacogenomics of Membrane 

Transporter (PMT)76 and PharmGKB96 websites. Expression plasmids for all six 

nonsynonymous variants present in the SOPHIE cohort, and the V12M/Q141K 

haplotype, were generated and the resulting proteins tested for alterations in expression 

and activity.  



119 
 

T
ab

le
 2

.3
. M

X
R

 N
on

sy
no

ny
m

ou
s V

ar
ia

nt
s f

ro
m

 th
e 

SO
PH

IE
 C

oh
or

t  
 

 
Po

ly
Ph

en
 

Pr
ed

ic
tio

n4  

B
en

ig
n 

B
en

ig
n 

B
en

ig
n 

PD
 

B
en

ig
n 

PD
 

- 

A
bb

re
vi

at
io

ns
: S

N
P,

 S
in

gl
e 

N
uc

le
ot

id
e 

Po
ly

m
or

ph
is

m
; A

A
, A

m
in

o 
A

ci
d;

 M
A

F,
 M

in
or

 A
lle

le
 F

re
qu

en
cy

; P
D

, P
os

si
bl

y 
D

am
ag

in
g 

1 M
A

F 
fo

r A
fr

ic
an

 A
m

er
ic

an
 (A

A
), 

C
au

ca
si

an
 (C

A
), 

A
si

an
 (A

S)
, M

ex
ic

an
 (M

E)
 a

nd
 P

ac
ifi

c 
Is

la
nd

er
 (P

A
) p

op
ul

at
io

ns
 o

bt
ai

ne
d 

fr
om

 th
e 

Ph
ar

m
ac

og
en

om
ic

s M
em

br
an

e 
Tr

an
sp

or
te

rs
 (P

M
T)

 d
at

ab
as

e 
 

2 M
A

F 
fr

om
 th

e 
10

00
 G

en
om

es
 d

at
ab

as
e 

an
d/

or
 re

po
rte

d 
in

 o
th

er
 p

op
ul

at
io

ns
79

–8
2  

3 D
et

er
m

in
ed

 fr
om

 se
qu

en
ce

 a
lig

nm
en

t w
ith

 c
hi

m
p 

(c
h)

, d
og

 (d
), 

co
w

 (c
o)

, m
ou

se
 (m

), 
ra

t (
r)

 a
nd

 z
eb

ra
fis

h 
(z

) 
4 C

al
cu

la
te

d 
as

 d
es

cr
ib

ed
 in

 M
at

er
ia

ls
 a

nd
 M

et
ho

ds
 

SI
FT

 

Pr
ed

ic
tio

n4  

To
le

ra
te

d 

To
le

ra
te

d 

To
le

ra
te

d 

D
el

et
er

io
us

 

To
le

ra
te

d 

To
le

ra
te

d 

- 

G
ra

nt
ha

m
 

 V
al

ue
4  

21
 

53
 

5 74
 

58
 

23
 

- 

A
m

in
o 

A
ci

d 
 

C
on

se
rv

at
io

n3  

ch
 

ch
, d

, c
o,

 m
, r

 

ch
, d

, c
o,

 m
, r

 

ch
, d

, c
o,

 m
, r

, z
 

ch
, d

, c
o,

 m
, r

, z
 

ch
, c

o,
 r 

- 

M
A

F1  (%
) 

O
th

er
2  

0 
- 2

7 

1 
- 4

1 

0.
6-

20
 

0.
8 

1.
9 

0.
6-

1.
1 

1.
5 

PA
 

0.
0 

16
.7

 

0.
0 

0.
0 

0.
0 

0.
0 

0.
0 

M
E

 

14
.9

 

26
.0

 

0.
0 

0.
0 

0.
0 

0.
0 

0.
0 

A
S 

27
.2

 

40
.8

 

0.
0 

0.
8 

0.
8 

0.
0 

0.
0 

C
A

 

6.
6 

8.
1 

1.
5 

0.
0 

0.
0 

0.
0 

0.
6 

A
A

 

7.
7 

1.
3 

0.
0 

0.
0 

0.
0 

1.
9 

0.
6 

ΔA
m

in
o 

A
ci

d 

V
al

12
M

et
 

G
ln

14
1L

ys
 

Ile
20

6L
eu

 

Pr
o2

69
Se

r 

Th
r5

42
A

la
 

A
sp

62
0A

sn
 

V
al

12
M

et
/ 

G
ln

14
1L

ys
 

SN
P 

ID
 

rs
22

31
13

7 

rs
22

31
14

2 

rs
12

72
16

43
 

rs
34

67
81

67
 

rs
35

96
55

84
 

rs
34

78
35

71
 

- 

 



120 
 

2.4.2. Expression and Function of MXR Variants in Transiently Transfected MCF-7s 

To test if MXR variant transporters have altered function, expression plasmids 

were transiently transfected into MCF-7 cells, the cells were loaded with substrate and 

then allowed to efflux. The remaining internal drug concentration was measured using 

flow cytometry and intracellular drug concentration was inversely correlated with MXR 

function. The V12M/Q141K haplotype was not tested in the transient transfection 

studies. MXR reference (WT) and most of the MXR variant transporters were transiently 

expressed in MCF-7 cells, although the expression was only moderately greater than the 

background expression in the cells (Figure 2.1). Despite this low level of overexpression, 

cells transfected with MXR reference had a significant decrease in internal drug 

fluorescence for mitoxantrone and pheophorbide A compared to cells transfected with the 

pcDNA5/FRT vector (Figure 2.2).  As expected, reference MXR did not transport 

doxorubicin (Figure 2.2). Although the PE-conjugated external epitope MXR antibody 

5D3 is available, attempts to utilize it for isolation of MXR positive cells were 

unsuccessful because of crosstalk of the PE fluorophore with the drug fluorescence and 

more importantly, because the 5D3 antibody is an inhibitor of MXR transport97,98. 

Due to the potential differences in internal drug concentrations of the transfected 

cells after being loaded with substrate, we utilized the MXR inhibitor pantoprazole, as 

described in Materials and Methods, to determine IE for each variant. Mitoxantrone 

transport in MCF-7 cells transiently expressing MXR reference or variants was 

inhibitable by pantoprazole (Figure 2.3). In contrast, pheophorbide A transport was less 

sensitive to pantoprazole and the Q141K and T542A variants were almost completely 

resistant to inhibition with pantoprazole (Figure 2.4). Using IE as a specific measure of 
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MXR transport, there was no difference between mitoxantrone transport by the reference 

and variant MXR transporters (Figure 2.5A). For pheophorbide A IE, the I206L variant 

had higher transport activity than the reference protein (Figure 2.5B), but there were no 

differences in transport of pheophorbide A for any other variant.  

 

Figure 2.1. Expression levels of MXR in transiently transfected MCF-7 cells. 

Expression of MXR determined by (A) immunoblot and then represented in (B) as 

GAPDH normalized expression with MXR reference (WT) set to 1. Whole cell lysates 

were prepared from cells transiently transfected with reference or variant MXR, 10 μg 
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was loaded per lane. MCF-7 AdVp cells (10 μg) and MXR vesicles (+Control) were also 

used as a positive control (4 µg). The homodimer of MXR is indicated at 144-150 kD and 

GAPDH is indicated at ~35 kD. Relative expression levels of MXR and GAPDH in each 

sample were determined by densitometric analysis as described in Materials and 

Methods. A representative immunoblot was selected from two separate experiments, 

whose densitometric analyses are both represented in the graph. 

 

Figure 2.2. Efflux of mitoxantrone, pheophorbide A and doxorubicin in MXR and 

pcDNA5/FRT transfected MCF-7 cells. MCF-7 cells were transiently transfected with 

reference MXR (dotted shaded line) or pcDNA5/FRT (black line) vectors. Efflux assays 

were then performed with (A) 10 μM mitoxantrone, (B) 1 μM pheophorbide A or (C) 10 

μM doxorubicin as described under Materials and Methods. Histograms show the 

distribution of fluorescence (FL) from transfected cells in channels 3 or 4 (FL3-H, FL4-

H) and in the lower left corner are the CDF plots which show the distribution of 

fluorescence throughout the two populations. CDFs were tested for differences between 

the distribution of pcDNA and MXR reference transfected cells using a generalized Chi-

squared T(x) test. T(x) values over the critical value of 108 significant at P < 0.05, were 

observed for mitoxantrone and pheophorbide A.   
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Figure 2.3. Inhibition of MXR mediated mitoxantrone efflux in transiently 

transfected MCF-7 cells. MCF-7 cells were transiently transfected with (A) reference, 

(B) V12M, (C) Q141K, (D) I206L, (E) P269S, (F) T542A and (G) D620N MXR 

plasmids. Efflux assays were then performed with 10 μM mitoxantrone in the presence 

(black dotted line) or absence (red line) of pantoprazole as described under Materials and 

Methods. Histograms show the distribution of channel 4 fluorescence (FL4-H) from 

MXR transfected cells. CDFs were tested for differences between each variant with and 

without pantoprazole using a Chi-squared T(x) test, resulting P values are indicated. 

Results are shown from a representative experiment from up to seven replicates.   
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Figure 2.4. Inhibition of MXR mediated pheophorbide A efflux in transiently 

transfected MCF-7 cells. MCF-7 cells were transiently transfected with (A) reference, 

(B) V12M, (C) Q141K, (D) I206L, (E) P269S, (F) T542A and (G) D620N MXR 

plasmids. Efflux assays were then performed with 1 μM pheophorbide A in the presence 

(black dotted line) or absence (red line) of pantoprazole as described in Materials and 

Methods. Histograms show the distribution of channel 3 fluorescence (FL3-H) from 

MXR transfected cells. CDFs were tested for differences between each variant with and 

without pantoprazole using a Chi-squared T(x) test, resulting P values are indicated. 

Results are shown from a representative experiment from up to seven replicates.   
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Figure 2.5. Box and whisker plot of MXR inhibitable efflux. Inhibitable efflux of (A) 

mitoxantrone and (B) pheophorbide A in MCF-7 cells transiently transfected with MXR 

reference (WT) and variant plasmids. After transfection, cells were loaded with drug and 

allowed to efflux in the presence or absence of pantoprazole. Inhibitable efflux (IE), as 

defined in Materials and Methods, is normalized to WT for MXR variants within each 

experiment. Whisker plots show the data from seven replicate experiments (except for 

T542A which was only tested twice and P269S which was tested four times). WT and 

variant MXR proteins were tested with an ANOVA followed with a post-hoc Bonferroni 

t-test, * P < 0.05. 
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2.4.3. Generation of Stably Transfected MXR Variant Cell Lines 

  The HEK293 Flp-in system was utilized to generate stably transfected cell lines 

for all MXR variants listed in Table 2.3. The MXR WT sequence was previously cloned 

in the Kroetz lab into the pcDNA5/FRT (pcDNA) vector, and from that, all MXR 

variants were generated by SDM. These plasmids were all successfully transfected into 

HEK293 Flp-in cells, and at least 12 colonies expressing each variant MXR protein were 

isolated. Colonies for each of the variant MXR proteins, and empty vector transfected 

HEK293 Flp-in cells, were screened for their expression of MXR mRNA, MXR whole 

cell protein and MXR membrane protein. The pcDNA transfected cells with the lowest 

expression of MXR were selected, while MXR variant protein colonies with MXR 

expression levels most similar to MXR WT were selected. 

 

2.4.4. Expression and Localization of MXR Variants  

 ABCG2 mRNA levels in pcDNA transfected cells were <5% of MXR WT cells.  

The expression of ABCG2 mRNA in MXR variant colonies was similar to WT (Figure 

2.6). Consistent with the high ABCG2 mRNA levels in the stable cell lines, whole cell 

MXR expression was 5-fold higher in the reference MXR cells compared to the empty 

vector transfected cells; MXR protein in the variant cell lines were similar to WT except 

for Q141K which had a 50% decrease (Figure 2.7). As expected, the MXR cell-surface 

expression in empty vector transfected cells was significantly lower than that of the MXR 

WT cell lines (Figure 2.8).  The MXR variants had reduced membrane expression 

compared to MXR WT as determined via flow cytometry (Figure 2.8). This was 

consistent with a 40% reduction in MXR expression in the Q141K and D620N membrane 
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vesicles isolated from the HEK293 Flp-in cells (Figure 2.9). Immunocytochemistry 

showed that MXR WT protein stained to the plasma membrane of the HEK293 Flp-in 

cells (Figure 2.10 and Figure 2.11) and was virtually nonexistent in the pcDNA 

transfected cells (Figure 2.12). None of the MXR variant proteins exhibited any altered 

localization within the cell (Figure 2.10 and Figure 2.11). 

 

Figure 2.6. Expression of ABCG2 mRNA in stably transfected cell lines. Quantitative 

RT-PCR analysis of ABCG2 mRNA in stably transfected MXR variant and reference 

HEK293 Flp-in cells was performed and ABCG2 mRNA expression levels were 

expressed as ∆∆Ct compared to GAPDH and normalized to reference. Shown are the 

mRNA expression values of 2-6 clones for each plasmid stably transfected into HEK293 

Flp-in cells. The difference in ABCG2 expression between pcDNA and MXR reference 

colonies was tested with a Student’s t-test, ** P < 0.001. Expression of ABCG2 in MXR 

variant cells were considered different from reference if P < 0.05 when tested with an 

ANOVA followed with a post-hoc Bonferroni t-test.   
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Figure 2.7. Expression levels of MXR in stably transfected HEK293 Flp-in cells. 

Expression of MXR was determined by (A) immunoblot and (B) quantified by 

densitometry, normalized by GAPDH and expressed relative to WT as described in 

Materials and Methods.  An aliquot (10 μg) of whole cell lysate from the indicated cell 

lines was loaded into each lane. The monomer of MXR (75 kD) and GAPDH (~35kD) 

are noted. A representative immunoblot is shown from upto four replicate experiments. 

The difference in ABCG2 expression between pcDNA and MXR reference cells was 

tested with a Student’s t-test, *** P < 0.0001. The difference in ABCG2 expression 

between variant and reference MXR cells was tested with an ANOVA followed with a 

post-hoc Bonferroni t-test, * P < 0.05.  
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Figure 2.8. Cell surface expression of MXR in stable cell lines. HEK293 Flp-in cells 

stably transfected with reference (WT) MXR (red line in all the graphs), or with (A) 
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pcDNA empty vector, (B) V12M, (C) Q141K, (D) I206L, (E) P269S, (F) T542A, (G) 

D620N and H) V12M/Q141K MXR plasmids shown as the black shaded lines. MXR 

staining was performed using 5D3-PE conjugated antibody as described in Materials and 

Methods and histograms show the distribution of fluorescence (FL) in channel 2 (FL2-H). 

Cumulative distribution function plots (CDFs) were tested for differences between each 

variant and WT MXR using a generalized Chi-squared T(x) test. Critical T(x) values > 

108 were considered significant. All Χ2 values are >108 and P < 0.0001 compared to 

WT. Results are shown for a representative experiment from three replicates.  
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Figure 2.9. Expression levels of MXR in vesicles. Expression of MXR was determined 

by (A) immunoblot and (B) quantified using densitometric analysis, normalized by 

GAPDH and expressed relative to WT, as described in Materials and Methods. An 

aliquot of membrane vesicles (5 μg) either purchased (BD CT and BD BCRP) or 

prepared from the HEK293 Flp-in stable cell lines was loaded onto the gel. MXR dimer 

(144-150 kD) and GAPDH (~35 kD) are indicated. The immunoblot is representative of 

two separate experiments, whose values are combined in the graph. The difference in 

ABCG2 expression between pcDNA and MXR reference vesicles was tested with a 

Student’s t-test, *** P < 0.0001, and between variant and reference MXR cells with an 

ANOVA followed with a post-hoc Bonferroni t-test, * P < 0.05 and ** P < 0.001.  
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Figure 2.10. Localization of MXR variants in stably transfected HEK293 Flp-in cells 

at 10X magnification. Stably transfected HEK293 Flp-in cells were stained for MXR 

(green) expression using the BXP-21 MXR antibody followed by 488-Alexa conjugated 

anti-mouse secondary antibody and DAPI as described in Materials and Methods. Shown 

are representative images at 10X magnification selected from three replicate experiments. 
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Figure 2.11. Localization of MXR variants in stably transfected HEK293 Flp-in cells 

at 40X magnification. Stably transfected HEK293 Flp-in cells were stained for MXR 

(green) expression using the BXP-21 MXR antibody followed by 488-Alexa conjugated 

anti-mouse secondary antibody and DAPI as described in Materials and Methods. Shown 

are representative images at 40X magnification selected from three replicate experiments. 

 

 

 

Figure 2.12. Localization of MXR in HEK293 Flp-in cells stably transfected with 

empty pcDNA5/FRT vector. Stably transfected HEK293 Flp-in cells were stained for 

MXR (green) using the BXP-21 MXR antibody followed by FITC-conjugated anti-mouse 

secondary antibody and DAPI as described in Materials and Methods. Shown are 

representative images at 10X (left) and 40X (right) magnification selected from three 

replicate experiments.  
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2.4.5. Transport Activity of MXR Vesicles 

 To ensure that vesicles were forming inside-out and with intact (not leaky) 

membranes, we utilized a previously published protocol91 to simultaneously measure the 

development of a proton (H+) pump gradient and ATPase activity. We initiated the 

reaction by addition of MgCl2 and tested that the H+ gradient could be abolished with the 

addition of Triton X-100 (Figure 2.13), which permeablizes the membrane90. All MXR 

variants, EV and commercially purchased vesicles exhibited dual H+- ATPase activity 

(Figure 2.14). We saw no differences in activity between commercially purchased 

vesicles and the HEK293 Flp-in vesicle preps (data not shown). Also, all MXR and EV 

vesicles were above the signal of reactions without vesicles and MXR vesicles generally 

had higher ATPase activities, but similar H+ gradients to EV vesicles (data not shown and 

Figure 2.14). We also observed that the reaction was only initiated upon the addition of 

MgCl2 (Figure 2.13 and zero point in Figure 2.14) and that addition of Brij58 increased 

both H+ and ATPase activity of the vesicles (data not shown).  

A colorimetric ATPase assay99 was used to measure changes in ATPase activity 

in the presence and absence of MXR substrates. Sodium orthovanadate did not inhibit all 

ATPase activity in the vesicle reactions (data not shown), indicating slight contamination 

by non-plasma membrane ATPases.  Therefore, we also included sodium azide to inhibit 

mitochondrial membrane ATPase activity100 and ouabain to inhibit sodium-potassium 

ATPase channels. MXR WT vesicle ATPase activity was ~3-fold higher than EV 

vesicles upon exposure to sulfasalazine, mitoxantrone, SN-38 and pheophorbide A 

(Figure 2.15). There was no difference in ATPase activity between MXR WT and EV 

with estrone-3-sulfate treatment (data not shown). The V12M variant vesicles had 
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significantly higher ATPase activity than MXR WT vesicles upon exposure to 

sulfasalazine, mitoxantrone, SN-38 and pheophorbide A (Figure 2.15). The D620N 

variant vesicles had significantly higher ATPase activity than MXR WT vesicles upon 

exposure to sulfasalazine, SN-38 and pheophorbide A (Figure 2.15). The ATPase assays 

were only completed once and replicate experiments are needed to confirm the results. 

 
Figure 2.13. Vesicle dual H+-ATPase activity assay controls. Vesicles with no MXR 

expression [EV (A, C)] or overexpressing MXR protein [WT (B, D)] were tested for their 

ability to quench acridine orange and NADH absorbance. The hydrolysis of ATP was 

coupled to the oxidation of NADH and was monitored through the quenching of NADH 

absorbance at 395 nm (dashed line). The reaction was initiated through the addition of 

MgCl2 (indicated by an arrow in A and B). At the same time, formation of a pH gradient 

over time was monitored by absorbance quenching of acridine orange at 495 nm (solid 

black line). The detergent Triton X-100 was added near the end of the reaction (indicated 

by an arrow in C and D) to disrupt the vesicle membrane and abolish the proton gradient.   
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Figure 2.14. Dual H+-ATPase activity of MXR expressing vesicles. Vesicles with no 

MXR expression (EV, red lines all graphs) or overexpressing MXR protein variants 

(black lines), A) WT, B) V12M, C) Q141K, D) I206L, E) P269S, F) T542A, G) D620N 

and H) V12M/Q141K, were tested for their H+-ATPase activity as described in Materials 

and Methods. Formation of a pH gradient over time was monitored by absorbance 

quenching of acridine orange at 495 nm (dashed lines). At the same time, the hydrolysis 

of ATP was coupled to the oxidation of NADH and was monitored through the 

quenching of NADH absorbance at 395 nm (solid lines).   
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Figure 2.15. Vanadate sensitive ATPase activity of MXR vesicles. Vanadate-sensitive 

ATPase activity of vesicles after stimulation with (A) 5 μM sulfasalazine, (B) 5 μM 

mitoxantrone, (C) 5 μM SN-38 and (D) 5 μM pheophorbide A. Vesicles were made from 
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HEK293 Flp-in cell membranes stably expressing EV, MXR reference (WT) or MXR 

variant proteins. The ATPase activities of the vesicles were determined using a 

colorimetric assay to detect vanadate-sensitive liberation of inorganic phosphate as 

described in Materials and Methods. Vanadate-sensitive ATPase activity is expressed as 

μmole of liberated inorganic phosphate (Pi) divided by mg of vesicle protein and reaction 

time. Results are from one experiment with triplicate wells per condition with EV data 

from BD CT vesicles. Vanadate-sensitive ATPase activity for EV was tested for 

differences from reference MXR using a Student’s t-test and variant MXR proteins were 

tested for differences from reference MXR using an ANOVA followed by a post-hoc 

Bonferroni t-test, * P < 0.05, ** P < 0.01, *** P < 0.001. 

 

2.4.6. Substrate Uptake by MXR Vesicles  

Inside-out vesicles were used for direct uptake assays. Since the majority of MXR 

tested substrates were fluorescent, MXR transport was measured through fluorescence 

detection of the drug inside vesicles. Uptake of mitoxantrone, SN-38 and sulfasalazine 

was linear before 1 min (Figure 2.16). There were no differences in the linear range of 

uptake between MXR WT and the MXR variant vesicles (data not shown). We were 

unable to isolate the linear range of uptake for pheophorbide A (data not shown). The 

difference between WT and EV vesicles in uptake of mitoxantrone, SN-38 and 

sulfasalazine was 2- to 4- fold after 30 sec (Figure 2.16). Although the initial tests and 

optimization of MXR vesicles had promising results, further kinetic assays were 

inconsistent. Our attempts to calculate kinetics for MXR WT and variant vesicles with 

fluorescent substrates were unsuccessful due to a loss of specific transport in the MXR 
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expressing cells (data not shown) and studies are ongoing to optimize reaction conditions 

and detection methods.   

 

 

Figure 2.16. Time dependent uptake of fluorescent drugs into inside-out vesicles. 

Uptake of (A) mitoxantrone, (B) SN-38 and (C) sulfasalazine into EV (●) and MXR WT 

() inside-out vesicles was measured as described in Materials and Methods. Vesicles (1 

μg) were treated with 10 μM mitoxantrone, 10 μM SN-38 or 50 μM sulfasalazine for 30 

sec, 1 min or 5 min, and the reaction was quenched and vesicles separated from uptake 

buffer using MCE filter plates (mitoxantrone and SN-38) or sephadex columns 

(sulfasalazine). The amount of substrate from lysed vesicles was quantified via 

fluorescence at 414 nm following excitation at 545 nm for SN-38, absorbance at 460 nm 

for sulfasalazine and absorbance at 670 nm for mitoxantrone.   
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2.5. Discussion 

The sequencing of the SOPHIE cohort identified six non-synonymous variants 

and one haplotype of the MXR transporter. In this study, these protein variants were 

functionally characterized by expressing the MXR variant transporters using the HEK293 

Flp-in system. The HEK293 Flp-in system has been well validated as a system to identify 

MXR variants that might have altered protein expression, degradation and 

function41,45,54,101–104. The overexpression of MXR variants in HEK293 Flp-in cells 

indicated that none of the SNPs cause a complete loss in MXR expression or alter the 

localization of the protein. Although there were slight fluctuations in the MXR 

expression levels in the vesicles isolated from the HEK293 Flp-in stable cells, MXR 

expression for all vesicle preps, except pcDNA, was very high.  

Inside-out and intact membrane vesicles from these overexpressing cell lines were 

used to functionally characterize the MXR variants. The MXR vanadate-sensitive 

ATPase activity of the vesicles was stimulated 2-fold with mitoxantrone, sulfasalazine, 

SN-38 and pheophorbide A. Although there is generally over a 4-fold stimulation in 

ATPase activity that occurs with P-glycoprotein (P-gp), 2-fold simulation of MXR 

activity is consistent with what has been seen with other MXR substrates82,105–109.   

Further conclusions regarding the function of the MXR variant transporters relative to the 

reference require additional experiments. 

The MAF of MXR variants have been well summarized in reviews and are 

population-specific7,45,79,103,104,110,111. The two most common SNPs were the V12M and 

the Q141K variants and the MAF found in the Caucasian, Asian and African American 

SOPHIE samples was similar to reported values15,22,68,80,110,112–116. Both the V12M and 
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Q141K variants are most common in Asians (15-45%15,22,80,110,112 and 15-

36%15,22,68,80,110,112,113, respectively), followed by Caucasians (2-12%22,114–116 and 6-

14%22,68,114–116, respectively), and African Americans (0% and 0-5%22,68, respectively). 

The I206L, P269S and D620N variants are much less common in most 

populations22,80,114,117. The PMT project was the first to report the T542A SNP, which has 

since been noted in another population95. The V12M and Q141K SNPs occur together at 

a low frequency (<1% in Caucasians and African Americans), consistent with other 

reports that show these SNPs to be in linkage disequilibrium80 and therefore not part of a 

common haplotype113.  

Due to its high MAF in different ethnic populations, the V12M variant is well 

studied. The V12M variant is located in the NH2-terminal intracellular region of the 

MXR protein. The observed decreased expression of MXR V12M compared to WT is 

consistent with another report of low V12M protein levels in cell lines45. However, there 

have been many reports noting that V12M mRNA and/or protein expression levels were 

the same as MXR WT in either human tissues or cell lines41,54,81,103,111,112. A single report 

in Hispanic livers noted an association of the V12M variant with lower mRNA levels of 

ABCG220. Altered localization of the V12M protein was not observed in the current 

study using non-polarized cells but has been reported in a polarized cell system116. 

There is evidence for substrate-dependent effects of the V12M variant as it has 

been reported to cause lower porphyrin45 and higher methotrexate42 transport. In vesicle 

assays, the V12M MXR exhibited significantly higher ATPase activity compared to WT 

MXR when stimulated with sulfasalazine, mitoxantrone, SN-38 and pheophorbide A. 

These results are consistent with reports that V12M has protective effects against 
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pheophorbide A103 and SN-38 cytotoxicity54. Alterations of V12M transport are of note 

because V12M has been clinically associated with a poor response to imatinib mesylate 

treatment118. Further studies are needed to determine if V12M can impact the 

pharmacokinetics or dynamics of porphyrins, irinotecan and its active metabolite SN-38.  

The Q141K variant is the most common MXR variant and has been associated 

with chemotherapy-induced diarrhea119,  acute lymphoblastic leukemia complications120 

and neutropenia in cancer patients treated with irinotecan121. It lies between the Walker A 

motif and the ABC signature region. Not all of the data regarding MXR Q141K function 

has been in agreement. In the current study using HEK293 Flp-in stable cells, MXR 

Q141K had similar levels of mRNA to WT but reduced whole cell and membrane protein 

expression. This reduction in Q141K expression is in agreement with other reports of 

normal mRNA but low protein expression levels of Q141K41,45,81,103,111,112,122,123 and has 

been linked to an increase in the proteosomal degradation of the Q141K variant 101,102. 

Although the Q141K variant has not been linked to alterations in human intestine mRNA 

levels22, it could still have an impact on protein expression. Analysis of intestinal biopsy 

samples showed equal protein and mRNA expression between Q141K and WT21, but the 

variant did have lower protein expression in human erythrocytes123 and placental 

samples15. 

Without normalizing for Q141K expression, the ATPase assays showed no 

difference in mitoxantrone stimulated ATPase activity, consistent with that of Morisaki et 

al67. Additionally, the Q141K variant exhibits low porphyrin transport45 and low IC50s in 

topotecan, SN-38 and mitoxantrone cytotoxicity assays54,111,112. However, there is no 

change in pheophorbide A IC50 for the MXR Q141K variant103 and it has similar MTX 
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ATP-dependent transport compared to WT42. Additionally, the Q141K variant alters the 

pharmacokinetic parameters of SN-38 and its glucuronide68, sulfasalazine21, 

diflomotecan124, fluvastatin, pravastatin and simvastatin125, and rosuvastatin126. The 

Q141K variant has no effect on the pharmacokinetic properties of nitrofurantoin127, 

pitavastatin128, pravastatin129 or lamivudine130. Clearly, further research is needed to 

clarify the substrate-dependent effects of MXR Q141K and their clinical implications. 

The other MXR nonsynonymous SNPs are much less frequent and have been 

considerably less studied. The I206L variant is located right before the Walker B motif 

and has been reported to have either no change in expression20 or reduced expression131 

compared to MXR WT. In the current study, stable HEK293 Flp-in cells showed no 

differences in I206L mRNA or protein expression. The I206L transiently transfected cells 

also had a 1.4-fold higher pheophorbide A IE, consistent with previous reports that this 

variant has a 2.4-fold higher IE131 and a lower porphyrin transport45. Although the I206L 

variant is functional, in the presence of inhibitors it might play a role in increased 

exposure to porphyrins. MXR has previously been implicated in pheophorbide A 

elimination43; phototoxicity is present in humans after injection of foods rich in 

pheophorbide A52 and patients taking MXR inhibitors or substrates have evidence for 

photosensitivity47–50. Thus, it would be of interest to elucidate the link between MXR 

variants and phototoxicity and whether they play a clinical role in the presentation of 

phototoxicity. 

 P269S is another low frequency MXR SNP that has been relatively unstudied. It 

is located right before the first transmembrane domain. There was no difference in P269S 

mRNA or protein expression compared to the reference transporter, consistent with 
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Kondo et al81. ATPase activity of P269S vesicles was not altered relative to the reference 

transporter in the presence of sulfasalazine, SN-38, mitoxantrone or pheophorbide A. 

Others have reported that the P269S variant exhibits a 35-40% decrease in vesicular 

uptake of estrone-3-sulfate and methotrexate compared to WT80. The PMT project was 

the first to identify the T542A MXR variant, and its function has thus not been previously 

evaluated. The T542A variant is very near or in the 5th transmembrane domain. The 

T542A variant had higher membrane expression, evident both via flow cytometry and 

immunohistochemistry. However, there were no significant changes in T542A MXR 

function compared to the MXR WT protein. The effect of the V12M/Q141K haplotype 

on MXR function has also not been previously studied. Although we noted some 

decrease in protein expression, it did not translate into any alteration in protein function.  

 Stable cell lines expressing the D620N variant, which is in extracellular loop 3 of 

the transporter, had similar mRNA levels, but decreased membrane and whole cell MXR 

expression. Decreased79, increased131 and no change45 in protein expression have all been 

reported for the D620N variant. Both the current study and previous reports showed no 

effect of the D620N amino acid change on mitoxantrone stimulated ATPase activity67.   

In contrast, ATPase activity was increased for this variant in the presence of 

sulfasalazine, SN-38 and pheophorbide A.  More research is necessary to elucidate 

whether this variant alters function.  

Although vesicles have been successfully used in previous research to 

characterize MXR substrates, the system was difficult to optimize. Rapid counter-flux of 

the drugs was observed after 1 minute, a phenomenon attributed to the expression of 

uptake transporters132. This is consistent with mitoxantrone transport by many 
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transporters71. The use of Sf9 cells to generate vesicles expressing human MXR proteins 

could be used to circumvent this problem. However, the cholesterol composition of both 

Sf9 and HEK293 membranes affects the activity of MXR106. Cholesterol was not added 

to our system, but it could be a useful tool in the future to increase the difference between 

the EV and WT ATPase activity or substrate transport. The current vesicle assay could 

also benefit by further optimization focusing on pH, temperature and sucrose molarity, 

since all have been shown to affect the transport of MXR substrates into vesicles56. 

Although the sucrose concentration was at the published optimal concentration, the pH 

was higher56, and therefore modulating the pH could be another avenue to improve the 

vesicle assays. MXR is a high capacity transporter, and it would be of interest to 

determine if reducing the temperature of the reaction could prolong the linear range of 

MXR transport. Finally, there were difficulties obtaining no transport in conditions in 

which only AMP was present (data not shown). However, there is evidence that ATP 

hydrolysis is not necessary for the conformational changes that occur in the MXR protein 

upon drug binding108, and instead ATP hydrolysis is relevant for resetting the MXR 

conformation after transport of substrates133. It is possible that in the AMP reactions, drug 

that binds to the MXR transporter and not drug that was effectively transported into the 

vesicle was being measured. Thus, further optimization of the vesicle reaction’s 

cholesterol content, pH and temperature, and identification of a different negative control 

than AMP could be beneficial.  
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2.6. Conclusion 

Preliminary evidence was presented for altered substrate-dependent function of 

V12M, I206L and D620N variants of MXR. The Q141K variant exhibited lower protein 

expression, however, the Q141K MXR protein itself is functional. Additionally, the 

HEK293 Flp-in stable cell lines and inside-out vesicle assay have potential for being a 

useful tool to determine the expression and function of different MXR variants and 

substrates. However, further optimization of the substrate uptake assays are needed 

before final conclusions can be made on kinetic parameters.  
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Chapter 3: Functional Characterization of the ABCG2 Promoter and its Genetic 

Variants 

3.1. Abstract 

ABCG2 encodes the mitoxantrone resistance protein (MXR, BCRP), a membrane 

transporter responsible for the efflux of its substrates out of the cell and important in 

detoxification of the body. In the present study, we examine the basal activity of the 

ABCG2 promoter in HepG2 (liver), HEK293T (kidney), HCT116 (intestine) and MCF-7 

(breast) cell lines. We then proceed to test the effect of variants on the ABCG2 promoter 

activity in vitro and on in silico predictions for transcription factor binding. Reference 

and variant ABCG2 promoter sequences, cloned into a promoter assay vector, were tested 

for their ability to increase luciferase activity when transiently transfected into these four 

cell lines. We found that the ABCG2 promoter was strongest in the HepG2 and HCT116 

cell lines. We also identified four SNPs in the basal ABCG2 promoter (rs76656413, 

rs66664036, rs139256004 and rs59370292) that decreased the activity of the ABCG2 

promoter by 50% in at least three of the four cell lines. Three of these SNPs (rs76656413 

and rs59370292) significantly decreased in vivo liver promoter activity, from 50-80%. 

The in silico transcription factor binding analysis found alterations in binding 

probabilities of several transcription factors for each of these SNPs that could explain 

their ability to alter ABCG2 promoter activity in vitro. In conclusion, genetic variants in 

the ABCG2 promoter could be a contributing factor to the variability of ABCG2 

expression in the liver and intestine.  
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3.2. Introduction 

The mitoxantrone resistance protein (MXR, BCRP) is an efflux membrane 

transporter and part of the ATP-binding cassette (ABC) transporter family. It transports a 

variety of dietary toxins, endogenous nutrients and pharmaceutical compounds1. MXR is 

expressed in the side population of hematological stem cells2–4, endothelium of veins and 

capillaries (including in the brain)5–7, intestinal and colon epithelium5,7–9, placental 

syncytiotrophoblasts5,7–13, ducts and lobules of the breast5, the bile canalicular membrane 

of hepatocytes5,7–9 and to a lesser extent the renal cortex tubules7–9. ABCG2 is essential 

for detoxification processes, transport of nutrients into milk and protection of vital organs 

and tissues like the brain, fetus, prostate and eye14. 

Inter-individual expression of ABCG2 mRNA has been shown to be highly variable. 

One analysis of human livers has shown as much as a 500-fold difference in mRNA 

expression across samples, without detectable copy number variations15. ABCG2 mRNA 

levels varied 1000-fold in the blast cells of leukemic patients16 and 1.8- to 78-fold in 

human intestine17,18. Our own liver and kidney expression data show large variation in 

human liver and kidney ABCG2 mRNA (Chapter 1 Figure 1.2). High ABCG2 

expression has been linked to decreased disease-free survival in several different 

cancers18–25. Variability in ABCG2 expression might also influence drug response and 

toxicity. Understanding the mechanisms that regulate the expression of ABCG2 can help 

to predict cancer outcomes, drug response and toxicity.  

MXR is transcribed by ABCG2 located on the anti-strand of chromosome 4q22 

between PKD2 and PPM1K. ABCG2 spans over 66 kb with the translational start site in 

exon 2, the Walker A domain in exon 3 and the Walker B and ABC signature domains in 
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exon 610. There are several tissue-specific isoforms of ABCG2 that occur due to the 

creation of splice variants of the 5’-UTR of ABCG2 from use of alternate promoters26–28. 

Examples of exon 1 splice variants are E1a15,29 (the most common, generated by three 

adjacent promoters and detected in drug-resistance cell lines27), E1b (associated with 

lower ABCG2 mRNA in livers15 and with a murine equivalent expressed in the 

intestine28) and E1c (contains an intron 1 that is approximately 90 kb longer than the 

others and detected in human leukemia26 and murine erythroid differentiation30). Due to 

this evidence of tissue specific use of promoters, the relevance of the basal ABCG2 

promoter in different tissues and how the variants of its promoter effect the expression of 

ABCG2 needs to be investigated. 

Promoters regulate the basal expression of genes and are generally located within 2.5 

kb of the transcriptional start site (TSS), with the core promoter usually ~50 bp in length 

and adjacent to the TSS of the gene31,32. The core promoter is responsible for binding of 

transcriptional machinery, such as RNA polymerase II, and is the minimal amount of 

promoter required to drive transcription of the gene33. The region adjacent to the core 

promoter, generally within 250 bp, is called the proximal promoter. The proximal 

promoter is typically comprised of binding sites for other transcription factors (TFs) 

which are important for the tethering of regulatory elements (such as enhancers) which 

interact with the general transcriptional machinery34. Promoters work in concert with 

other regulatory regions, including insulators, suppressors and enhancers, to modulate the 

level of gene expression. Promoters are often associated with a high frequency of 

cytosine followed by guanine (CpG) sites32. Clusters of CpG sites, at a frequency higher 

than what would randomly be expected through the genome, are called CpG islands35.  
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Methylation occurs at the 5’-position on the cytosine of CpG sites, and methylation of 

multiple CpG sites over a gene promoter is associated with gene suppression35.  

The basal ABCG2 promoter is a TATA-less promoter and was previously identified 

as the 312 bp upstream of the TSS29. The basal promoter includes a CCAAT box and 

numerous SP1, AP1 and AP2 sites (black boxes in Figure 3.1)29. The proximal promoter 

of ABCG2 has a functional aryl hydrocarbon receptor response element between -194 to -

19036,37 (purple box Figure 3.1) that overlaps with its functional progesterone38 (turquoise 

box Figure 3.1) and estrogen39 response elements (pink box Figure 3.1). There is also an 

NF-κB response element at -23, which works in concert with estrogen to increase 

ABCG2 expression40 (orange bar in Figure 3.1). Additionally, there is a hypoxia 

inducible factor (HIF)-1α response element (HRE) between -116 and -11241 (red bar in 

Figure 3.1) and an antioxidant response element (ARE) at -431 to -42042 (blue bar in 

Figure 3.1). The basal promoter is on the edge of a large CpG island that covers most of 

the ABCG2 proximal promoter (green bar in Figure 3.1). Hypomethylation of the ABCG2 

CpG island is a factor in the increased expression levels of ABCG2 during development 

of drug resistance in both cell lines and human tumor cells43–46. 

Genetic polymorphisms in the proximal promoter of transporter genes have been 

linked to variation in gene expression47–50. Additionally, genetic variations in promoters 

for other pharmacogenes have been linked to adverse drug reactions51–55. The general 

function of the basal ABCG2 promoter has been previously identified29; however no 

further research has been done looking at genetic variation in the ABCG2 promoter and 

its effect on the basal activity of the promoter.   
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In the present study, the basal activity of the major ABCG2 promoter (-499 to +21 bp 

relative to the TSS) was investigated in transiently transfected kidney (HEK293T), liver 

(HepG2), intestine (HCT116) and breast (MCF-7) cell lines. The activity of twelve 

variant ABCG2 promoter constructs was characterized in these same cell lines to identify 

SNPs that alter ABCG2 promoter activity. Furthermore, SNPs that caused significant in 

vitro decreases in ABCG2 promoter activity were tested in the mouse hydrodynamic tail 

vein assay for their effect on in vivo promoter activity. The functional significance of 

these SNPs was investigated by predicting changes in TFBS using in silico TFBS 

modeling. In some cases, preliminary support for the binding of these TFBS to the 

ABCG2 promoter was obtained from the public chromatin immunoprecipitation with 

parallel sequencing (ChIP-seq) database ENCODE. 
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Figure 3.1. Schematic of the ABCG2 promoter region. From top to bottom: the 

genomic coordinates (chr4:89079997-89080517; hg19) followed by black boxes 

indicating where basal transcription factors have been reported to bind29. The 

transcriptional start site is indicated by a black box labeled TSS. The colored boxes 

indicate where nuclear response elements for aryl hydrocarbon36 (purple), antioxidant42 

(blue), estrogen39 (pink), hypoxia41 (red), NF-κB40 (orange) and progesterone38 

(turquoise) receptors have been reported to bind. Below this is ChIP-seq data from 

ENCODE with each TF on its own line followed by a bar, with the length indicating the 

breadth of the peak and the shading indicating its strength. Each bar is followed by letters 

to indicate the cell line the signal was found in: K, K562; H, HeLa-S3; L, HepG2; a, 

A549; p, PAC-1; m, MCF-7. This is followed by a green bar depicting a CpG island 

covering almost the entire basal promoter. Below the CpG island are seven additional 

peaks from ENCODE ChIP-seq data. The first five grey bars are for USF-1, with peaks 

17185 and 18491 in H1-hESC cells, peak 17246 in K562 cells, peak 28669 in HepG2 

cells and peak 9358 in ECC1 cells. The last two peaks are for cMyc in K562 and HepG2 

cells. Finally, the location and rs number for single nucleotide polymorphisms (SNP) 

reported in dbSNP 135 are indicated. 

 

3.3. Materials and Methods 

3.3.1. Chemicals and Materials 

The vectors pGL4.11b [luc2P], pGL4.74 [hRluc/TK], pGL4.13 [luc2/SV40], the 

Dual-Luciferase® Reporter Assay System and HB101 competent cells were all purchased 

from Promega (Madison, WI). The human embryonic kidney (HEK293T/17), human 



171 
 

colorectal carcinoma (HCT116), human hepatocellular carcinoma (HepG2) and human 

breast adenocarcinoma (MCF-7) cell lines were all purchased from the American Type 

Culture Collection (ATCC, Manassas, VA). The One Shot INV110 dcm-/dam- competent 

cells, high-glucose Dulbecco’s modified Eagle’s medium (DMEM), Opti-Minimal 

Essential Medium (Opti-MEM) and Lipofectamine 2000 were all purchased from 

Invitrogen (Carlsbad, CA). The 100 mm LB Amp-100 agar plates and LB Broth 

supplemented with 100 μg/mL ampicilin were purchased from Teknova (Hollister, CA). 

DMSO, phosphate buffered saline (PBS), 0.05% trypsin and 100X penicillin and 

streptomycin were all purchased from the UCSF Cell Culture Facility (San Francisco, 

CA). The GeneJet PCR Purification Kits, GeneJET Gel Purification Kits and GeneJet 

Plasmid Miniprep Kits were all purchased from Fermentas (Glen Burnie, MD). High-

Fidelity Phusion Buffer, Phusion High-Fidelity DNA Polymerase, bovine serum albumin 

(BSA), Buffer 2, NheI, HindIII, T4 Ligase, Ligase buffer, DpnI, DpnI digestion buffer, 

antarctic phosphatase and 10 mM ATP were all purchased from New England Biolabs 

(Ipswich, MA). Endotoxin-Free Maxiprep Kits and placental genomic DNA were 

purchased from Sigma Aldrich (St. Louis, MO). All other materials including10% fetal 

bovine serum (FBS) (Axenia BioLogix, Dixon, CA), GenElute HP Improved Minimum 

Essential Medium (IMEM) without phenol red (Mediatech Inc, Manassas, VA), 

PolyJet™ DNA In Vitro Transfection Reagent (SignaGen Laboratories, Rockville, MD), 

PfuTurbo DNA Polymerase (Agilent Technologies, Santa Clara, CA) and dNTPs 

(Denville, Metuchen, NJ) were all purchased from the indicated manufacturers. 
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3.3.2. ABCG2 Promoter Plasmid Construction 

A 524 bp region of the ABCG2 promoter (chr4:89079995-89080518, hg19) was 

targeted for PCR amplification using the forward primer  

5’-TCAGGCTAGCAAGCATCCACTTTCTCAGA-3’ and reverse primer  

5’-TTATAAGCTTCAGGCAGCGCTGACACGAA-3’. This region was selected as it 

includes the proximal promoter (-312 bp upstream of the TSS)29, adjacent TF response 

elements including the antioxidant response element (ARE) at -431 to -42042 and the 

CpG island that extends to ~500 bp upstream of the TSS29. The core of the primers were 

designed using the Primer3 program56 and the sequences for restriction sites NheI and 

HindIII were added to the forward and reverse primers, respectively (underlined in above 

sequences). Primers were synthesized by Integrated DNA Technologies (San Diego, CA). 

The UCSC genome browser’s in silico PCR program was used to confirm predicted 

specific amplification of the target region with the selected primer set. The region was 

amplified from human placenta genomic DNA using 1 unit PfuTurbo DNA polymerase, 

1X PfuTurbo buffer, 200 μM dNTPs, 150 ng genomic DNA, 400 nM of each primer, and 

1 μL DMSO in a final reaction volume of 50 μL. PCR conditions were 95°C for 2 min, 

followed by 35 cycles of 30 sec at 95°C, 30 sec at 60°C and 1 min at 68°C, then a final 

extension of 10 min at 72°C. The PCR reaction was imaged on a 1% agarose gel and the 

specific band at 542 bp was gel purified using the GeneJet Gel Purification Kit following 

the manufacturer’s protocol. For cloning, the pGL4.11b [luc2P] vector was grown in One 

Shot INV110 dcm-/dam- competent cells so methylation would not interfere with enzyme 

digestion. The pGL4.11b vector is a promoterless firefly luciferase vector designed to 

accept a putative promoter sequence before the luciferase gene. The purified promoter 
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region and the pGL4.11b vector were enzyme digested in a reaction of 1X Buffer 2, 1 

unit NheI, 1 unit HindIII and 0.5 μL BSA at 37°C for 1 hr. Vectors were 

dephosphorylated using 4 units of antarctic phosphatase at 37°C for 2 hr. The reaction 

was purified using the GeneJet PCR Purification Kit following the manufacturer’s 

protocol and the concentration of the cleaned DNA was checked using spectrophotometry 

(NanoDrop Spectrophotometer, Thermo Scientific).  

The amplified ABCG2 promoter region was ligated into the pGL4.11b vector 

through a 96:32 fmol insert to vector reaction comprised of the insert and vector plus 1 

unit Ligase T4, 1X Ligase Buffer, and 65 nM ATP in a final reaction volume of 20 μL. 

The ligation was allowed to sit overnight at room temperature before purification using 

the GeneJet PCR Purification kit. A portion of the purified ligation reaction (5 μL) was 

transformed into 35 μL HB101 competent cells following the manufacturer’s protocol. 

The transformed bacteria was plated onto 100 mm LB Amp-100 plates and grown at 

37°C for 24 hr. Selected colonies were grown in 2-5 mL LB Broth with 100 μg/mL 

ampicillin at 37°C with shaking for up to 24 hr. DNA was isolated from the bacteria 

using a GeneJet Plasmid Miniprep Kit and sequenced with the RVPrimer3 to verify the 

presence and orientation of the ABCG2 promoter in the pGL4.11b vector. Colonies 

having the promoter in both the forward (positive strand sequence) and reverse (reverse 

strand sequence) orientation were isolated. Other vectors used in the transfection assays 

include the pGL4.74 [hRluc/TK] vector, which has a Renilla luciferase reporter gene, a 

highly active HSV-TK promoter, and is co-transfected into each cell so that the 

transfection efficiency can be controlled by the expression of Renilla, and the pGL4.13 

[luc2/SV40] vector, which has a luciferase reporter gene and a highly active SV40 
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promoter and is used as a positive control. DNA for the selected promoter plasmids, 

empty pGL4.11b [luc2P], pGL4.74 [hRluc/TK] and pGL4.13 [luc2/SV40] vectors were 

isolated from transformed bacteria grown in 150 mL LB Broth with 100 μg/mL 

ampicillin overnight at 37°C with shaking, using the GenElute HP Endotoxin-Free 

Maxiprep Kit following the manufacturer’s protocol. The forward promoter (+) plasmid 

was only used for basal promoter activity assays in HEK293T and HepG2 cell lines and 

is labeled as the (+) promoter. In all other assays and for site-directed mutagenesis, the 

reverse (-) promoter plasmid was used and is termed the ‘reference’ promoter vector. 

 

3.3.3. Genetic Analysis of ABCG2 Promoter Region 

SNPs in the ABCG2 promoter region were retrieved for all available ethnic 

populations from publicly available databases, including 1000 Genomes (phase 1 release 

02/14/2012)57, dbSNP build 135, and HapMap release 2858 and were combined with 

those from the SOPHIE cohort reported in the Pharmacogenetics of Membrane 

Transporter Database (UCSF, San Francisco, CA). The SOPHIE cohort is a group of 247 

ethnically diverse individuals who have donated DNA and are willing to be a part of 

future clinical pharmacogenomic studies59. The ABCG2 promoter region from -674 to 

+85 bp was sequenced for variants in the SOPHIE cohort. Details regarding the 

sequencing of SOPHIE samples for ABCG2 promoter SNPs has already been published48. 

Genotypes from 1000 Genomes (phase 1 release 05/21/2011) were used for calculating 

haplotypes. Haplotypes were determined by downloading each region’s genotype and 

information files from the 1000 Genomes browser for all available ethnic groups 
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combined. Genotype and information files were then loaded into Haploview version 4.260 

and haplotypes were determined using all available SNPs. 

 

3.3.4. Site-Directed Mutagenesis 

Site-directed mutagenesis (SDM) primers for each of the ABCG2 promoter SNPs 

(Table 3.1) were designed using the PrimerX© program and then synthesized by 

Integrated DNA Technologies (San Diego, CA). PCR reaction components for all 

primers are as follows: 1X High-Fidelity Phusion Buffer, 1 unit Phusion High-Fidelity 

DNA Polymerase, 200 nM dNTPs, 1 μM each primer and 100 ng ABCG2 reference 

promoter plasmid, all in a final volume of 50 μL. PCR reaction conditions for all primers 

except rs139256004 are as follows: An initial cycle for 30 sec at 98°C, followed by 20 

cycles of 10 sec at 98°C, melting temperature (varies per primer pair) for 30 sec and 3 

min at 72°C, then a final extension for 10 min at 72°C. The SDM PCR reactions were 

then digested for at least 20 min at 37°C with 1 unit DpnI enzyme in 1X DpnI digestion 

buffer. The reactions were then purified using the GeneJet PCR purification kit per the 

manufacturer’s protocol, and 5 μL of the purified SDM reaction was transformed into 35 

μL HB101 competent cells. After growing for 24 hr on 100 mm LB Amp-100 agar plates, 

colonies were selected for expansion overnight at 37°C with shaking in LB broth 

supplemented with 100 μg/mL ampicillin . DNA was then isolated from the bacteria 

using the GeneJet Miniprep Kit and the vector was sequenced with the RVPrimer3 

primer to confirm the presence of the SNP. Large bacterial preps of the correctly 

mutagenized vectors were grown in 150 mL LB broth supplemented with 100 μg/mL 

ampicillin overnight at 37°C with shaking and DNA isolated with the GenElute HP 
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Endotoxin-Free Maxiprep Kit per the manufacturer’s protocol.  All DNA used for the in 

vitro and in vivo luciferase assays were endotoxin-free to avoid the cytotoxic effects of 

toxins released from the bacteria during lysis, which also allowed for more reproducible 

results. 

 

Table 3.1 ABCG2 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 

rs61181041 G>A GAACCCCGAC[T]TGGGGAAAC  58.4 
    GTTTCCCCA[A]GTCGGGGTTC   

rs61535534 C>G CTTTCAGCCG[C]GTCGCAGGG  64 
    CCCTGCGAC[G]CGGCTGAAAG   

rs76656413 C>T GCGGCAGGACA[T]GTGTGCGCTTTC  65.2 
    GAAAGCGCACAC[A]TGTCCTGCCGC   

rs66664036 ->G GGAGGCGGG[G]AGTGTTTGG  61.2 
    CCAAACACT[C]CCCGCCTCC   

rs139256004 GTTA>- TCGTA[-]ATCACTCTGGTTCATTCCGTTC 58.4 
    GTGAT[-]TACGAGAATCACCAGGCGC 59.9 

rs2231134 C>G GACGAGGTACT[C]ATCAGCCCAATG  59.2 
    CATTGGGCTGAT[G]AGTACCTCGTC   

rs45604438 G>A GTGCTTCGG[T]GCTCCGGCC  64.4 
    GGCCGGAGC[A]CCGAAGCAC   

rs36068118 ->C CAGCGTCCCC[C]GGTGCTTCG  65.9 
    CGAAGCACC[G]GGGGACGCTG   

rs58132660 C>T CTTGTGACTG[A]GCAACCTGTG  56.1 
    CACAGGTTGC[T]CAGTCACAAG   

rs142365584 G>C GTGCGAGCAG[G]GCTTGTGAC  61.6 
    GTCACAAGC[C]CTGCTCGCAC   

rs59370292 G>A CTTTCTCAGAAT[T]CCATTCACCAG  53.8 
    CTGGTGAATGG[A]ATTCTGAGAAAG   

rs59172759 A>T CTTTCTCAGAA[A]CCCATTCACCAG  55.9 
    CTGGTGAATGGG[T]TTCTGAGAAAG   
1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 
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3.3.5. Deletion Mutagenesis PCR Amplification 

The deletion SNP rs139256004 was introduced into the ABCG2 promoter using a 

special protocol illustrated in Figure 3.2 and previously reported to work for both deletion 

and insertion mutatgenesis61. Primers were designed to overlap on their 5’- end so that 

the deletion is missing from both primers (see Figure 3.2B) and to ensure that the melting 

temperature of the non-overlapping section of the primers was greater than that of the 

overlapping section of the primers by 5-10°C. PCR reaction components were the same 

as described above with PCR conditions as follows: an initial cycle of 5 min at 95°C, 

then 12 cycles of 95°C for 1 min, 45°C for 1 min and 72°C for 9 min, with a final cycle 

of 1 min at 36°C and 30 min at 72°C. Promoter SNP rs57327643 was also attempted via 

this protocol, but no colonies were successfully isolated. 

 

Figure 3.2. Schematic of mutagenesis protocol for large deletion or insertion 

polymorphisms. The PCR amplification protocol (A) and primer design to create the 

large deletion (B) or insertion (C) polymorphisms is illustrated. Solid circles represent the 
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parent plasmid and dashed circles represent the amplified plasmid. Arrows indicate 

primers and triangles represent the polymorphism. Figure is reproduced from Liu et. al.61. 

 

3.3.6. Cell Culture  

HEK293T/17, HCT116 and HepG2 were grown in high-glucose DMEM 

supplemented with 10% FBS, 100 units/mL of penicillin and 0.1 mg/mL of streptomycin. 

The MCF-7 cell line was grown in IMEM without phenol red, supplemented with 10% 

FBS, 100 units/mL of penicillin and 0.1 mg/mL of streptomycin. All cell lines were 

grown in a 5% CO2 incubator at 37°C. To maintain cells, they were split upon reaching 

confluency by treatment with 0.05% Trypsin-EDTA, washing with 1X PBS and 

suspension in fresh media at a 1:5 to 1:20 dilution. 

 

3.3.7. Transient Transfection 

The HEK293T/17 (kidney), HepG2 (liver), HCT116 (intestine) and MCF-7 

(breast) cell lines were chosen to represent their primary tissue source. For transient 

transfections of the HEK293T/17, HepG2 and HCT116 cell lines, cells were seeded at 

approximately 1.8 x 104 cells per well of a 96-well plate in fresh DMEM with 10% FBS, 

but without antibiotics, and grown for at least 24 hr to 80% confluency. Cells were then 

transfected with Lipofectamine 2000 following guidelines suggested in the 

manufacturer’s protocol. In short, 0.5 μL of Lipofectamine 2000 was incubated in 25 μL 

Opti-MEM for 5 min and then gently mixed with a 25 μL solution of 0.08 μg of the 

pGL4.11b [luc2P] plasmids (plus 0.02 μg pGL4.74 [hRluc/TK]) diluted with Opti-MEM. 

The DNA-Lipofectamine mixture was allowed to incubate at room temperature for 30 
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min before being placed onto cells with 50 μL of antibiotic-free media. MCF-7 cells were 

split with 0.05% Trypsin-EDTA and seeded at  ~2.5 x 104 cells per well and transfected 

only once they reached 95% confluency with the PolyJet™ DNA In Vitro Transfection 

Reagent; transfection efficiency was optimized by following the manufacturer’s 

guidelines. Briefly, media on the cells were replaced with 100 μL fresh IMEM 

(supplemented with FBS and antibiotics as above) 30 min before transfection. A mix of 

75 ng ABCG2 plasmid and 25 ng of pGL4.74 [hRluc/TK], to control for transfection 

efficiency, was diluted to 5 μL with IMEM supplemented with 10% FBS (no antibiotics). 

A 0.4 μL aliquot of PolyJet was diluted to 5 μL with IMEM supplemented with 10% FBS 

(no antibiotics) and then immediately added to the DNA mix with gentle mixing. The 

PolyJet/DNA mix was allowed to incubate at room temperature for 15 min before being 

added to the cells. All cell lines were incubated with their transfection agents for 18-24 hr 

before assaying. 

 

3.3.8. Luciferase Reporter Assay 

The day after transfection, each well was washed with 100 μL 1X PBS before 

being lysed with 50 μL of 1X passive lysis buffer for 1 hr with shaking. Then 20 μL of 

HEK293T/17 or 30 μL of HepG2, HCT116 and MCF-7 lysates were measured for firefly 

and Renilla luciferase activity using 70 μL each of the Luciferase Assay Reagent II and 

Stop & Glo® reagents from the Dual-Luciferase® Reporter Assay System in a GloMax 96 

microplate Dual Injector Luminometer. The firefly activity was normalized to the Renilla 

activity per well to control for transfection efficiency. Each experiment also included the 

empty pGL4.11b vector as the negative control and the pGL4.13 [luc2/SV40] vector as 
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the positive control. The promoter activity for each plasmid was calculated as the ratio of 

the normalized firefly activity to that of the empty vector. 

 

3.3.9. Hydrodynamic Tail Vein Assay 

Positive in vitro variant enhancer elements were screened for their effect on in 

vivo liver enhancer activity through the hydrodynamic tail vein injection62 adapted for 

enhancer element screening63 (see Chapter 4, Figure 4.10). Each variant enhancer, along 

with their reference enhancer plasmid, was injected into the tail vein of 4-5 mice using 

the TransIT EE In Vivo Gene Delivery System following the manufacturer’s protocol. 

Briefly, 10 μg of pGL4.23 [luc2/minP] vector with or without enhancer element, or the 

ApoE64 positive control liver enhancer, along with 2 μg of pGL4.74 [hRluc/TK] were 

injected into the tail vein of CD1 mice (Charles River Laboratory). After 24 hr, mice 

were euthanized and livers from the mice were harvested. Each liver was homogenized in 

3 mL of 1X Promega Passive Lysis Buffer and then centrifuged at 4°C for 30 min at 

14,000 rpm. The supernatant was then diluted 1:20 with additional lysis buffer and 

measured for firefly and Renilla luciferase activity using the Dual-luciferase® reporter 

assay system according to the manufacturer’s protocol in a Synergy 2 (BioTek 

Instruments, Winooski, VT) microplate reader. Each mouse liver lysate was read in 

replicate 3-6 times, with each sample’s firefly activity normalized to the Renilla activity 

and then averaged across the replicates.  Average normalized luciferase activity is 

expressed as the mean of 4-5 mice. Enhancer or ApoE normalized luciferase activity was 

then compared to the empty pGL4.23 vector activity and expressed as fold activation 
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relative to pGL4.23. All mouse work was done following a protocol approved by the 

UCSF Institutional Animal Care and Use Committee. 

 

3.3.10. Predictions of Transcription Factor Binding Site Changes 

 Two separate computation tools were used to predict differences in the binding 

probability of TFs between reference and variant promoter sequences. First, the Consite65 

program, which directly compares the transcription factor binding sites (TFBS) shared 

between two aligned genomic sequences. For this analysis, promoter reference and 

variant sequences were extracted from UCSC genome browser (hg19) and imputed as 

orthologous pairs of genomic sequences. The regions were scanned for vertebrate TFs 

provided by the program, with a minimum specificity of 10 bits. With no conservation 

cut off, the TF score threshold was set to 70% and TFs with greater than 20% change in 

binding probability were extracted. The second computation tool was the TRANSFAC 

Match program66. Individually, the genomic sequence of the reference and variant 

promoters were scanned for the probability of TF binding using the TRANSFAC release 

2012.2 matrix table of all non-redundant vertebrate TFs. Parameters were set to select 

only high quality matrices and to minimize false positives. The probabilities for TF 

binding of enhancer and reference promoters were compiled and those that altered TF 

binding were extracted. Consite and TRANSFAC also provided alignments of the 

consensus TF matrix sequence with that of the reference and variant promoter sequences. 

We compared any alterations in TFBS with that of ChIP-seq validated TF binding sites 

through the RegulomeDB67 database. 
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3.3.11. Statistical Analysis 

Promoter activity was expressed relative to the empty vector (as described above). 

Results for each transfection, with 3-16 wells per plasmid in each transfection, were 

combined for each cell line and analyzed by an ANOVA followed by a Bonferroni’s 

multiple comparison t-test. A representative experiment (n=6-16 wells per plasmid) is 

shown for each cell line. Basal forward and reverse promoter activity in the HEK293T 

and HepG2 cell lines was considered to be statistically significant from the empty 

pGL4.11b vector if the ANOVA analysis followed by a Bonferroni’s multiple 

comparison t-test had a P < 0.05. Basal promoter activity in the HCT116 and MCF-7 cell 

lines was considered to be statistically significant from the empty pGL4.11b vector when 

P < 0.05 using a Student’s t-test. Variant promoter plasmids tested in vitro or in vivo 

were compared to the reference ABCG2 promoter by an ANOVA analysis followed by a 

Bonferroni’s multiple comparison t-test. Variant ABCG2 promoter sequences identified 

for in vivo testing were significantly different (P < 0.05) from the reference promoter in 

three of four cell lines. In the in vivo experiments, the reference sequence and ApoE 

controls were tested for difference from the empty vector sequence using an unpaired 

Students’s t-test.  All statistics were run using the GraphPad Prism 5 program.  

 

3.4. Results 

3.4.1. Genetic Polymorphisms of the ABCG2 Promoter  

A total of 13 SNPs were obtained for the ABCG2 promoter region from publicly 

available databases and from the SOPHIE cohort, and are displayed in Table 3.2. Of the 

13 SNPs, rs57327643, rs66664036, rs2231134, rs45604438 and rs59172759 had MAF 
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above 4% in at least one of the ethnic populations (Table 3.2). The ABCG2 promoter 

SNPs included two single nucleotide insertions, rs66664036 and rs36068118. There were 

also two multiple base pair deletions, rs57327643 and rs139256004. Attempts to 

construct the rs57327643 variant promoter plasmid were unsuccessful and this SNP was 

not evaluated in the functional assays. Variant promoter plasmids for all other SNPs in 

Table 3.2 were successfully made and tested for their luciferase activity relative to 

reference in four cell lines. There was no notable linkage disequilibrium between SNPs in 

the ABCG2 promoter (data not shown).  

 

Table 3.2 ABCG2 Promoter SNPs 

SNP ID Position1 Δnt MAF (%)2 
AA CA AS ME 

rs61181041 -84 G>A 0.00 0.00 0.80 0.00 
rs61535534 -151 C>G 0.00 0.00 0.00 0.80 
rs76656413 -169 C>T 0.00 0.00 1.00 0.00 
rs57327643 -266 AGTGTTT>- 3.80 4.20 0.00 4.70 
rs66664036 -267 ->G nr 6.00 nr nr 
rs139256004 -267 GTTA>- nr nr nr nr 
rs2231134 -307 C>G 2.50 6.50 0.00 6.00 
rs45604438 -340 G>A 7.50 0.00 0.00 1.70 
rs36068118 -390 ->C nr nr nr nr 
rs58132660 -400 C>T 0.00 0.00 0.00 0.90 
rs142365584 -424 G>C 0.00 0.00 0.00 0.30 
rs59370292 -435 G>A 0.00 0.00 0.80 0.00 
rs59172759 -483 A>T 4.20 0.00 0.00 0.00 

1SNP position is noted relative to the transcriptional start site 
2Minor allele frequency (MAF) for African American (AA), Caucasian (CA), Asian (AS) 
and Mexican (ME) populations 

Abbreviations:  nr, not reported 
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3.4.2. Basal Activity of the ABCG2 Promoter In Vitro 

The baseline activity of the reverse and forward strand ABCG2 promoter sequence 

(chr4:89079947-89080567, hg19), cloned into the firefly luciferase reporter vector 

pGL4.11b, was investigated in transiently transfected HEK293T and HepG2 cell lines, 

while the reverse strand promoter plasmids were screened in the HCT116 and MCF-7 

cell lines (Figure 3.3). This region includes the basal promoter of ABCG2 (previously 

reported) and the structural elements displayed in Figure 3.1. The promoter drives 

expression of the firefly luciferase gene, and firefly luciferase activity is used as a marker 

of promoter activity. In both HEK293T and HepG2 cell lines, the forward and reverse 

orientation promoter plasmids exhibited an increased promoter activity (P < 0.05) when 

compared to pGL4.11b empty vector (Figure 3.3). The reverse ABCG2 promoter activity 

was strongest in the HEK293T and HCT116 cell lines, with average activation of 15- and 

14-fold, respectively; in the HepG2 and MCF-7 cell lines promoter activity was weaker, 

with average activation of 4- and 1.5- fold, respectively (Figure 3.3). The forward 

ABCG2 promoter sequence exhibited the same promoter activity as the reverse ABCG2 

promoter sequence in the HepG2 and HEK293T cell lines (Figure 3.3).  
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Figure 3.3. Basal ABCG2 promoter activity in vitro. Luciferase activity of the forward 

(checkered) and reverse (solid grey) reference promoter was measured in transiently 

transfected liver (HepG2) and kidney (HEK293T) cell lines, while the reverse reference 

promoter was also measured in the intestine (HCT116) and breast (MCF-7) cell lines. 

Promoter activity is expressed as the ratio of the normalized firefly to Renilla luciferase 

activity relative to the empty vector (pGL4.11b) activity.  Data is expressed as the mean 

± SEM from a representative experiment (n=16 wells per construct). Differences between 

reference and empty vector, and forward and reverse promoter constructs, were tested by 

an ANOVA followed by a post-hoc Bonferroni’s multiple comparison test (HEK293T 

and HepG2 cells) or a Student’s t-test (HCT116 and MCF-7 cells) for difference between 

reference and empty vector; *** P < 0.0001. 
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3.4.3. Effect of SNPs on Basal ABCG2 Promoter Activity In Vitro  

 The effect of twelve SNPs on the basal ABCG2 promoter activity was investigated 

by transient transfections of HEK293T, HepG2, HCT116 and MCF-7 cell lines with the 

reference and variant ABCG2 promoter plasmids. Two SNPs had significantly decreased 

promoter activity in HepG2 cells (Figure 3.4A); rs76656413 and rs66664036 had a 50% 

decrease in promoter activity relative to the reference promoter. Five SNPs had 

significantly decreased promoter activity in HEK293T cells (Figure 3.4B). Three of them 

(rs61181041, rs139258004 and rs2231134) had a 25% decrease in activity relative to 

reference, while the other two (rs59370292 and rs76656413) had over a 50% decrease in 

promoter activity relative to the reference promoter. In HCT116 cells, six SNPs had 

decreased activity relative to the reference promoter including a 25% decrease with SNPs 

rs61181041, rs66664036 and rs142365584, a 50% decrease with rs76656413 and 

rs139256004, and over a 75% decrease with rs59370292 (Figure 3.4C). Finally in the 

MCF-7 cells, four SNPs (rs76656413, rs66664036, rs139256004 and rs59370292) have a 

50% decrease relative to reference promoter (Figure 3.4D). Both the rs66664036 and 

rs139256004 SNPs had 25-50% decreased promoter activity relative to reference in three 

of the four cell lines (Figure 3.4). The rs76656413 SNP had over a 50% decreased 

promoter activity in all four of the cell lines (Figure 3.4). The rs59370292 SNP was the 

most detrimental SNP in both HepG2 (Figure 3.4A) and HCT116 (Figure 3.4C) cell lines 

with an almost 75% decreased promoter activity; it also had a 50% decrease in promoter 

activity in MCF-7 (Figure 3.4D) cells. Due to their decreased promoter activity in at least 

three of four cell lines, rs66664036, rs139256004, rs76656413 and rs59370292 were 

chosen for follow up in the in vivo hydrodynamic tail vein injection assay. 
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Figure 3.4. Effect of promoter variants in vitro. Luciferase assay of ABCG2 reference 

and variant promoter sequences was measured in transiently transfected A) liver 

(HepG2), B) kidney (HEK293T), C) intestine (HCT116) and D) breast (MCF-7) cell 

lines. Promoter activity is expressed as the ratio of the normalized firefly to Renilla 

luciferase activity relative to the empty vector (pGL4.11b) activity. Data is expressed as 

the mean ± SEM from a representative experiment (N = 6-12 wells per construct). 

Differences between reference and variant promoter constructs were tested by an 

ANOVA followed by a post-hoc Bonferroni’s Multiple Comparison t-test; *** P < 

0.0001, ** P < 0.001, *  P < 0.05. 

 

3.4.4. Effect of SNPs on Basal ABCG2 Promoter Activity In Vivo 

 Four SNPs were screened for their effect on in vivo liver enhancers using the 

hydrodynamic tail vein injection assay. In this assay, we used the ApoE liver enhancer 

positive control, which had more than 200-fold activation over empty vector (pGL4.11b). 

The ABCG2 promoter construct exhibited a strong 35-fold activation over empty 

pGL4.11b. Two of the four promoter SNPs screened showed a significant decrease in 

promoter activity in vivo (Figure 3.5). The rs59370292 SNP had the largest decrease in 

activity, with over 80% decrease in promoter activity, while the rs76656413 resulted in a 

70% decrease in promoter activity in vivo. After multiple comparison adjustment, 

rs66664036 showed a trend toward significance (p=0.078) and reduced promoter activity 

by 50%. The in vivo and in vitro fold activities, relative to empty vector, for the five 

ABCG2 promoter variants tested in vivo are shown in Table 3.3. 
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Figure 3.5. Effect of promoter variants in vivo. The luciferase activity in mouse liver 

homogenates was measured 24 hr after plasmid injection. Promoter activity is expressed 

as the ratio of firefly to Renilla luciferase activity normalized to the empty vector 

(pGL4.11b) activity. SNPs are displayed respective to their genomic orientation. Data is 

expressed as the mean ± SEM for 4-5 mice. Differences between reference promoter or 

ApoE and empty vector were tested by an unpaired Student’s t-test, and reference and 

variant promoter sequences were compared using a one-way ANOVA followed by a 

Bonferroni’s multiple comparison t-test; ** P < 0.001. 
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Table 3.3. ABCG2 Promoter Variants In Vitro and In Vivo Activity 

Genotype 
Relative Fold Activation 

HEK293T HepG2 HCT116 MCF-7 In Vivo 
Reference 10.40  2.42  16.74  1.60  35.36 

 rs76656413 5.59 *** 1.04 ** 13.14 *** 0.71 ** 9.99 ** 
rs66664036 9.70 ns 1.21 ** 9.31 *** 0.71 ** 17.60   ns 
rs139256004 7.52 *** 1.80 ns 17.88 *** 0.80 * 37.79     ns 
rs59370292 3.81 *** 1.99 ns 5.28 *** 0.75 ** 6.37 ** 
* P <0.05; ** P < 0.001; *** P < 0.0001; ns, not significant 

 

 

3.4.5. Effect of SNPs on Predicted Binding of TFs in the ABCG2 Promoter 

 To investigate the mechanism for decreased ABCG2 promoter activity associated 

with some of the SNPs, TFBS predictions were made on both reference and promoter 

sequences using ConSite and TRANSFAC Match programs. Predicted probability score 

changes from ConSite are shown in Figure 3.6 and Figure 3.7 sections A and B, while 

any TRANSFAC predicted losses and gains in TF binding sites are shown in sections C 

and D of the figures. rs76656413 caused a 41% gain in the binding probability score for 

p53 and binding probability score losses for Myc-Max (33%), USF (37%), n-Myc (37%) 

and Max (98%) (Figure 3.6A and B). The predicted loss of Myc-Max binding was 

corroborated by TRANSFAC (Figure 3.6C), which predicted no probable binding of 

Myc-Max (>0.7) to the variant sequence. rs59370292 had predicted gains in TF binding 

probability scores for p65 (20%), Pax-4 (24%), Chop-cEBP (47%) and c-REL (50%), as 

well as decreases in the binding probability scores for RREB-1 (34%) and RXR-VDR 

(38%) (Figure 3.7 A and B). The RegulomeDB67 database also predicted that rs59370292 

is likely to affect TF binding and provides evidence for the binding of GATA1, STAT1 

and STAT5A to this region (data not shown).  



192 
 

 

Figure 3.6. Predicted TFBS for rs76656413. The TFBS predicted by (A, B) Consite 

aligned with reference and SNP sequences that are lost (above alignment) or gained 

(below alignment) and the corresponding binding probability scores (B) for the reference 

(blue) and SNP (red) sequences. The absolute change in binding probability scores for 

each TF, between reference and variant sequences, are indicated as a Δ value. TFBS 

changes as determined by (C) TRANSFAC, showing sequence alignments of TFBS that 

are lost.  
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Figure 3.7. Predicted TFBS for rs59370292. The TFBS predicted by (A, B) Consite 

aligned with reference and SNP sequences that are lost (above alignment) or gained 

(below alignment) and the corresponding binding probability scores (B) for the reference 

(blue) and SNP (red) sequences. The absolute change in binding probability scores for 

each TF, between reference and variant sequences, are indicated as a Δ value.  
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3.5. Discussion 

The results of this study indicate that the ABCG2 promoter is highly active in the 

intestinal HCT116 and liver HepG2 cell lines, has medium activity in the kidney 

HEK293T cell line and low but detectable activity in the breast MCF-7 cell line. It also 

had a strong in vivo liver activity. These results correlate with the high expression of 

ABCG2 in intestine and liver and more moderate expression of ABCG2 in kidney5. In 

contrast, the low promoter activity in the MCF-7 cells is not consistent with the high 

expression of ABCG2 in breast tissue5. Previously, luciferase assays on the -628/+362 

ABCG2 promoter segment indicated suppressed activity in MCF-7 cells, whereas the       

-312/+362 promoter segment was highly active. It is possible that a suppressor element 

within the -499 to -312 segment reduces the activity of our ABCG2 promoter construct in 

MCF-7 cells29. Recently, an interferon-gamma activated sequence (GAS) at  -448/-422 

was shown to increase the ABCG2 promoter activity upon stimulation of the 

JAK2/STAT5 pathway by prolactin68. This overlaps with the antioxidant response 

element stimulated by Nrf2 in stem cells42. STAT5 is well documented for its importance 

in regulating expression of genes essential for mammary development and lactogenesis69. 

Naturally occurring dominant-negative isoforms of STAT5 have also been shown to 

suppress the transcriptional activity of the estrogen receptor (ER) in MCF-7 cells70. 

Although the MCF-7 cell line does express the ER, previous research has shown 

discordant results in the ability of the ABCG2 promoter to be upregulated in cell lines 

with ER expression when treated with 17β-estradiol71,72. Therefore, it is possible that 

without stimulation of the STAT5 pathways, there is a suppressive factor bound between 

-499 and -312 of the ABCG2 promoter in MCF-7 cells that inhibits promoter activity. 
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This indicates a fragile and complex network of TFs that bind to the ABCG2 promoter 

and regulate its expression specific to each cell line and tissue.  

Similar to promoter SNPs in other pharmacogenes47–50, several of the ABCG2 

promoter SNPs affect the activity of the ABCG2 promoter in vitro and in vivo through the 

predicted alteration of TF binding. Although four SNPs in the ABCG2 promoter altered 

promoter activity in vitro, all except rs66664036 have reported low minor allele 

frequencies. This is in concordance with a large analysis of ABC and SLC gene promoter 

variation that found the proximal promoters of these gene families had low nucleotide 

diversity48.  Therefore, when present, these SNPs could have effects on the expression 

levels of ABCG2, but due to their low frequency may not contribute significantly to the 

wide variability in ABCG2 expression. Also, due to the low frequency of these SNPs, we 

were unable to correlate them with the expression of ABCG2 in tissue samples (data not 

shown). Further research is needed to successfully associate these SNPs with the 

expression of ABCG2 and the function of the MXR transporter.  

Of the four SNPs identified in the in vitro screen, two were confirmed to have a 

significantly decreased in vivo activity, while one more SNP’s drop in activity showed a 

trend toward significance. There was no cell line whose pattern of SNPs’ activity was 

comparable to, or could be used to predict, in vivo activity. Therefore, a combination of 

cell lines is necessary for future screens in order to identify SNPs that would also be 

positive in vivo. This is consistent with the use of multiple cell lines in other transporter 

promoter SNP assays49. Overall, the in vitro activity of ABCG2 promoter SNPs in four 

cell lines was an adequate predictor of the SNPs’ activity in vivo. 
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The ABCG2 promoter SNP rs76656413 has strong evidence for altering the 

transcriptional activity of the ABCG2 promoter. It was able to attenuate the relative 

luciferase activity of the ABCG2 promoter by 50% in all four cells lines and decreased 

ABCG2 liver promoter activity by 70% in vivo. It was also predicted to have large losses 

in USF-1, n-Myc, Max and Myc-Max binding, as predicted by multiple TFBS analysis 

programs. The USF and Myc-Max TFs are all reported to bind to the same canonical E-

box sequence73. The rs76656413 lies in the middle of several reported ChIP-seq peaks for 

USF-1 and c-Myc. Additionally, c-Myc has been reported to direct the transcriptional 

regulation of ABC genes, particularly the unmethylated ABCG2 promoter, in human 

leukemic hematopoietic progenitor cells74. Furthermore, the expression of ABCG2 was 

altered by the overexpression of c-Myc in human breast epithelial cells75. Since the USF-

1 and c-Myc transcription factors bind to the ABCG2 promoter in several cell types, it is 

possible that the rs76656413 SNP is able to disrupt this binding and alter the 

transcriptional activity of the ABCG2 promoter. 

The ABCG2 promoter SNP rs66664036 significantly decreased the relative 

luciferase activity of the ABCG2 promoter in three of the four cell lines tested by 35 to 

50% and trended towards significant with altering the liver in vivo activity by 50%. It was 

predicted to reduce binding of the AP-1 TF to the ABCG2 promoter (data not shown). 

There are both AP-1 and AP-2 predicted sites in the ABCG2 promoter, and ChIP-seq 

evidence from ENCODE for the binding of the AP-2γ TF over the rs66664036 SNP. AP-

1 is a TF shown to regulate both basal and inducible transcription of target genes76,77. 

Previously it was shown that ER works in concert with AP-1 and Sp1 to activate its target 

genes78, and promoters with Sp1 and AP-1 sites had substantially more modulation of 
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activity with estrogen treatment79. Additionally, AP-1 physically interacts with ERβ to 

modulate the transcription of genes upon treatment with estrogen80. We have done further 

experiments on the reference and variant promoter plasmids to show that rs66664036 

increased response to 17β-estradiol treatment compared to the reference promoter (see 

Chapter 6, Figure 6.4). It is possible that the rs6666403 SNP alters the basal 

transcriptional activity of the ABCG2 promoter through reduced binding of the AP-1 TF, 

but does not alter the inducible activity of the ABCG2 promoter by 17β-estradiol. Further 

experiments are necessary to test this hypothesis. 

The ABCG2 promoter SNP rs59370292 has the lowest reported minor allele 

frequencies of the four SNPs that alter in vitro ABCG2 promoter activity. The 

rs59370292 SNP is just upstream of the antioxidant response element in the ABCG2 

promoter. It altered the relative luciferase activity of the ABCG2 promoter in three of four 

cell lines and had the largest effect of any ABCG2 promoter SNP in vivo, decreasing the 

promoter activity by 80%. The top TF predicted to have reduced binding due to 

rs139256004 is the vitamin D receptor (VDR). We could not find evidence for binding of 

this TFs to the ABCG2 promoter in ChIP-seq databases or for the regulation of ABCG2 

by VDR. However, the genomic binding locations of VDR are not yet in the publicly 

available ChIP-seq databases. Although VDR has not been directly linked to ABCG2, 

VDR is important in regulating bile acid transporters, and its ligands include bile acid 

derivatives and steroids81,82. Since ABCG2 encodes a bile acid transporter83 and has been 

shown to be important for the pharmacokinetics and pharmacodynamics of statins84, 

VDR could be the link for statin regulation of ABCG2 expression. However, further 
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studies are needed to determine if VDR binding to the proximal promoter of ABCG2 is 

involved in ABCG2 transcription.  

 

3.6. Conclusions 

The basal promoter of ABCG2 from -499 to +21 has strong activity in HepG2, 

HCT116 and HEK293T cell lines; it has low activity in the MCF-7 cell line. The 

rs76656413 and rs59370292 SNPs within the basal promoter of ABCG2 affect its 

function both in vitro and in vivo. Additionally, these SNPs are predicted to alter TFBS 

relevant to the transcriptional regulation of ABCG2. Taken together, these SNPs could 

account for some of the reported variability of ABCG2 expression in liver and intestine.   
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Chapter 4 : Identification and Characterization of ABCG2 Regulatory Regions 

4.1. Abstract 

ABCG2 encodes the mitoxantrone resistance protein (MXR, BCRP), a membrane 

transporter responsible for the efflux of substrates out of the cell and body. In this study 

we computationally analyzed a ~300 kb stretch of DNA surrounding ABCG2 

(chr4:88911376-89220011, hg19) and identified 30 regions with potential cis-regulatory 

capabilities based on high evolutionary conservation, determined by comparative 

genomics (ECR and Vista browsers), and the presence of specialized transcription factor 

binding sites (TFBS), identified with computational methods (rVista, TRANSFAC, and 

Cister). These regions were cloned from human DNA and inserted into the enhancer 

assay vector pGL4.23 and suppressor assay vector pGL3-promoter. Plasmids were 

transiently transfected into HepG2, HEK293T, HCT116 and MCF-7 cell lines, and 

luciferase activity was measured as a surrogate for the transcriptional activity of the 

genomic region. Nine positive in vitro enhancers were selected for in vivo validation in 

the mouse tail vein injection luciferase assay. The in vivo tail vein assay confirmed six of 

the nine regions to have liver enhancer activity. The in vitro suppressor assays identified 

seven regions capable of decreasing gene expression in at least one cell line. Our study 

provides evidence that there are genomic regions surrounding ABCG2 capable of altering 

gene expression. The results from this research will drive future clinical investigations 

examining how interindividual variation in MXR expression and function contributes to 

differences in drug response. The effect of genetic variants within these regulatory 

regions on enhancer activity and ABCG2 expression were also studied and will be 

discussed in Chapter 5. 
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4.2. Introduction 

The mitoxantrone resistance protein (MXR; BCRP; ABCG2) is an efflux 

membrane transporter expressed apically in several tissues1–12 with a broad range of both 

exogenous and endogenous substrates. The transport activity, tissue distribution and 

cellular localization of MXR suggest that it plays a pivotal role in endogenous substrate 

disposition as well as protection from and detoxification of xenobiotics13,14. 

Overexpression of MXR is associated with drug resistance to a variety of anticancer 

drugs and has been linked with decreased disease-free survival in several cancers15–22. An 

individual’s susceptibility to certain drug-induced side effects has also been linked to 

MXR expression, and both coding and non-coding single nucleotide polymorphisms 

(SNPs) in the ABCG2 gene encoding MXR23–25.  

Interindividual variation in drug absorption, distribution, metabolism and 

excretion (ADME) has been correlated with genetic variation in genes encoding drug-

metabolizing enzymes and transporters26. New research has highlighted that single 

nucleotide polymorphisms (SNPs) in non-coding genomic regions can also effect ADME 

gene transcription and expression levels, and thus drug disposition27,28. Additional 

variation in ADME gene expression can be brought on by ligand-activated transcription 

factors (TFs) from the nuclear receptor (NR) family; these TFs temporally alter gene 

expression in response to changes in the cell environment29. In addition, complex tissue-

specific pathways of TFs have been shown to regulate expression for selected tissues30,31.  

The expression of ABCG2 has wide tissue-specific variability among individuals. 

There are reports of significant ABCG2 variation in intestine15,32, liver33,and  blast cells34, 
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and we have shown wide variation in ABCG2 mRNA in a local bank of human livers and 

kidneys (Chapter 1 Figure 1.2). In addition, the expression of ABCG2 is altered by many 

types of stimuli, including hypoxia35, inflammation36, xenobiotics37, hormones38,39 and 

nutrients40,41. ABCG2 expression is tissue-specific4 and modulated by NR ligands37. 

Several nuclear response elements (NRE) have been mapped to the proximal promoter of 

ABCG236,38,42–44. However, it is speculated that in order to regulate the expression of a 

gene, multiple response elements for a NR must interact together, causing looping of the 

DNA between them, to stabilize the transcriptional machinery and increase gene 

expression45. For tissue-specific genes like ABCG2 that have a CpG island in their 

promoter, methylation of the CpG island can block the access of NRs to their recognition 

sequence, thus cis-elements are necessary to respond to NR signals46. In addition, there 

have been no reported SNPs in these NREs mapped in the proximal promoter, indicating 

that even if they regulate expression of ABCG2, these NREs do not contribute to basal 

ABCG2 variation. Therefore, we hypothesized that there are cis-regulatory elements in 

the ABCG2 gene locus that are responsible for the expression of ABCG2. The aim of this 

study was to identify and characterize those regulatory regions both in vitro and in vivo. 

NRs are a large family of TFs, including the glucocorticoid receptor (GR), 

estrogen receptor (ER), progesterone receptor (PR), aryl hydrocarbon receptor (AhR), 

androgen receptor (AR), pregnane X receptor (PXR), retinoid X receptor (RXR), 

farnesoid X receptor (FXR), hepatocyte nuclear factor 4α (HNF4α) and vitamin D 

receptor (VDR). NRs are ligand-induced in response to environmental stimuli and their 

ligands include a variety of fatty acids, vitamins and steroids47. NRs prefer to binding to 

cis-elements as opposed to the proximal promoter of their genes48–51. In addition NR 
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response elements have been shown to be composite elements, consisting of binding sites 

for other TFs48,50–53. Therefore, the identification of TF clustering through a gene locus 

would be a good approach for the identification of regulatory elements.  

There are several factors that influence whether predicted regulatory elements are 

likely functional. Among them is the evolutionary conservation of the region, excluding 

the coding regions and promoter regions of genes. This is due to well established 

evidence for the conservation of regulatory elements through different species54,55, 

especially for developmental enhancers56,57 and tissue-specific enhancers31,58. Recently it 

has been shown that the ~1000 bp surrounding a GRE is evolutionarily conserved and the 

level of conservation for a predicted GRE is correlated to the extent of GR occupancy at 

that element59. Therefore, consideration of conservation of non-coding regions can aid in 

identifying putative functional elements. However, it is important to note that due to 

recent selection in primates, conservation is not necessary for some enhancer regions60.  

The existence of large public databases including genome sequencing, 

comparative genomics, TF profiling, and gene expression studies has made the 

identification of cis-regulatory elements and the characterization of the effect of genetic 

variation within them possible30,31,60. A previous screen looking for tissue-specific 

enhancers of genes successfully used gene expression, TFBS and conservation to identify 

tissue-specific enhancers, showing the power of combining complementary genomic data 

sets31. To identify cis-regulatory elements in the ABCG2 gene locus, a layered in silico 

analysis was developed that incorporated predicted TFBS and evolutionary conservation, 

in combination with the clustering of multiple TFs.  



212 
 

 In this study, a computational analysis of the ABCG2 gene locus for TFBS 

clustering and evolutionary conservation was performed to identify putative regulatory 

regions of ABCG2 (Figure 4.1). Putative regulatory regions were ranked based on the 

prevalence of TFs linked to ABCG2 expression or tissue-specific expression in liver or 

kidney, degree of evolutionary conservation and presence of preliminary ChIP-seq data 

supporting binding of TFs to the genomic region. High priority regulatory regions were 

cloned into the pGL4.23 [luc2/minP] enhancer assay vector and assayed for their activity 

in transiently transfected kidney (HEK293T), liver (HepG2), intestine (HCT116) and 

breast (MCF-7) cell lines. The pGL4.23 vector is a firefly luciferase vector with a 

multiple cloning site designed to accept a putative enhancer element upstream of a 

minimal promoter and the luciferase gene, once cloned and transfected into cells, the 

luciferase activity can be measured as a surrogate for enhancer function. The cell lines 

were each chosen to represent their primary tissue source. Positive in vitro enhancer 

elements were tested for their in vivo liver enhancer activity through the hydrodynamic 

tail vein assay in mice. Elements with suppressor activity were cloned into the pGL3-

promoter [luc+/SV40] luciferase expression vector and assayed for their ability to 

suppress luciferase activity in transiently transfected kidney (HEK293T), liver (HepG2), 

intestine (HCT116) and breast (MCF-7) cell lines. The pGL3-promoter vector is a firefly 

luciferase vector with a multiple cloning site designed to accept a putative suppressor 

element upstream of the strong SV40 promoter and the luciferase gene. ChIP-seq 

databases were mined for evidence to support the activity of the positive in vivo enhancer 

activity. The identified in vivo enhancers and in vitro suppressors provide elements of the 

ABCG2 gene locus that could be responsible for the tissue-specific expression of ABCG2. 



213 
 

Further research assessing the effect of SNPs in these regions on enhancer activity is 

addressed in Chapter 5. 

 

 

 

Figure 4.1. Pipeline to identify and characterize ABCG2 regulatory elements. 

Experimental design begins with bioinformatic analyses to identify putative enhancer 

elements (Step 1).  Putative enhancers are first tested in vitro using luciferase assays for 

enhancer activity followed by confirmation of enhancer activity in vivo (Step 2). Further 

functional characterization of SNP effects on enhancer activity are performed in Step 3 

and will be addressed in Chapter 5. 

 

4.3. Materials and Methods 

4.3.1. Chemicals and Materials 

The vectors pGL4.23 [luc2/minP], pGL4.74 [hRluc/TK], pGL4.13 [luc2/SV40], 

pGL3-promoter [luc+/SV40], the Dual-Luciferase® Reporter Assay System and HB101 
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competent cells were all purchased from Promega (Madison, WI). The human embryonic 

kidney (HEK293T/17), human colorectal carcinoma (HCT116), human hepatocellular 

carcinoma (HepG2) and human breast adenocarcinoma (MCF-7) cell lines were all 

purchased from the American Type Culture Collection (ATCC, Manassas, VA). One 

Shot INV110 dcm-/dam- competent cells, high-glucose Dulbecco’s modified Eagle’s 

medium (DMEM), Opti-Minimal Essential Medium (Opti-MEM) and Lipofectamine 

2000 were all purchased from Invitrogen (Carlsbad, CA). TE buffer, 100 mm LB Amp-

100 agar plates and LB Broth 100 μg/mL ampicilin were purchased from Teknova 

(Hollister, CA). DMSO, phosphate buffered saline (PBS), 0.05% trypsin, and 100X 

penicillin and streptomycin were all purchased from the UCSF cell culture facility (San 

Francisco, CA). The GeneJet PCR Purification Kits, GeneJET Gel Purification Kits and 

GeneJet Plasmid Miniprep Kits were all purchased from Fermentas (Glen Burnie, MD). 

Bovine serum albumin (BSA), Buffer 2, Buffer 3, XhoI, Acc65I, NheI, HindIII, T4 

Ligase, Ligase buffer, DpnI, DpnI digestion buffer, antarctic phosphatase and 10 mM 

ATP were all purchased from New England Biolabs (Ipswich, MA). Other materials 

including 10% fetal bovine serum (FBS) (Axenia BioLogix, Dixon, CA), GenElute HP 

Endotoxin-Free Maxiprep Kits (Sigma Aldrich), Improved Minimum Essential Medium 

(IMEM) without phenol red (Mediatech Inc, Manassas, VA), PolyJet™ DNA In Vitro 

Transfection Reagent (SignaGen Laboratories, Rockville, MD), TransIT EE In Vivo Gene 

Delivery System (Mirus Bio, Madison, WI), CD1 mice (Charles Rivers Laboratories, 

Wilminton, MA), placental genomic DNA (Sigma Aldrich, St. Louis, MO), PfuTurbo 

DNA Polymerase (Agilent Technologies, Santa Clara, CA) and dNTPs (Denville, 

Metuchen, NJ) were all purchased from the indicated manufacturers.  
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4.3.2. In Silico Analysis of the ABCG2 Locus to Identify Putative Regulatory Elements 

A list of putative regulatory regions in the ABCG2 gene locus was generated by 

combining data from several computational programs which looked for high evolutionary 

conservation to mouse and increased clustering of cis-elements. The analyzed ABCG2 

gene locus was defined as a ~300,000 bp region, stretched from one gene upstream 

(PPM1K) and downstream (PKD2) of ABCG2 (chr4:89130400-89439035, hg18; 

chr4:88911376-89220011, hg19). Using both the Evolutionary Conserved Regions (ECR) 

browser61 and Vista browser62, the ABCG2 gene locus was scanned for regions larger 

than 100 bp and with greater than 70% conservation to mouse. Regions from this analysis 

were numbered ECR1-85 for ECR browser, ECR86-98 for Vista browser, and those with 

>400 bp of conservation were named ECR400s. Conservation alignments from the ECR 

browser were submitted to rVista63, which analyzes them for conserved TFBS using all 

vertebrate TF matrices from TRANSFAC professional. Next, the genomic region was 

examined for regions with increased clustering of predicted transcription factor binding 

sites (TFBS), regardless of conservation, using the Cister program64. Matrices used for 

cis-elements included those preprogrammed into the Cister program (TATA, Sp1, CRE, 

ERE, Nf-1, E2F, Mef-2, Myf, CCAAT, AP-1, Ets, Myc, GATA, LSF, SRF, Tef) and 

several additional matrices obtained from TRANSFAC65 and listed in Table 4.1. The 

ABCG2 gene locus was split into fourths and analyzed in the Cister program with the 

default settings: width of window was set to 100 bp, average distance between motifs 

within a cluster was set to 35 bp, average number of motifs in cluster (b) was set to 6, 

average distance between clusters (g) was set to 30,000, half-width of sliding window (w) 

was set to 1000 bp, motif probability threshold was set to 0.1, and pseudocount was set to 
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1. Regions obtained from this analysis were named cister regions (CR) 1-23. Overlapping 

regions from the conservation and Cister plot analyses were combined into one putative 

enhancer region keeping the name of the longer region. Regions consisting of repeat or 

coding elements were eliminated from further analysis. 

 

Table 4.1. TRANSFAC TFBS Matrices Used in Cister Plot Analysis 
Accession 
Number1 

Transcription 
Factor 

Accession 
Number1 

Transcription 
Factor 

M00054 NF-κB M00206 HNF-1 
M00109 C/EBPβ M00208 NF-κB 
M00117 C/EBPβ M00235 AhR:Arnt 
M00131 HNF-3β M00236 Arnt 
M00132 HNF-1 M00237 AhR:Arnt 
M00134 HNF-4 M00242 PPARα:RXRα 
M00139 AhR M00269 XFD-3 
M00155 ARP-1 M00289 HFH-3 
M00156 RORα1 M00411 HNF-4α 
M00157 RORα2 M00512 PPARγ 
M00158 COUP-TF, HNF-4 M00515 PPARγ 
M00191 ER M00526 GCNF 
M00192 GR M00528 PPAR 
M00194 NF-κB     

1Accession number in the TRANSFAC database 
 
 
 
4.3.3. Ranking of Putative Regulatory Elements 

To select high priority putative regulatory elements for in vitro testing, putative 

enhancer regions were ranked based on several criteria. First, regions were scored based 

on their percent identity to mouse and the number of predicted TFBS per length of 

region. Then regions were scored for total number of TFBS with extra weight given to 

TFBS associated with ABCG2, liver and kidney gene expression (see Table 4.2). Finally, 

putative enhancer regions were overlaid with ChIP-seq data peaks from the 
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TRANSFAC65 and ENCODE66 databases. The mining of the ENCODE database is 

explained in further detail below. Regions with ChIP-seq data supporting association of 

the region with TFs were given additional weight.  

 

Table 4.2. High Priority Transcription Factors 
ABCG2 Kidney Liver 

NF-κB  VDR  PPARγ HFH-3 HNF-1 
C/EBPβ  LXR  GCNF (RTR) Kid-1 HNF-3β 
ARP-1  FXR  PPARα FREAC-4 HNF-4α 
RORα1  RXRα  ER Ets-1 HNF-4γ 
RORα2  PXR  GR  HNF-3α 

AhR  AR  HIF  p300 
 
 
 

4.3.4. Primer Design 

The reverse strand DNA sequences for the putative enhancer regions were pulled 

from the UCSC genome browser with an additional 30 bp on either side to aid in primer 

design. Regions were scanned with the NEBcutter V2.067 for the presence of any NheI, 

HindIII, XhoI or Acc65I restriction sites. Primers for the regions were designed with the 

aid of Primer368. Extensions were added for the restriction sites Acc65I (forward primers) 

and XhoI (reverse primers) for all regions except ECR400, for which NheI (forward 

primer) and HindIII (reverse primer) were used, to ensure that the anti-strand sequence of 

the enhancer element would be oriented in the same manner as the element is to the 

ABCG2 promoter. The UCSC genome browser in silico PCR program was used to 

confirm predicted specific amplification of the target region with the selected primer set. 

Sequences and primer locations for ECR cloning primers are shown in Table 4.3. 

Sequencing primers were developed for ECRs too long to be sequenced by both 
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RVprimer3 and a reverse primer p150R specific for reverse sequencing of pGL4.23 

restriction sites (Table 4.4). Primers were synthesized by Integrated DNA Technologies 

(San Diego, CA) and diluted to 100 μM stocks in TE Buffer. 

 

Table 4.3. Cloning Primers for Putative Enhancer Regions 
Primer  Sequence Genomic Location1 Tm2 

ECR400F  TCAGGCTAGCAGTGTGCTAGATCTTCCTGG 89143422-89143443  55 
ECR400R GCCGAAGCTTCCAGAGAAGGAAATTGAGAT 89142802-89142823   
ECR402F TCAGGGTACCTGGCATAAAAACTCTGCTCT 89159089-89159110 55 
ECR402R TCAGCTCGAGTATAGGCCAAGCAATACCAC 89157927-89157947   
ECR17F TCAGGGTACCTTTGAAACCTTTCCTTCCAA 89190684-89190705 60 
ECR17R TTATCTCGAGCCTGGCCCGACTAATTCAT 89190442-89190463    
ECR410F TCAGGGTACCGAAAGACCATGGAAGAGATC 89198522-89198542  60 
ECR410R TCAGCTCGAGACAACACTTGGCCACTTTGA 89197061-89197082   
ECR412F CCCGGGTACCATTGGTAGAAATATGTGAAA 89208738-89208759  60 
ECR412R  TCAGCTCGAGTTGGCTATTCCTTGCTGTTA 89207879-89207901   

CR6F  TCAGGGTACCAAAAGAAACAAAACAGCCAC 89230482-89230503 60 
CR6R  CCCGCTCGAGTACATTTCTACTTTATAAGA 89229977-89229999   

ECR25F TCAGGGTACCACATGCAGAGGAGAAGAGTT 89235940-89235960 60 
ECR25R TCAGCTCGAGTAAGAAACATTGCTGCATGT 89234523-89234544   
ECR38F TCAGGGTACCTGTACTTGATCAGCCAATGG 89272336-89272357 60 
ECR38R TCAGCTCGAGTCAGAGTGCCCATCACAACA 89271364-89271385   

CR7F TCAGGGTACCGCATACACATACATGCATAA 89276397-89276418 55 
CR7R TCAGCTCGAGTGTACATACAAGATATTCTT 89275033-89275054    

ECR43F TTATGGTACCGTTGTGCTTAGGAGGACTGT 89281325-89281346 60 
ECR43R CCCGCTCGAGGTGAACTATTTCATTAAACA 89281134-89281154   

CR8F CCCGGGTACCTTTCACTTAATAGGAATAAT 89287794-89287815 55 
CR8R TCAGCTCGAGGCAATAGACAGGTTAATATG 89286463-89286484   

ECR44F TCAGGGTACCTTGGATTCAGTCTCTTATGG 89292425-89292446  60 
ECR44R TCAGCTCGAGGGTCTCAAATCCTTTTCTCA 89292195-89292217   

CR9F TTATGGTACCCTGACCTTGCCAGGGAAAAT 89303202-89303223 60 
CR9R TCAGCTCGAGCAGGAAAGTGTTCATTTGTT 89302387-89302400   
CR10F TCAGGGTACCTCCAGCATCTGGGCTCTTAC 89308251-89308272 60 
CR10R TCAGCTCGAGGTCCCACGGTTTGAACACGA 89307110-89307132   
CR11F TCAGGGTACCAGAAGACAGGGAACAAAGCC 89313050-89313070 60 
CR11R TCAGCTCGAGTCTTTGTGTTTCTGGTTGTA 89311815-89311837    
CR15F TCAGGGTACCTCAAAATTTTCACCTCTTGT 89332525-89332546 60 
CR15R TCAGCTCGAGCACGTGCCCTTTTCTAAACG 89331014-89331035   
CR16F TCAGGGTACCCTACAGCTCTGTCTGAACCA 89334895-89334917  67 
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Primer  Sequence Genomic Location1 Tm2 
CR16R TCAGCTCGAGGAAGGCTGCCATGAATGTAG 89333859-89333880   
ECR48F TCAGGGTACCAGGAGGTAAAACGTGGGCCC 89336908-89336930  55 
ECR48R TCAGCTCGAGCTGTCAAGTGCATCTCCTGT 89336705-89336727    
ECR420F TCAGGGTACCTAGCAGATTTTCAACAGGCA 89346301-89346322  60 
ECR420R TCAGCTCGAGCTGTCAAAAGATTTGCCATT 89345102-89345123   
ECR52F TCAGGGTACCACTTCATGGAGAAGGTGGGC 89346901-89346880 60 
ECR52R TCAGCTCGAGCAATGCCTTAACTGTGTGCT 89346636-89346657   
ECR55F TCAGGGTACCTTTCTGGTAGTTCTGACCTC 89364013-89364035 60 
ECR55R TCAGCTCGAGCAGCGAACACACACCACTAC 89363840-89363862   
CR19F TCAGGGTACCATAAAATAACGTGTTACATC 89383418-89383439 60 
CR19R TCAGCTCGAGCTATAGAGGTGGTAAGACTT 89382285-89382307   

ECR423F TCAGGGTACCTCCATGGGCTCAAGTAGACC 89409470-89409482  55 
ECR423R TCAGCTCGAGACAATGGTGTGATATGTAGA 89408527-89408548    
ECR425F TCAGGGTACCAGTGAATGTGTATATGCGTG 89411732-89411754 55 
ECR425R TCAGCTCGAGAAGGTTGTAATACAAAGAGG 89409846-89409868   
ECR426F TCAGGGTACCTGTTGGGAACTCCAATTAAT 89417136-89417157 55 
ECR426R TCAGCTCGAGGATGAACCAAATACAGATCA 89416468-89416490    
ECR428F TCAGGGTACCTTGGCCATTCTTTGGAAACA 89419430-89419409  60 
ECR428R TCAGCTCGAGATTTTGGTTAATGCTTTCCC 89418093-89418115    
ECR429F TCAGGGTACCTTCTTCCCAGATTCCAGCTT 89431770-89431792 55 
ECR429R TCAGCTCGAGCTGTGGGAAATGGTGCATAA 89430870-89430892   
ECR33F TCAGGGTACCAGCCCATTTCTTGTTTTT 89248403-89248422 56.5 
ECR33R TCAGCTCGAGGGGAAGAGTTTCAATTAGAG 89247469-89247490   
ECR31F TTATGGTACCAGTCACAGTGGACCCTTAAA  89245696-89245716 60 
ECR31R TTATCTCGAGACTGCACTACTGCACACCAG 89244915-89244935   
ECR54F TTATGGTACCAAGGTAGTCAGAGGCCAGA  89352633-89352652 60 
ECR54R TTATCTCGAGCCAGAGGGGAAAGTCTTTC 89352026-89352045   

1Genomic location of the primers on chromosome 4 build hg18 
2Melting temperature used in cloning polymerase chain reaction for the primer pair 
Abbreviations: F, Forward; R, Reverse 
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Table 4.4. Sequencing Primers for Putative Regulatory Elements 
Primer Sequence Genomic Location1 

ECR402 Seq1 CACCAGCACTGAGAGTGGAGCAT chr4:89158678-89158701 
ECR423 Seq1 TTGAACTGGTTGTAGCCAGTGTTGG chr4:89408981-89409006 

CR10 Seq1 AAGGCAGAAGGGACAGTTGGGTT chr4:89307834-89307857 
CR8 Seq1 TTGACAGGGTTACGCTGTTGCTTAG chr4:89287234-89287259 

ECR25 Seq1 CAAACAAGAACGAAAGATTGTCACTG chr4:89235274-89235299 
ECR428 Seq1 GAACCAGGTGAGAAGGAGAGTGCTG chr4:89418805-89418830 
ECR429 Seq1 GCTTGACAACCAGTGACAAACAGGC chr4:89431362-89431387 

CR7 Seq1 GCCTAGTGGGGGATTCAGAACACA chr4:89274236-89274260 
ECR38 Seq1 AGGCAGGGAGAATCTGGAATATGGC chr4:89271905-89271930 
ECR425 Seq1 GGTTCCCACATCTCTTTGTCCCA chr4:89411209-89411231 

CR15 Seq1 CCACATCATCTCGCCAACACCTG chr4:89331631-89331653 
pGL4.23 SEQ 

p150R GGCATCTTCCATGGTGGCTTTACC na 
1Genomic location in build hg19 
Abbreviations: na, not applicable 
 

4.3.5. Cloning of Putative Regulatory Elements 

The region of interest was amplified from human placenta genomic DNA using 1 

unit PfuTurbo DNA polymerase, 1X PfuTurbo buffer, 200 μM dNTPs, 150 ng genomic 

DNA, 400 nM each primer (Table 4.3) and when needed,1 μL DMSO in a final reaction 

volume of 50 μL. PCR conditions were 95°C for 2 min, followed by 35 cycles of 30 sec 

at 95°C, 30 sec at melting temperature (see Table 4.3) and 2.5 min at 72°C, and then a 

final extension of 10 min at 72°C. The PCR reaction was imaged on a 1% agarose gel, 

and the specific band at the correct size was gel purified using the GeneJet Gel 

Purification Kit following the manufacturer’s protocol. For cloning, the pGL4.23 

[luc2/minP] and pGL3-promoter [luc+/SV40] were grown in One Shot INV110 dcm-

/dam- competent cells so methylation would not interfere with enzyme digestion. The 

purified putative enhancer regions, 500 ng of pGL4.23 [luc2/minP] and 500 ng of pGL3-

promoter [luc+/SV40] vector were digested in separate reactions of 1X Buffer 3, 1 unit 
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Acc65I, 1 unit XhoI and 0.5 μL BSA at 37°C for 1 hr. For ECR400, the purified enhancer 

region, 500 ng of pGL4.23, and 500 ng of pGL3-promoter vector were digested in 

separate reactions of 1X Buffer 2, 1 unit NheI, 1 unit HindIII, and 0.5 μL BSA, at 37°C 

for 1 hr. Vectors were dephosphorylated after enzyme digestion using 4 units of antarctic 

phosphatase at 37°C for 2 hr. The reaction was purified using the GeneJet PCR 

Purification Kit following the manufacturer’s protocol, and the concentration of the 

cleaned DNA measured using a NanoDrop spectrophotometer (Thermo Scientific).  

The amplified ABCG2 putative enhancer region was ligated into the pGL4.23 

vector through a 96:32 fmol insert to vector reaction comprised of the insert and vector 

plus 1 unit Ligase T4, 1X Ligase Buffer, 65 nM ATP and a final reaction volume of 20 

μL. The ligation was allowed to sit overnight at room temperature before purification 

using the GeneJet PCR Purification Kit. A portion of the purified ligation reaction (5 μL) 

was transformed into 35 μL HB101 competent cells following the manufacturer’s 

protocol. The transformed bacteria was plated onto 100mm LB Amp plates and grown at 

37°C for 24 hr. Selected colonies were grown in 2-5 mL LB Broth with 100 μg/mL 

ampicillin at 37°C with shaking for up to 24 hr. DNA was isolated from the bacteria 

using a GeneJet Plasmid Miniprep Kit and sequenced with the RVPrimer3 and p150R 

primers (Table 4.4) to confirm the presence and orientation of the putative enhancer 

element in the pGL4.23 vector. If needed, additional sequencing primers (see Table 4.4) 

were used to verify the correct sequence of the putative enhancer. Other vectors used in 

the transfection assays include the pGL4.74 [hRluc/TK] vector, which has a Renilla 

luciferase reporter gene, a highly active HSV-TK promoter and is co-transfected into 

each cell so that the transfection efficiency can be controlled by the expression of Renilla, 
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and the pGL4.13 [luc2/SV40] vector, which has a luciferase reporter gene and a highly 

active SV40 promoter. DNA for the selected enhancer plasmids, empty pGL4.23, 

APOE69 (liver specific enhancer in pGL4.23 kindly provided by Dr. Nadav Ahituv, 

University of California San Francisco), pGL4.13, and pGL4.74 vectors were isolated 

from transformed bacteria grown overnight at 37°C with shaking in 150 mL LB Broth 

with 100 μg/mL ampicillin, using the GenElute HP Endotoxin-Free Maxiprep Kit 

following the manufacturer’s protocol. For follow-up studies on negative regulatory 

regions, putative suppressor regions were re-amplified from the pGL4.23 vectors and 

cloned, using the same restriction sites, into the pGL3-promoter vector. Constructs were 

sequenced to verify their identity and orientation in the pGL3-promoter vector.  

 

4.3.6. Cell Culture 

HEK293T/17, HCT116 and HepG2 cell lines were grown in high-glucose DMEM 

supplemented with 10% FBS, 100 units/mL of penicillin and 0.1 mg/mL of streptomycin. 

The MCF-7 cell line was grown in IMEM without phenol red, supplemented with 10% 

FBS, 100 units/mL of penicillin and 0.1 mg/mL of streptomycin. All cell lines were 

grown in a 5% CO2 incubator at 37°C. To maintain cells, they were split upon reaching 

confluency by treatment with 0.05% Trypsin-EDTA, washing with 1X PBS and 

suspending in fresh media at a 1:5 to 1:20 dilution.  

 

4.3.7. Transient Transfections 

For transient transfections of the HEK293T/17, HepG2 and HCT116 cell lines, 

cells were seeded at approximately 1.8 x 104 cells per well of a 96-well plate in fresh 
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DMEM with 10% FBS, but without antibiotics, and grown for at least 24 hr to 80% 

confluency. Cells were then transfected with Lipofectamine 2000 following guidelines 

suggested in the manufacturer’s protocol. In short, 0.5 μL of Lipofectamine 2000 was 

incubated in 25 μL Opti-Minimal Essential Medium (Opti-MEM) for 5 min and then 

gently mixed with a 25 μL solution of  0.08 μg construct (pGL4.23 [luc2/minP], 

Enhancer-pGL4.23 [luc2/minP], pGL3 promoter [luc+/SV40], Supressor-pGL3 promoter 

[luc+/SV40], APOE-pGL4.23 or pGL4.13 [luc2/SV40]) plus 0.02 μg pGL4.74 

[hRluc/TK] diluted with Opti-MEM. The DNA-Lipofectamine mixture was allowed to 

incubate at room temperature for 30 min before being placed onto cells with fresh 50 μL 

of antibiotic-free media. MCF-7 cells were split with 0.05% Trypsin-EDTA and seeded at  

~2.5 x 104 cells per well and transfected once they reached 95% confluency with the 

PolyJet™ DNA In Vitro Transfection Reagent; transfection efficiency was optimized by 

following the manufacturer’s guidelines. Briefly, media on the cells were replaced with 

100 μL fresh IMEM (supplemented with FBS and antibiotics as above) 30 min before 

transfection. A mix of 75 ng ABCG2 plasmid and 25 ng of pGL4.74 [hRluc/TK], to 

control for transfection efficiency, was diluted to 5 μL with IMEM supplemented with 

10% FBS (no antibiotics). A 0.4 μL aliquot of PolyJet was diluted to 5 μL with IMEM 

supplemented with 10% FBS (no antibiotics) and then immediately added to the DNA 

mix with gentle mixing. The PolyJet/DNA mix was allowed to incubate at room 

temperature for 15 min before being added to the cells. All cell lines were incubated with 

their transfection reagents for 18-24 hr before assaying. 
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4.3.8. Luciferase Assay 

The day after transfection, each well was washed with 100 μL 1X PBS before 

being lysed with 50 μL of 1X passive lysis buffer for 1 hr with shaking. Then 20 μL of 

HEK293T/17 or 30 μL of HepG2, HCT116 and MCF-7 lysates were measured for firefly 

and Renilla luciferase activity using 70 μL each of the Luciferase Assay Reagent II and 

Stop & Glo® reagents from the Dual-Luciferase® Reporter Assay System in a GloMax 96 

microplate Dual Injector Luminometer. The firefly activity was normalized to the Renilla 

activity per well to control for transfection efficiency. Each experiment also included the 

empty pGL4.23 or pGL3-promoter vector as the negative control and the APOE-pGL4.23 

or pGL4.13 vector as the positive control. The enhancer activity for each plasmid was 

calculated as the ratio of its normalized firefly activity to that of the empty vector. 

 

4.3.9. Hydrodynamic Tail Vein Injection 

Positive in vitro enhancer elements were screened for in vivo liver enhancer 

activity through the hydrodynamic tail vein injection70 adapted for enhancer element 

screening71 (see Figure 4.10). Each construct was injected into the tail vein of 4-5 mice 

using the TransIT EE In Vivo Gene Delivery System following the manufacturer’s 

protocol. Briefly, 10 μg of pGL4.23 vector with or without enhancer element, or the 

ApoE69 positive control liver enhancer, along with 2 μg of pGL4.74 were injected into the 

tail vein of CD1 mice. After 24 hr, mice were euthanized and their livers were harvested. 

Each liver was homogenized in 3 mL of 1X passive lysis buffer and then centrifuged at 

4°C for 30 min at 14,000 rpm. The supernatant was diluted 1:20 with lysis buffer and 

measured for firefly and Renilla luciferase activity using the Dual-luciferase® reporter 
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assay system according to the manufacturer’s protocol in a Synergy 2 (BioTek 

Instruments, Winooski, VT) microplate reader. Each sample lysate was read in replicate 

3-6 times, with firefly activity normalized to the Renilla activity and then averaged across 

the replicates. The enhancer or ApoE normalized firefly activity was expressed as fold 

activation relative to pGL4.23.  All mouse work was done following a protocol approved 

by the UCSF Institutional Animal Care and Use Committee. 

 

4.3.10. Data Mining and Retrieval from ENCODE  

 The Encyclopedia of DNA Elements (ENCODE) consortium is constantly adding 

to the available data from a variety of assays and methods to identify functional 

regulatory elements in the genome66. Through the UCSC genome browser portal to the 

ENCODE data, information on the occupancy density of histone modifications for an 

enhancer region of the genome was extracted. Histone modifications associated with 

active regulatory elements (H3K27ac)72 and general regulatory elements (H3K4me1)72,73 

were the focus of his analysis. Sensitivity of the DNA region to the DNaseI nuclease was 

also analyzed. DNaseI hypersensitivity sites are an indication of open chromatin around 

active genes74, and they are also present when TFs bind and displace histones46,75,76. The 

last, and by far most extensive, ENCODE dataset that was mined was mapping of TFs 

bound to the genome through the ChIP-seq approach77. In addition to utilizing the TF 

ChIP-seq clustering from ENCODE to identify priority putative enhancer elements, 

additional ChIP-seq peaks for each of the positive in vivo enhancers were analyzed in 

order to get an idea of which TFs are binding to the enhancer element. There are five 

separate experiments of ENCODE ChIP-seq data available through the UCSC genome 
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browser, each named for the centers that did them: HAIB, SYDH, UChicago, UTA and 

UW.  The strongest genome-wide peaks that are replicated are combined in the Txn 

Factor track77; the density of TFBS from this track was used in our initial weighting of 

putative enhancer elements. For further analysis of the positive in vivo enhancers, the 

density of TF signals in each of the ChIP-seq experiments for all available cell lines and 

TFs was analyzed. TFs that had strong signal density, in both replicates, for multiple cell 

lines and reported interesting findings in Figure 4.12-Figure 4.17 were of most interest. 

ENCODE data was accessed through the full or preview UCSC genome browser portal 

(http://genome.ucsc.edu/ENCODE). Data from this analysis is displayed as shaded 

density bars indicating both strength of signal for TF and histone association with the 

DNA region and degree of sensitivity of the DNA to DNaseI. 

 

4.3.11. Statistical Analysis 

Putative enhancer elements were considered to have statistically significant 

enhancer activity over the empty pGL4.23 vector activity if the ANOVA analysis, 

followed by a Bonferroni’s multiple comparison t-test, had a P < 0.05 in each experiment 

(with 3-6 wells per plasmid) replication. Positive in vitro enhancer elements were chosen 

for follow-up in vivo testing when they had significant enhancer activity over the 

reference enhancer in two of the four cell lines. For analysis of in vivo results, normalized 

enhancer activity from 4 to 5 mice per plasmid was compared to the empty pGL4.23 

vector using an ANOVA analysis followed by a Student’s t-test. Constructs were 

considered positive in vivo if they had a P < 0.05. Constructs were chosen for in vitro 

suppressor follow-up in the pGL3-promoter vector if they exhibited luciferase activity 
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75% reduced from empty vector in one cell line and at least 50% reduced in an additional 

cell line. Results for suppressor luciferase assays were expressed as normalized reporter 

activity compared to the empty pGL3-promoter vector. Results from each transfection, 

with 5 to 10 wells per plasmid, were analyzed with an ANOVA followed by a 

Bonferroni’s multiple comparison t-test to compare suppressor constructs to the empty 

pGL3-promoter vector with significance determined if P < 0.05. All statistics were run 

using the GraphPad Prism 5 software program. 

 

4.4. Results 

4.4.1. Identification of High Priority Putative Enhancer Elements 

A multistep pipeline was developed to identify and then characterize putative 

regulatory elements of ABCG2 (Figure 4.1). A list of over 100 putative enhancer 

elements was generated by the in silico analysis of the ABCG2 gene locus (Step 1 of 

Figure 4.1). Different characteristics for these elements were compiled through the in 

silico analysis; Figure 4.2 is a snapshot of such features, including evolutionary 

conservation, predicted TF binding and ChIP-seq data with selected regions highlighted 

by red boxes. Regions were ranked and a list of high priority elements were selected 

based on evolutionary conservation (Figure 4.2A, Figure 4.2C and Figure 4.2D), the 

clustering of predicted cis-elements from Cister plot64 (Figure 4.2E) and ChIP-seq data 

available from ENCODE66 (Figure 4.2B) and TRANSFAC65 databases. A list of 30 high 

priority elements was generated (Table 4.5 and Figure 4.3), and these regions were 

cloned into pGL4.23 [luc2/minP] for in vitro screening. None of the high priority 

elements fulfilled the criteria of being ‘core’ ECRs, core ECRs have been previously 
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defined as > 350 bp and > 77% conservation and are associated with developmental 

enhancers78.  There were five regions that appeared in both the evolutionary conservation 

and Cister plot analyses, all of which were ranked in the top thirty. Three regions, 

ECR31, ECR33 and ECR52 had preliminary ChIP-seq data from ENCODE and were 

also ranked in the top thirty. The high priority putative enhancer elements were evenly 

distributed across the ABCG2 gene locus and their relative sizes and locations are 

depicted in Figure 4.3.  
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Figure 4.2. Snapshot from ABCG2 locus illustrating representative results from 

bioinformatic analyses.  Red boxes indicate high priority putative ECR regions that 

were chosen for further study based on conservation as determined by the Vista Browser 

(A), UCSC genome browser mammal base wise conservation (C) or ECR browser 

conservation to fish, possum, mouse, canine and monkey (D). Regions were also chosen 

based on clusters of TF elements with a probability of binding >0.7 as determined by 

Cister plot (E) and overlap of these regions with ENCODE DNaseI, ChIP-seq and 

conserved TFBS data (B). 
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Table 4.5. High Priority Putative Enhancer Regions 
Rank Region Genomic position1 hg18 Genomic position1 hg19 Length 

1 ECR425 89409846-89411754  89190822-89192730 1909 
2 CR8 89286463-89287815  89067439-89068791 1353 
3 ECR423 89408527-89409482  89189503-89190458 956 
4 CR9 89302387-89303223  89083363-89084199 837 
5 ECR402 89157927-89159110  88938903-88940086 1184 
6 CR19 89382285-89383439  89163261-89164415 1155 
7 ECR410 89197061-89198542  88978037-88979518 1482 
8 ECR400 89142824-89143421  88923800-88924397 598 
9 CR10 89307110-89308272  89088086-89089248 1163 
10 ECR420 89345102-89346322  89126078-89127298 1221 
11 CR7 89275033-89276418  89056009-89057394 1386 
12 ECR412 89207879-89208759 88988855-88989735 881 
13 ECR25 89234523-89235960  89015499-89016936 1438 
14 ECR48 89336705-89336930  89117681-89117906 226 
15 ECR429 89430870-89431792  89211846-89212768 923 
16 CR15 89331014-89332546 89111990-89113522 1533 
17 ECR426 89416468-89417157  89197444-89198133 690 
18 ECR17 89190442-89190705 88971418-88971681 264 
19 CR16 89333859-89334917 89114835-89115893 1059 
20 ECR428 89418093-89419430  89199069-89200406 1338 
21 ECR401 89147687-89148807 88928663-88929783 1121 
22 ECR38 89271364-89272357  89052340-89053333 994 
23 ECR44 89292195-89292446 89073171-89073422 251 
24 ECR52 89346636-89346901 89127612-89127877 266 
25 CR6 89229977-89230503  89010953-89011479 527 
26 ECR55 89363840-89364013 89144816-89144989 174 
27 ECR43 89281134-89281346  89062110-89062322 213 
28 ECR31 89244906-89245725 89025882-89026701 819 
29 ECR54 89352017-89352661 89132993-89133637 644 
30 ECR33 89247461-89248430 89028437-89029406 969 

1Genomic location on Chromosome 4  
Abbreviations: ECR, Evolutionarily Conserved Region; CR, Cister Region 
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4.4.2. System Controls 

For the second step of the enhancer discovery pipeline (Figure 4.1 Step 2), high 

priority putative enhancer regions were cloned into pGL4.23 [luc2/minP]. The pGL4.23 

vector is a luciferase expression vector with only a minimal promoter before the 

luciferase gene. Thus the luciferase gene is only transcribed when an enhancer element is 

placed upstream, and the activity of the luciferase gene can be used as a marker of 

enhancer activity. The putative enhancer constructs were transiently transfected into four 

cell lines to test for their in vitro enhancer activity; top in vitro enhancers were then 

injected into the tail vein of mice for quantification of their in vivo enhancer activity. 

Putative enhancer elements displaying suppressor characteristics in pGL4.23 were cloned 

into the pGL3-promoter vector to be tested for suppressor activity. For all in vitro and in 

vivo luciferase experiments an empty vector (either pGL4.23 or pGL3-promoter) was also 

transfected as a baseline marker for luciferase activity. The normalized luciferase activity 

for the empty vector was set at 1.0 in all experiments (see white bars in Figure 4.4). The 

experimental set up for screening the in vitro enhancers was validated using two different 

controls. The first is the pGL4.13 [luc2/SV40] vector which has the SV40 early enhancer 

driving the expression of the luciferase gene. This construct was an excessively strong 

enhancer in all four cell lines ranging from ~100- to ~4000-fold activation relative to 

pGL4.23 (checkered bars in Figure 4.4). The second positive control for the in vitro 

assay, which was also the positive control for the in vivo tail vein luciferase assay, was a 

pGL4.23 construct with the ApoE liver specific enhancer69. This construct exhibited 

selected enhancer activity depending upon the cell line. The ApoE enhancer had strong 

activity in HepG2 and MCF-7 cells, no enhancer activity in HEK293T and HCT116 cells 
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and strong enhancer activity in vivo (grey bars Figure 4.4). These results indicate that the 

in vitro and in vivo luciferase assay systems are capable of finding global enhancers as 

well as identifying possible liver-specific tissue enhancers. 

 

 

 

Figure 4.4. System controls for the in vitro and in vivo luciferase enhancer assay. 

Luciferase activity of the empty vector pGL4.23 (white), global positive control vector 

pGL4.13 (checkered) and liver-specific positive control ApoE (grey) was measured in 

transiently transfected kidney (HEK293T), liver (HepG2), intestine (HCT116) and breast 

(MCF-7) cell lines. The activity of the empty pGL4.23 (white) and ApoE (grey) controls 

were also determined in vivo and their luciferase activity is represented by the last two 

bars on the right. Enhancer activity is expressed as the ratio of the firefly to Renilla 

luciferase activity normalized to the empty vector activity.  Data is expressed as the mean 

± SEM of one representative experiment (N=3-6 wells per plasmid). 
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4.4.3. In Vitro Enhancers 

The thirty high priority putative enhancer elements (listed in Table 4.2) were 

transiently transfected into HEK293T (Figure 4.5), HepG2 (Figure 4.6), HCT116 (Figure 

4.7) and MCF-7 (Figure 4.8) cell lines and their luciferase activity quantified relative to 

empty vector. The HEK293T cells had both the highest number of positive enhancer 

elements and the highest activity of putative enhancer elements, with regions such as 

CR6, ECR31 and ECR44 showing 32-, 16- and 6-fold activation relative to empty vector 

(Figure 4.5). There were five more regions with significant enhancer activity in 

HEK293T cells: ECR400, ECR38, ECR52, ECR423 and ECR429. HepG2 cells had six 

enhancer regions, of which CR6 had the highest activity with >12-fold activation over 

empty vector. The other five enhancers, ECR402, ECR33, ECR44, ECR52 and ECR423, 

ranged from 2-4 fold activation (Figure 4.6). In HCT116 cells, only five enhancer 

elements were active, the least of any of the tested cells lines (Figure 4.7). The enhancer 

activity of CR6 in HCT116 cells was >14-fold, and ECR400, ECR31, ECR33 and 

ECR44, ranged from 1.8- to 3- fold activation. Six putative enhancer regions showed 

positive activity in MCF-7 cells, although relative enhancer activity was lower than in the 

other cell lines (Figure 4.8). ECR400, CR6, ECR31, ECR44, ECR52 and CR19 had 

enhancer activities ranging from 1.8- to 3.5-fold activation in MCF-7 cells (Figure 4.8).  

Collective data across all of the cell lines was taken into consideration for 

selection of enhancer regions for in vivo follow-up. For simplification, enhancers were 

binned according to their ‘strong’ (4-fold and above activation), moderate (2- to 4-fold 

activation) and weak (1.5- to 2-fold activation) enhancer activities. The strong and most 

reproducible enhancer element was CR6. It was a strong enhancer element in all four cell 
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lines, with up to 32-fold increase relative to empty vector. The next most reproducible 

enhancer element was ECR44; it had strong enhancer activity in HEK293T cells and 

moderate enhancer activity in the other three cell lines. ECR31 had over a 16-fold 

activation in HEK293T cells, was a moderate enhancer in HCT116 cells and a weak 

enhancer in MCF-7s. Two more regions had enhancer activity in three of the four cells 

lines: ECR52 was a moderate enhancer in both HEK293T and HepG2 cells and a weak 

enhancer in MCF-7 cells, while ECR400 had moderate activity in MCF-7 cells and weak 

activity in both HEK293T and HCT116 cell lines. Two regions had enhancer activity in 

two of the four cell lines: ECR33 was a moderate enhancer in HepG2 cells and a weak 

enhancer in HCT116 cells, whereas ECR423 had moderate enhancer activity in both 

HEK293T and HCT116 cell lines. Finally, three regions had enhancer activity in only 

one of the four cells lines: CR19 was a moderate enhancer in MCF-7 cells, ECR429 was 

a weak enhancer in HEK293T cells and ECR402 was a weak enhancer in HepG2 cells. 

All elements that had significant enhancer activity in at least one cell line, except for 

ECR402, were followed up in vivo. The ECR402 was not included in the in vivo follow-

up because its enhancer activity in the HepG2 cells was barely significant (P = 0.05) and 

not over 1.5-fold. The other two regions that were significant in only one cell line both 

had activities over 1.8-fold above empty vector. 

The pGL4.23 vector has very little basal luciferase activity. However, it can still 

be useful to obtain a sense of which regions might have suppressive qualities. Regions 

that had at least 50% reduction in activity for all cell lines (relative to empty pGL4.23), 

along with one region with suppressive activity in two cell lines, were cloned into the 

pGL3-promoter [luc+/SV40] vector. The pGL3-promoter vector has a much higher basal 
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transcription of luciferase and is thus a better system to screen regions for suppressor 

activity. Of the thirty regions analyzed in the enhancer screen, seven (ECR410, ECR17, 

CR7, CR11, CR15, ECR43 and ECR425) had a 50% decrease in luciferase activity in all 

four cell lines. All of these, except ECR43, CR11 and CR15, were followed up for 

suppressor activity in the pGL3-promoter. Three enhancer regions (ECR25, CR16 and 

ECR428) showed a 75% decrease in three cell lines and 50% in the fourth. All three of 

these regions were chosen for suppressor follow-up. The final construct chosen for 

suppressor follow-up was ECR429, which was only suppressive in HepG2 and HCT116 

cells. It was chosen for follow-up over other suppressor regions because it had significant 

enhancer activity in HEK293T and slight activity in MCF-7 cells (although it did not 

reach significance), suggesting the possibility of finding elements with tissue specific 

enhancer or suppressor activity.    
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Figure 4.5. Activity of putative enhancer elements in HEK293T cells. Luciferase 

activity was measured in the transiently transfected kidney (HEK293T) cell line. 

Enhancer activity is expressed as the ratio of firefly to Renilla luciferase activity 

normalized to the empty vector (pGL4.23) activity. ECRs are displayed respective to 

their genomic orientation. Data is expressed as the mean ± SEM from a representative 

experiment (n = 6 wells per construct).  Differences between enhancer elements and 

empty vector were tested by an ANOVA followed by a post-hoc Bonferonni’s multiple 

comparison t-test; *** P < 0.0001. 
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Figure 4.6. Activity of putative enhancer elements in HepG2 cells. Luciferase activity 

was measured in the transiently transfected liver (HepG2) cell line. Enhancer activity is 

expressed as the ratio of firefly to Renilla luciferase activity normalized to the empty 

vector activity (pGL4.23). ECRs are displayed respective to their genomic orientation. 

Data is expressed as the mean ± SEM from a representative experiment (n = 3 wells per 

construct).  Differences between enhancer elements and empty vector were tested by an 

ANOVA followed by a post-hoc Bonferonni’s multiple comparison t-test; *** P < 

0.0001, ** P < 0.001, * P < 0.05. 
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Figure 4.7. Activity of putative enhancer elements in HCT116 cells. Luciferase 

activity was measured in the transiently transfected intestine (HCT116) cell line. 

Enhancer activity is expressed as the ratio of firefly to Renilla luciferase activity 

normalized to the empty vector activity (pGL4.23). ECRs are displayed respective to 

their genomic orientation. Data is expressed as the mean ± SEM from a representative 

experiment (n = 6 wells per construct).  Differences between enhancer elements and 

empty vector were tested by an ANOVA followed by a post-hoc Bonferonni’s multiple 

comparison t-test; *** P < 0.0001, ** P < 0.001, * P < 0.05. 
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Figure 4.8. Activity of putative enhancer elements in MCF-7 cells. Luciferase activity 

was measured in the transiently transfected breast (MCF-7) cell line. Enhancer activity is 

expressed as the ratio of firefly to Renilla luciferase activity normalized to the empty 

vector activity (pGL4.23). ECRs are displayed respective to their genomic orientation. 

Data is expressed as the mean ± SEM from a representative experiment (n = 6 wells per 

construct).  Differences between enhancer elements and empty vector were tested by an 

ANOVA followed by a post-hoc Bonferonni’s multiple comparison t-test; *** P < 

0.0001, * P < 0.05. 
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4.4.4. In Vitro Suppressors 

Suppressor activity of ten regions was determined by cloning them into the pGL3-

promoter vector, transiently transfecting them into four cell lines and measuring the 

resulting luciferase activity relative to empty vector. The strongest and most consistent 

suppressor was ECR25 (Figure 4.9). It had >75% decrease in luciferase activity in both 

HepG2 (Figure 4.9A) and HCT116 (Figure 4.9C), and a 50% decrease in HEK293T 

(Figure 4.9B) and MCF-7 (Figure 4.9D) cells. ECR25 was the only significant suppressor 

in the HEK293T cell line (Figure 4.9B). Three elements: ECR428, CR7 and ECR429 had 

significantly decreased luciferase activity in the HepG2 (Figure 4.9A) and HCT116 

(Figure 4.9C) cell lines. ECR412 luciferase activity was significantly decreased in both 

the HCT116 (Figure 4.9C) and MCF-7 (Figure 4.9D) cell lines. ECR412 and ECR25 

were the only two suppressors in the MCF-7 (Figure 4.9D) cell line. The last two 

elements with suppressor activity, CR10 and ECR425, were only significant in the 

HCT116 (Figure 4.9C) cell line. ECR429 had 2-fold increase in activity in both HEK293 

and MCF-7 cells, the same cells it was an enhancer in with the pGL4.23 screen, and 50% 

decreased activity in the HEK293T and HCT116 cell lines.  
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Figure 4.9. Activity of putative suppressor elements in vitro. Luciferase activity of 

selected regions cloned into the pGL3-promoter vector and transiently transfected into A) 

liver (HepG2), B) kidney (HEK293T), C) intestinal (HCT116) and D) breast (MCF-7) 

cell lines. Suppressor activity is expressed as the ratio of firefly to Renilla luciferase 

activity normalized to the empty vector activity (pGL3-promoter).  Data is expressed as 

the mean ± SEM from a representative experiment (n = 5-10 wells per construct).  

Differences between suppressor elements and empty vector were tested by an ANOVA 

followed by a post-hoc Bonferonni’s multiple comparison t-test; *** P < 0.0001, * P < 

0.05. 
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4.4.5. In Vivo Enhancers 

Nine of the in vitro enhancers were selected for in vivo validation using the 

hydrodynamic tail vein injection technique (Figure 4.10). In this technique, naked DNA 

is injected quickly into the tail vein of the mouse, which due to overload of the heart, 

causes hepatocytes to take up the DNA70,79. At some point after injection, the liver of the 

mice is extracted and the hepatic lysate luciferase activity is measured. The positive 

control for this assay was the ApoE liver-specific enhancer in the pGL4.23 vector, 

previously shown to be a strong enhancer in vivo69 and an effective control for the 

hydrodynamic tail vein injection80. This enhancer gave consistently strong enhancer 

activity, with over 40-fold activation, confirming that the tail vein injection assay was 

working (Figure 4.11). Of the nine enhancer elements tested in vivo, six of them had 

significant enhancer activity (Figure 4.11), giving a 67% rate of successful in vivo 

activity when picking enhancers based on in vitro enhancer activity in four separate cell 

lines. The CR6 construct had the lowest significant enhancer activity in vivo, barely 

reaching 1.8-fold activation. The next four strongest enhancers, ECR31, ECR33, ECR44 

and ECR423, all had enhancer activity ranging from 5- to 12- fold relative activation. The 

strongest enhancer was the ECR400 region; it had consistent activation over 120-fold 

relative to empty vector, which is almost three times that of the positive ApoE control. 

The strong in vivo enhancer capabilities of these regions lead to the question of whether 

SNPs within these regions alter their enhancer capabilities. 
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Figure 4.10. Schematic of the in vivo hydrodynamic tail vein injection assay. DNA 

sequences with in vitro enhancer activity are injected into the tail vein of a mouse with a 

large volume of water (10% of mouse weight) over a short time (5-8 seconds). Relative 

luciferase activity is measured in liver homogenates 24 hr post injection, image is 

reproduced from Kim, et al. 201180. 
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Figure 4.11. In vivo liver enhancer activity in mice. Luciferase activity in liver 

homogenates was measured 24 hr after plasmid injection. Enhancer activity is expressed 

as the ratio of the firefly to Renilla luciferase activity normalized to the empty vector 

activity (pGL4.23).  Data is expressed as the mean ± SEM for 4-5 mice.  Differences 

between enhancer elements and empty vector were tested by an unpaired Student’s t-test; 

* P < 0.05. The ApoE construct was injected as a positive control liver specific 

enhancer69. 

 

4.4.6. Predicted Functional Elements of the In Vivo Enhancers  

The association of the positive in vivo enhancers with markers of regulatory 

elements was examined using the UCSC genome browser (http://genome.ucsc.edu/) and 
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ENCODE66 database. The ECR400 enhancer was highly sensitive to DNaseI in multiple 

cell lines and in CD34- maturating myeloid cells, but not in CD34+ hematopoietic stem 

cells (Figure 4.12). There are three conserved TFBS in ECR400: Oct1, MIF1 and RFX 

(Figure 4.12). The only TF that had consistent signal peaks in the ENCODE ChIP-seq 

data for ECR400 was CTCF; it was present in several cell lines including the MCF-7 and 

HepG2 cell lines (Figure 4.12).  In contrast, the CR6 enhancer had no hypersensitivity to 

DNaseI, but it did have several dense ChIP-seq peaks, particularly in the center of the 

region (Figure 4.13). The ChIP-seq signal peaks in the CR6 enhancer region include 

CEBPB, CREB1, E2F6, Max, USF1, TEAD4, PML, SRF, FOSL2, NFIC, p300, CTCF 

and Egr-1 (Figure 4.13).   

The two enhancers with the most functional markers were ECR31 (Figure 4.14) 

and ECR33 (Figure 4.15). The ECR31 enhancer region was associated with both 

H3K27ac and H3K4me1 histone markers; it was also very sensitive to DNaseI in over 

100 cell lines (Figure 4.14). Additionally, there were many dense ChIP-seq peaks in the 

ECR31 region (Figure 4.14). TFs that mapped to ECR31 include GATA-2 and -3, AP-2γ, 

AP-2α, p300, c-Fos, JunD, c-Jun, CEBPB, PRDM1 and FOXA1 (Figure 4.14). Several of 

these TFs, including AP-2γ, AP-2α, JunD, c-Jun and CEBPB were in the HepG2 cell line. 

The ECR33 enhancer also had extensive transcriptional marker associations including 

strong H3K4me1 markers, heavy DNaseI sensitivity clusters and many TF ChIP-seq 

peaks (Figure 4.15). TFs bound to the ECR33 region are p300, Pol2, FOXA1, TBP, 

ELF1, FOSL2, HEY1, TCF4, FOXA2, HNF4α, GR, HDAC2, CEBPB, RXRα, c-Jun, 

JunD, MafF and MafK. Interestingly, GR was bound to the ECR33 region in A549 cells 

when they were treated with increasing concentrations of dexamethasone. Also, CEBPB 
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was bound to ECR33 in both untreated HepG2 and after forskolin treatment. Additional 

ChIP-seq signal peaks occurred for GATA3 and Max in MCF-7 and HCT116 cell lines 

(Figure 4.15).  

The last two enhancer regions ECR44 and ECR423 had considerably fewer 

markers of functional transcription as compared to ECR31 and ECR33. The ECR44 

enhancer region, located in intron 1 of ABCG2, had both histone and TFs markers 

associated with it (Figure 4.16). Moderate peaks for H3K27ac and weak peaks for 

H3K4me1 markers were located over the ECR44 enhancer (Figure 4.16). TFs with dense 

signal peaks in the ECR44 region included CREB1, CEBPB, GATA3, Max, NRF2, p300, 

TAF1, ATF3 and JunD. Several of these TFs, such as Max and CEBPB were in the 

MCF-7 and HCT116 cell lines (Figure 4.16). The ECR423 enhancer region, located over 

an exon of PPM1K, was also associated with H3K27ac and H3K4me1 markers, but it 

was not sensitive to DNaseI (Figure 4.17). Additionally it had ChIP-seq signal peaks for 

TFs including CREB1, CEBPB, Max, NRF2, p300, FOSL2 and SRF (Figure 4.17).   
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Figure 4.12. ENCODE data in ECR400. From top to bottom: the genomic coordinates 

(chr4:88923800-88924397; hg19) followed by a black bar indicating the area covered by 

the ECR400 enhancer. This is followed by a density bar indicating the accessibility of the 

DNA to DNaseI from all cell types (black shaded bar) and then in CD34+/- cells (blue 

bar). Next are the locations of three conserved TFBs as determined by rVista. Following 

this is the DNA occupancy of the CTCF TF as determined by ChIP-seq. Each cell line is 

on its own line followed by a bar, with the length indicating the breadth of the peak and 

the shading density indicating its strength. Finally, black lines indicate locations with 

associated rs numbers for the SNPs reported in dbSNP 137. Schematic was made using 

the UCSC genome preview browser.  
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Figure 4.13. ENCODE data in CR6.  From top to bottom: the genomic coordinates 

(chr4:89010953-89011479; hg19) followed by a black bar to indicating the area covered 

by the CR6 enhancer. Following this is the DNA occupancy of several transcription TFs 

as determined by ChIP-seq. Representative cell lines for each TF are grouped together, 

with the length indicating the breadth of the peak and the shading density indicating its 

strength. Cell lines include GM12878 (GM78), ECC1, HCT116 (HCT), H1-hESC 

(hESC), SK-N-SH (SKSH), and MCF-7. Finally, black lines indicate locations with 

associated rs numbers for the SNPs reported in dbSNP 137, blue SNPs indicate those in 

the 3’UTR of ABCG2. Schematic was made using the UCSC genome preview browser. 
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Figure 4.14. ENCODE data in ECR31. From top to bottom: the genomic coordinates 

(chr4:89025882-89026701; hg19), blue hatched lines indicating intron 10 of ABCG2 and 

then black boxes indicating the area covered by the ECR31 enhancer. These are followed 

by density bars indicating the DNA occupancy of H3K27ac and H3K4me1, and the 

accessibility of the DNA to DNaseI in all cell types. Next is ChIP-seq data from the 

combined TxN ChIP-seq ENCODE data, with each TF on its own line followed by a bar, 

with the length indicating the breadth of the peak and the shading indicating its strength. 

Each bar is followed by letters to indicate the cell line the signal was found in: H, HeLa-

S3; U, HUVEC; s, SH-SY5Y; t, T-47D; u, U2OS. Finally, black lines indicate locations 

with associated rs numbers for the SNPs reported in dbSNP 137. Schematic was made 

using the UCSC genome preview browser.  
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Figure 4.15. ENCODE data in ECR33. From top to bottom: genomic coordinates 

(chr4:89028437-89029406; hg19), blue hatched lines indicating intron 9 and then black 

boxes indicating the area covered by the ECR33 enhancer. Next are density bars 

indicating the DNA occupancy of H3K4me1 and the accessibility of the DNA to DNaseI 

in all cell types. Following this is ChIP-seq data from the combined TxN ChIP-seq 

ENCODE data, with each TF on its own line followed by a bar, with the length indicating 

the breadth of the peak and the shading indicating its strength. Each bar is followed by 
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letters to indicate the cell line the signal was found in: L, HepG2, s, SH-SY5Y; a, A549; 

u, U2OS. Multiple repeats of a letter behind a TF bar indicate the peak came up in the 

cell line when treated with a drug. For GR it is from the A549 cell line when treated with 

(in order) 5 nM, 50 nM, 500 pM and 100 nM dexamethasone. For CEBPB it is from the 

HepG2 cell line untreated and after forskolin treatment. Next are ENCODE ChIP-seq 

peaks. Representative cell lines for each TF are grouped together, with each cell line on 

its own line followed by a bar, with the length indicating the breadth of the peak and the 

shading density indicating its strength. TFs are GATA3 and Max in the cell lines MCF-7, 

HCT116 (HCT) and SK-N-SH (SKSH). Finally, black lines indicate locations with 

associated rs numbers for the SNPs reported in dbSNP 137. Schematic was made using 

the UCSC genome preview browser. 
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Figure 4.16. ENCODE data in ECR44. From top to bottom: the genomic coordinates 

(chr4: 89073171-89073422; hg19) followed by black boxes indicating the area covered 

by the ECR44 enhancer. Following this are blue hatched lines indicating intron 1 of 

ABCG2. Two density bars indicate the DNA occupancy of H3K27ac and H3K4me1. 

Following this is the DNA occupancy of several TFs as determined by ChIP-seq. 

Representative cell lines for each TF are grouped together, with each cell line on its own 

line followed by a bar, with the length indicating the breadth of the peak and the shading 

density indicating its strength. Cell lines include K562, A549, T47D, ECC1, HCT116 

(HCT), SK-N-SH (SKSH), and MCF-7. Finally, black lines indicate locations with 

associated rs numbers for the SNPs reported in dbSNP 137. Schematic was made using 

the UCSC genome preview browser. 
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Figure 4.17. ENCODE data in ECR423. From top to bottom: the genomic coordinates 

(chr4:89189503-89190458; hg19), followed by black boxes indicating the area covered 

by the ECR423 enhancer. Following this are blue hatched lines indicating intron 1 and 

exons of PPM1K. Two density bars indicate the DNA occupancy of H3K27ac and 

H3K4me1. Following this is the DNA occupancy of several TFs as determined by ChIP-

seq. Representative cell lines for each TF are grouped together, with each cell line on its 

own line followed by a bar, with the length indicating the breadth of the peak and the 

shading density indicating its strength. Cell lines include HepG2 (HepG) and MCF-7. 

Finally, black lines indicate locations with associated rs numbers for the SNPs reported in 

dbSNP 137: non-coding SNPs are in black, non-synonymous SNPs are in red and 

synonymous SNPs are in green. Schematic was made using the UCSC genome preview 

browser. 
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4.5. Discussion 

Alteration of ABCG2 gene expression has been shown after many types of 

stimulus including hypoxia35, inflammation36, xenobiotics37, hormones38,39 and 

nutrients40,41. Additionally ABCG2 is only expressed in select tissues, such as liver, 

intestine and breast4. Variability of ABCG2 expression has not been accounted for by 

non-synonymous variants of ABCG233, and thus additional mechanisms are indicated as a 

cause of variation in expression28. There is much evidence for cis-elements in the 

regulation of tissue-specific genes81, and it is becoming rapidly apparent that many TFs 

prefer to bind at cis-elements rather than proximal promoters to confer gene 

induction48,50. Thus, the several response elements for NRs and other TFs that have been 

mapped to the ABCG2 proximal promoter might contribute less to the variability of 

ABCG2 expression and indeed no SNPs have been reported within these response 

elements33. Aside from elements in the proximal promoter, very little has been done to 

identify either nuclear response elements or tissue-specific suppressors and enhancers of 

ABCG2 within its gene locus. The possibility of finding a tissue-specific cis-regulatory 

element of ABCG2 could have implications on ABCG2 variation within those tissues.  In 

the present study regulatory elements in the ABCG2 gene locus were identified and 

characterized through in silico, in vitro and in vivo methods.  

Our in silico scheme, considering DNA conservation, TFBS conservation, TF 

clustering and ChIP-seq, was able to identify over 110 putative enhancer elements and 

thirty high priority regions were selected for in vitro screening. Of the thirty high priority 

putative regulatory elements screened in vitro, eleven had in vitro enhancer activity in at 

least one cell line. Additionally, ten of the high priority regulatory elements were 
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screened for suppressor activity and seven of the ten elements had suppressor activity in 

at least one cell line, with the ECR429 region having cell-dependent suppressor and 

enhancer activity. Therefore, based on in silico predictions we were able to identify 

seventeen regions with in vitro regulatory activity, a 57% success rate. The in vitro assays 

allowed us to have stringent criteria for selecting enhancer elements for in vivo follow up. 

We screened nine regions in the in vivo hydrodynamic tail vein assay and identified six 

regions with positive in vivo enhancer activity, a 67% success rate. Of the thirty regions 

that entered the in vitro characterization steps, six of them were positive in vivo liver 

enhancers, an overall 20% success rate. Our in vivo success rate was two-fold higher than 

in a previous liver membrane transporter enhancer screen which utilized conservation and 

liver-specific TFBS as criteria to screen regions for in vivo liver enhancer activity80, 

indicating that an additional layer of in vitro cell-based screening or the addition of ChIP-

seq data could improve the selection process for in vivo enhancers. We also observed that 

none of the positive in vivo enhancer elements were greater than 1000 bp, which is less 

than that seen for developmental enhancers57 but consistent with other in vivo liver 

enhancer regions80. Only two of the suppressor regions, ECR25 (1438 bp) and ECR425 

(1909 bp) were over 1000 bp long. The current understanding is that regulatory elements 

can range from 100 to several kb, but are on average 500 bp55.  

The strength of our enhancers both in vitro and in vivo was quite high. Our in vivo 

liver enhancer activity ranged from ECR400 at >120-fold activation, three times that of 

the positive ApoE control, to 1.7- fold in the CR6 enhancer; the remaining enhancers 

showed 5- to 12- fold relative activation. This degree of activation is in the range of the 

strong enhancer elements previously discovered in screens for regulatory elements of 
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membrane transporters80,82. Additionally, these elements have strong enough enhancer 

activity that alterations in activity due to SNPs could be detected. Characterization of 

SNP effects on these in vivo liver enhancer elements is reported in Chapter 5.  

At the beginning of our screen, only a few of the ENCODE ChIP-seq experiments 

had been completed and the data publicly available. However, there are now many 

experiments on the ChIP-seq database, including cells before and after treatment with NR 

ligands that would be an excellent source for future regulatory element searches66. It is 

worth noting that not all of the regions with ChIP-seq data were enhancers. ECR54 for 

example has many ChIP-seq peaks, especially strong and reproducible signals for CTCF 

(data not shown), but ECR54 showed neither enhancer nor suppressor activity in most of 

the cell lines. This could be because CTCF can act as a general TF, but it is most well 

known for its ability to act as an insulator and modulator of chromatin structure76,83. 

Additionally, our highest in vivo enhancer ECR400 was fairly devoid of ChIP-seq data. 

Clearly we cannot just rely on ChIP-seq data to find regulatory elements, as there are 

many TFs that have either not been characterized or do not have reliable antibodies for 

use in ChIP-seq experiments.  

In order to investigate possible mechanisms driving the activity of our positive in 

vivo enhancers, we mined the ENCODE database for ChIP-seq signals of TF binding and 

DNaseI hypersensitivity; additional data from our original in silico screen, such as 

conserved TFBS was also considered for these regions. Our strongest in vivo enhancer 

was ECR400, but it was a relatively weak in vitro enhancer and had no activity in HepG2 

cells. ECR400 has a conserved binding site for Octamer 1 (Oct1, POU2F1), a TF which 

has been shown to interact with NRs RXRα84, GR, AR and PR85,86 and general TFs like 



259 
 

Sp187,88. ECR400 has only weak ChIP-seq peaks for CTCF in several cell lines but strong 

DNaseI sensitivity. CTCF has also been reported to act on its own as both a suppressive 

and activating TF83, however CTCF is most strongly linked to decreased gene 

expression89, therefore it is likely that additional TFs not picked up in the ENCODE 

ChIP-seq experiments are driving the activity of ECR400. For example, our TRANSFAC 

analysis of ECR400 predicted binding sites for CAR, LXR, PXR, VDR and AhR (data 

shown in Chapter 6: Table 6.1). Additional studies to characterize the TFs responsible for 

this strong activity of the in vivo liver enhancer ECR400 are discussed in Chapter 6. It is 

also important to note with ECR400 that it is ~4000 bp upstream of the PKD2 promoter 

and could alternatively be regulating the expression of PKD2 or be working as a loci 

enhancer element to regulate both the expression of PKD2 and ABCG2. 

In contrast to ECR400, CR6 was the strongest in vitro enhancer in all the cell 

lines, but it had relatively weak enhancer activity in vivo, hardly reaching significance 

with a 1.7-fold activation. CR6 is located just downstream of the 3’ end of ABCG2, an 

ideal location for looping around and regulating the transcription of ABCG2. Some of the 

strongest ChIP-seq signals in CR6 were for Max, FOSL2, CTCF and CREB1. FOSL2 is a 

member of the c-Fos TF family and a TF that can dimerize with other AP-1 proteins at 

AP-1 sites90. AP-1 and CREB1 have both been shown to interact with hormone receptors, 

like ER, during their response to ligands91–93. Additionally, we explore and discuss a 

PXR-dependent activation of CR6 activity in Chapter 6. If CR6 is relevant to the 

hormonal alteration of ABCG2 expression, the absence of hormone receptor ligand could 

account for the lack of in vivo activity of CR6. As our cells were cultured in phenol red 

containing media, it is important to note that this media on cells in vitro has been reported 
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to work as a NR ligand94. This could also be the case for CR19, which had no in vivo 

activity, but has ChIP-seq peaks for multiple ER binding sites and is induced by estrogen 

(see Chapter 6).  

Another possible TF relevant for CR6 activity could be Max. Max is a dimer 

partner to the Myc proteins, and Myc-Max dimers usually activate genes through 

enhancer elements95. Additionally, cMyc-Max have been shown to bind to the proximal 

promoter of ABCG2, only when it is unmethylated, to activate ABCG2 transcription95,96. 

Since Myc is a well known oncogene and increases in ABCG2 expression cause drug 

resistance in tumor cells, finding regulatory elements that link Myc with ABCG2 

expression could provide additional mechanisms for the acquisition of drug resistance by 

tumor cells and possible targets to reverse this resistance. 

Due to the dynamics of tissue-specific expression of TFs, cis-regulatory elements 

could have either suppressor or enhancer activity depending on the balance of TFs 

present in the cell. ECR429 is located just upstream of the PPM1K promoter, a location 

that could work to regulate either PPM1K or ABCG2. ECR429 was chosen for suppressor 

follow-up due to its 50% reduction in activity in both HepG2 and HCT116; suppressive 

activity of ECR429 was confirmed in the HEK293T and HCT116 cell lines. ECR429 was 

also chosen for in vivo enhancer follow up but did not show any in vivo enhancer activity. 

We searched for mechanisms that could explain both suppressor and enhancer properties 

of ECR429 in vitro. The ECR429 region has DNaseI sensitivity and a ChIP-seq peak for 

the Egr-1 TF (data not shown). The Egr-1 is both a suppressive and activating TF97; it has 

been shown to cooperate with p30098, AP-2 and GR99 in activating genes, and could be 

responsible for the cell-specific activity of the region. Interestingly, ECR429 activity was 
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decreased upon estrogen treatment and increased with 48 hr dexamethasone treatment 

(see Chapter 6). This indicates the possibility that the binding of Egr-1 in ECR429 could 

be facilitating the binding of NRs, such as GR, while competing with others, such as ER, 

to elicit the activity of ECR429. ECR429 is located upstream of ABCG2 by ~ 120,000 kb 

and upstream of PPM1K by ~2,000 bp. Both ER and GR response elements have been 

shown to prefer binding to elements far away from the proximal promoter48,49. The only 

known ERE for ABCG2 is in the proximal promoter, therefore the location of ECR429 

could facilitate the ability of ECR429 to regulate ABCG2 through both ER and GR. 

PPM1K has been shown to be a ERα response gene100 and ECR429 could be a possible 

ERE for PPM1K too. Further discussion on the hormone regulation of the ECR429 

region will be made in Chapter 6.  

 Three of the in vivo liver enhancers (3 out of 9, 33%) were within intronic regions 

of ABCG2, which is consistent with the finding that 40% of enhancers are in intronic 

regions81. The ABCG2 intron 10 enhancer ECR31 exhibited activity of 16- fold in 

HEK293T and over 2- fold in HCT116 and MCF-7 cells, which were confirmed by in 

vivo liver enhancer activity of 5-fold. There were many strong ChIP-seq peaks in the 

ECR31 enhancer including sites for GATA-2, AP-2γ, AP-2α, p300, GATA3, c-Fos, 

JunD, c-Jun, CEBPB, FoxAl and KAP1. JunD, c-Jun and c-Fos are all members of the 

AP-1 TF complex90. JunD is a central player in lymphoid cells90, c-Jun, which can 

dimerize with c-Fos, is essential for hepatic development90,101 and c-Fos is a well known 

oncogene implemented in osteogenesis102,103. Additionally, c-Fos and c-Jun were found 

bound to ECR31 in human umbilical vein endothelial cells (HUVEC, represented by H in 

Figure 4.14).  ABCG2 is highly expressed in the side population of hematopoietic stem 
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cells, placental syncytiotrophoblasts and hepatocytes4; it would be interesting to see if 

ECR31 assists in this tissue-specific expression of ABCG2. AP-2γ and FoxA1 have been 

shown to work as long-range tethering sites for the ERα-mediated transcription53. The 

evidence for these TFs binding to ECR31, along with that of p300, could mean that 

ECR31 is also relevant to NR regulation of ABCG2 expression. Additional studies are 

needed to confirm that these TFs are driving ECR31 activity in vivo.  

The second ABCG2 intronic enhancer was ECR33. The ABCG2 intron 9 enhancer 

ECR33 was active in HepG2 and HCT116 cells, as well as in vivo. There are many strong 

ChIP-seq signals for TFs bound to the ECR33 region. Among them is the HNF4γ nuclear 

receptor, which often confers tissue specific expression and is expressed in kidney and 

intestine, but not liver104. Since ECR33 was active in the human colon carcinoma cell line 

(HCT116), ECR33 could be playing a role in the tissue-specific expression of ABCG2 in 

the intestines. Other TFs bound to ECR33 are RXRα and HNF4α. In addition to RXRα’s 

importance in the placenta, both TFs are important liver specific nuclear factors105,106. 

RXRα and HNF4α have also been shown to interact with each other and with ERα107. 

While CAR and PXR crosstalk with FoxA2 to regulate hepatic genes108, the presence of 

GR, FoxA1, Sp1, RXRα and a strong p300 ChIP-seq signal indicate a likely role of 

ECR33 in hormone response and possibly the expression of ABCG2 in the intestines, 

liver and placenta. Interestingly, the GR ChIP-seq peak was seen in A549 cells treated 

with increasing concentrations of dexamethasone. Our own assays show ECR33 responds 

to both rifampin and estrogen treatment (see Chapter 6). The presence of all these NRs 

supports the theory that these TFs work as parts of a functional composite NR response 

complex46,48. ECR33 is in intron 9, only 2,000 bp downstream of ECR31; the enhancer’s 
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adjacent locations could allow for them to work together in recruiting additional TFs 

necessary to moderate ABCG2 expression in a tissue-specific manner. 

The last indentified ABCG2 intronic enhancer, ECR44, is in intron 1. Another 

study that utilized conservation and TFBS clustering in order to identify high priority 

regions of ABCG2 intron 1 for sequencing, also identified a section of intron 1 that 

includes the ECR44 genomic region33. Although this study didn’t test the cis-element 

activity of the region, it is promising that our in silico screen was able to identify this 

region as having potential cis-regulatory activity. ECR44 had enhancer activity in all four 

cell lines and in the liver in vivo. ChIP-seq data shows a signal for binding of TFs 

including Max, p300, TAF1 and NR2F2 to ECR44. The NR2F2 TF, also known as 

COUP-TFII, is a member of the steroid receptor family and is important in glucose, 

cholesterol and xenobiotic metabolism pathways109. The ABCG family has been heavily 

associated with the transport of cholesterol steroids110, and ABCG2 itself has been linked 

with reducing the efficacy of statin drugs111. COUP-TFII binds to the same direct repeat 

segments as VDR, thyroid hormone receptor (TR), retinoic acid receptor (RAR), RXR, 

PPAR and HNF-4; therefore its exerts negative regulatory function on these NR by 

competing for their common response element109. GR binding stimulates COUP-TFII 

induced transactivation by attracting cofactors, while COUP-TFII represses the GR-

governed transcriptional activity by tethering repressors112. With the presence of p300 at 

ECR44, this element could be working through NR2F2 to regulate ABCG2 expression in 

response to steroids such as cholesterol.  

In addition to intronic enhancers, we identified the ECR423 enhancer which 

encompasses exon 4 of PPM1K. This is not the first example of a coding exon working 
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as an enhancer to regulate the tissue-specific expression of a neighboring gene113. 

However, these examples have been infrequent, probably since in silico pipelines to 

identify conserved enhancer elements eliminate coding regions under the assumption that 

they are conserved due to being necessary for the protein, not due to cis-regulatory 

activity. Since exon 4 of PPM1K is relatively short, we decided not to exclude this region 

for our analysis because it also held numerous conserved and non-conserved predicted 

TFBS (data not shown) and it is a region with overlapping cis-element clusters and 

evolutionary conservation. Unfortunately, there has been very little TF binding 

information available from ChIP-seq databases for the ECR423 region. As one of the 

strongest in vivo liver enhancers in our screen, additional follow-up assays are warranted 

to identify which TFs are driving the activity of ECR423.  

The entire pipeline to indentify cis-regulatory elements in the ABCG2 gene locus 

yielded many in vivo liver enhancers with strong support of their activity by ChIP-seq 

data. It is important to note that although we screened 30 regions in the ABCG2 gene 

locus, there is a possibility that we missed other important regulatory regions. Since the 

enhancer assay is set up as a putative cis-element cloned into a reporter vector, it is not 

able to assess possible long-range dynamics, like enhancer-enhancer interactions. 

Additionally, many nuclear response elements work in coordination with other TFs, like 

p300, in order to remodel chromatin, and the chromatin context is extremely important in 

the TF activity46,114. Without the complex chromatin context that a vector is unable to 

provide, in addition to the possibility of not having necessary TFs present in the cells, 

some of these regions could still be in vivo cis-regulatory elements. Furthermore, there 

are limitations of the hydrodynamic tail vein assay that include possible incompatibilities 
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of mouse TFs with that of human TFBS. Also, we only used livers that were harvested 

from mice injected with the enhancer plasmids, so we were not able to address other 

tissue-specific enhancers. Some of the in vitro enhancers could possibly be enhancers for 

other tissues where ABCG2 is expressed such as in the breast, placenta and intestine. A 

developmental screen would be needed to confirm other tissue enhancer activity for these 

regions. Although there is the possibility of examining kidney-enhancers through a renal 

vein injection115, such an experiment was unsuccessful in our hands due to the difficulty 

of injecting mouse renal veins.  

 

4.6. Conclusions 

Through detailed in silico, in vitro and in vivo cis-regulatory assays, we identified 

multiple regions in the ABCG2 gene locus that function as enhancers and suppressors. 

These regions have evidence for TF binding that could link them with tissue-specific or 

nuclear receptor responsive expression of ABCG2. Through computational genetics, in 

vitro and in vivo assays, regulatory regions can be successfully identified and 

characterized. With increasing evidence for the effects of cis-regulatory regions on drug 

disposition and efficacy28, identification of these elements can help elucidate how genetic 

variants in non-coding regions of the genome cause clinical variation in ADME gene 

expression, pharmacokinetics and pharmacodynamics of drug response or disease 

progression.   
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Chapter 5 : Effect of SNPs on ABCG2 Locus Enhancer Regions 

5.1. Abstract 

 ABCG2 encodes the mitoxantrone resistance protein (MXR, BCRP), a membrane 

transporter responsible for the efflux of its substrates out of the cell and important in 

detoxification. In the present study, the effect of genetic variation on the in vitro enhancer 

activity of six previously identified liver enhancers in the ABCG2 locus was examined. 

The effect of variants on enhancer activity in vivo and on in silico predictions for 

transcription factor binding was also characterized. Reference and variant ABCG2 gene 

locus liver enhancers, cloned into the pGL4.23 expression vector, were tested for their 

ability to alter luciferase activity when transiently transfected into HepG2 and HEK293T 

cell lines. Multiple SNPs were found that both increased and decreased enhancer activity 

in vitro. Three SNPs (rs9999111, rs12508471 and rs149713212) decreased the activity of 

the enhancers by at least 50% and four SNPs (rs72873421, rs183322988, rs190738974 

and rs2725263) increased the activity of the enhancers by over 2-fold in both cell lines. 

Four of these SNPs (rs9999111, rs12508471, rs72873421 and rs149713212) significantly 

decreased and rs2725263 significantly increased enhancer activity in vivo. The in silico 

transcription factor binding analysis found alterations in binding probabilities of 

prominent transcription factors for each of these SNPs that could explain their ability to 

alter enhancer activity in vivo. Additionally, associations of these SNPs with ABCG2, 

PPM1K or PDK2 expression in liver, kidney, breast, lymphocytes, T-cells and skin cells 

were detected. In conclusion, genetic variants in ABCG2 gene locus liver enhancers could 

be a contributing factor to the variability of ABCG2, PKD2 and PPM1K expression in a 

tissue-specific manner. 
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5.2. Introduction 

 The mitoxantrone resistance protein (MXR, BCRP), encoded by the ABCG2 gene, 

is a member of the ABC membrane transporter family and is responsible for transport of 

its substrates across the intestinal epithelial cells back into the intestinal lumen, from the 

hepatocyte into the bile, into milk, away from the placenta and brain, and into the lumen 

of the renal proximal tubule1. With MXR playing important roles in the disposition of 

xenobiotics and endogenous ligands throughout the body, it’s not surprising that reduced 

expression and function of MXR is associated with a variety of drug side effects, lower 

efficacy of treatments and increased susceptibility to cancer2–10. Although reduced 

function variants of MXR occur11–17, all the variability in ABCG2 expression and MXR 

substrate pharmacokinetics cannot be accounted for by these nonsynonymous variants. 

For example, even in individuals without these variants there is a wide range of ABCG2 

expression18.  

 There are many phenotypes associated with decreased, absent or drug-inhibited 

MXR. MXR knockout mice (Abcg2-/-) experience phototoxicity due to the accumulation 

of porphyrins19, which are established MXR substrates20. Normally, MXR protects 

tissues during hypoxia by effluxing heme and porphyrin compounds out of the cell21. 

Reduced porphyrin transport by MXR could thus be an explanation for human 

phototoxicity in individuals treated with a number of MXR substrates such as statins22 

and imatinib23. MXR also transports uric acid, and polymorphisms of ABCG2 have been 

repeatedly associated with gout24. Statins are proposed as a treatment for gout since they 

are able to alter ABCG2 expression25. Polymorphisms in ABCG2 have also been linked to 

increased risk of diarrhea in patients taking gefitinib, another MXR substrate26. Altered 
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ABCG2 expression has been associated with decreased disease-free survival3–10 as a 

result of the natural protective role of MXR against carcinogens27 and its ability to efflux 

chemotherapeutics out of the cancer cell28. Based on the important function of MXR in 

protection from toxins and intracellular access to drugs, identifying regulatory regions of 

ABCG2 and functional SNPs within those regions may inform about the mechanisms of 

regulation of ABCG2 expression.  

  MXR is one of many transporters and enzymes important in drug absorption, 

distribution, metabolism and excretion (ADME). Recently, the transcriptional regulation 

of ADME genes has been linked to cis-regulatory elements, and alterations in their 

expression due to variants in those regulatory elements are becoming more evident29,30. 

Additionally, expression quantitative trait loci (eQTL) studies of human genes have 

implicated proximal regulatory variation as a prevalent cause of population variation in 

gene expression by associating a genetic variation with the expression of a gene of 

interest31,32. Cis-regulatory elements include enhancers, suppressors, promoters, 

insulators and locus control regions that work to regulate the transcriptional activity of 

the basal transcription machinery. These genomic regions provide binding sites for 

transcription factors (TFs), which can be ubiquitous or tissue-specific, that work through 

complex interactions with histones, other TFs and/or RNA polymerase to alter gene 

transcription. In our previous research, we characterized the ABCG2 promoter (see 

Chapter 3) and utilized comparative genomics along with in vitro and in vivo assays to 

identify nine liver enhancers in the ABCG2 gene locus (see Chapter 4). 

 The ABCG2 gene locus is shared with the polycystic kidney disease 2 (PKD2) 

and protein phosphatase 1K (PPM1K) genes. PKD2 encodes the polycystin-2 protein, an 
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integral membrane protein implemented in cell-cell interactions, renal tubular 

development and calcium homeostasis in the kidney33. Germline mutations in PKD2, and 

the resulting reduction in polycystin-2 protein, cause autosomal dominant polycystic 

kidney disease (ADPKD)34. Additionally, somatic mutations in PKD2 occur in ADPKD 

patients with germline PKD1 mutations causing more severe disease33. Although they 

have not been identified, other genetic modifying effects causing wide variability in 

PKD1 and PKD2 expression have been linked to the ADPKD phenotype and disease 

progression35.  

 The other member of the ABCG2 gene locus is the PPM1K gene. PPM1K encodes 

the protein phosphatase 2Cm (PP2Cm) enzyme important in branched-chain amino acid 

homeostasis and regulation of the mitochondria permeability transition pore36.  PP2Cm is 

highly expressed in the brain, heart, liver and kidney and is also transcriptionally 

regulated in response to nutrient status37. Any cis-regulatory elements found in the 

ABCG2 gene locus could also be important for the regulation of PKD2 and PPM1K. 

Therefore, it is important to also test the association of enhancer SNPs with the 

expression of these two genes. 

 In this study, we test the hypothesis that SNPs in previously identified (see 

Chapter 4) regulatory regions of the ABCG2 locus explain the variation in ABCG2, 

PKD2 or PPM1K expression. Variants in the liver enhancer regions reported in publicly 

available databases were studied in the pGL4.23 [luc2/minP] vector. The pGL4.23 vector 

is a firefly luciferase vector with a multiple cloning site designed to accept a putative 

enhancer element upstream of a minimal promoter and the luciferase gene, once cloned 

and transfected into cells, the luciferase activity can be measured as a surrogate for 



281 
 

enhancer function.  Enhancer activity of the variant plasmids was measured in vitro in 

kidney (HEK293T) and liver (HepG2) cells, each chosen to represent their primary tissue 

source, and variants with altered function were tested in vivo using a hydrodynamic tail 

vein assay. SNPs that significantly altered in vivo liver enhancer activity were then tested 

for association with ABCG2, PKD2 and PPM1K expression in human liver, kidney, 

breast, lymphocyte, T-cell and fibroblasts. The ability of functional SNPs to alter TFBS 

was predicted using in silico methods. The findings from these studies provide insight 

into how non-coding genetic variants may lead to altered exposure, and thus toxicity, to 

MXR substrates. 

 

5.3. Materials and Methods 

5.3.1. Chemicals and Materials 

The vectors pGL4.23 [luc2/minP], pGL4.74 [hRluc/TK], pGL4.13 [luc2/SV40], 

the Dual-Luciferase® Reporter Assay System and HB101 competent cells were all 

purchased from Promega (Madison, WI). The human embryonic kidney (HEK293T/17) 

and human hepatocellular carcinoma (HepG2) cells were purchased from the American 

Type Culture Collection (ATCC, Manassas, VA). High-glucose Dulbecco’s modified 

Eagle’s medium (DMEM), Opti-Minimal Essential Medium (Opti-MEM), Lipofectamine 

2000 and Trizol were all purchased from Invitrogen (Carlsbad, CA). Both 100 mm LB 

Amp-100 agar plates and LB Broth 100 μg/mL ampicilin were purchased from Teknova 

(Hollister, CA). RNase- DNase- water, 1X phosphate buffered saline (PBS), 0.05% 

trypsin and 100X penicillin and streptomycin were all purchased from the University of 

California San Francisco (UCSF) cell culture facility (San Francisco, CA). The GeneJet 
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PCR Purification Kits and GeneJet Plasmid Miniprep Kits are from Fermentas (Glen 

Burnie, MD). High-Fidelity Phusion Buffer, Phusion High-Fidelity DNA Polymerase, 

DpnI and DpnI digestion buffer were all purchased from New England Biolabs (Ipswich, 

MA). AllPrep DNA/RNA Mini Kits, QIAquick PCR Purification Kits, and Qiagen 

RNeasy MinElute Cleanup Kits were from Qiagen (Valencia, CA). Other materials 

including 10% fetal bovine serum (FBS) (Axenia BioLogix, Dixon, CA), GenElute HP 

Endotoxin-Free Maxiprep Kit (Sigma Aldrich), TransIT EE In Vivo Gene Delivery 

System (Mirus Bio, Madison, WI), CD1 mice (Charles Rivers Laboratories, Wilminton, 

MA), High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster 

City, CA), 10 U/mL Exonuclease I enzyme (GE Healthcare, Piscataway, New Jersey) and 

dNTPs (Denville, Metuchen, NJ) were purchased from the indicated manufacturers. The 

APOE-pGL4.2338  construct was a gift from Nadav Ahituv (University of California San 

Francisco, San Francisco, CA). 

 

5.3.2. Genetic Analysis of Enhancer Regions 

SNPs in each of the ABCG2 in vivo enhancer regions were retrieved for all 

available ethnic populations from publicly available databases, including 1000 Genomes 

20120214 phase 1 release39, dbSNP build 135 and HapMap release 2840. Genotypes from 

1000 Genomes 20100804 phase 1 release were used for calculating haplotypes. 

Haplotypes were determined by downloading each region’s genotype and information 

files from the 1000 Genomes browser for Caucasians (CEU), Nigerians (YRI), combined 

Chinese and Japanese (CHB+JBT) and all available ethnic groups combined (ALL). 

Genotype and information files were then loaded into Haploview version 4.241 and 
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linkage analysis was performed on each region. Haplotype frequencies are reported as the 

frequency of one haplotype compared to all other haplotypes. SNP and haplotype 

frequencies for each enhancer region are displayed in Table 5.7 - Table 5.12. All SNPs 

were tested in vitro regardless of minor allele frequency. SNPs in linkage disequilibrium 

(LD) with rs12508471, rs72873421, rs149713212, rs9999111 and rs2725263 (r2 

threshold  ≥ 0.8) were extracted from 1000 Genomes pilot 1 genotype data using the 

Broad Institute SNP annotation and proxy search (SNAP) version 2.242  for each 

population (CEU, YRI and CHB+JBT) separately.  

 

5.3.3. Primer Design 

 DNA sequences ±25 bp for each SNP were pulled from the UCSC genome 

browser. The site-directed mutagenesis (SDM) primers for each SNP in a positive in vivo 

ABCG2 locus enhancer were designed using the PrimerX© program and synthesized by 

Integrated DNA Technologies (San Diego, CA). Each primer was diluted to 100 μM in 

TE buffer and each primer set (forward and reverse) was combined in a 10 μM solution 

in RNAse and DNase free water for use in SDM PCR. Primers for the deletion SNP 

rs36105707 were designed according to the large deletion/insertion protocol described in 

Chapter 3. In short, the primers were designed to overlap on their 5’-end so that the 

deletion is missing from both primers (see Figure 3.2B) and to ensure that the melting 

temperature of the non-overlapping section of the primers is larger than that of the 

overlapping section of the primers by 5-10°C. 
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Table 5.1. ECR44 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 

rs9999111  T<G CCTTTTCTCACTGTG[C]ATTCAATCAACAGA  58 

  
TCTGTTGATTGAAT[G]CACAGTGAGAAAAGG  

 rs138867860 G<T CTACCAATTTTACTT[A]TTTCCCATAAGAGACT  58 

  
AGTCTCTTATGGGAAA[T]AAGTAAAATTGGTAG  

 rs114916387  A<G CTTACCAGAGCCTAA[C]AGATAGAAGCTCAC  60 

  
GTGAGCTTCTATCT[G]TTAGGCTCTGGTAAG  

 1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 

 

Table 5.2. ECR400 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 

rs72873421 G<A CCAAATCTATCATGAA[A]AAGGCCACAAATCCTAGC 60 

  GCTAGGATTTGTGGCCTT[T]TTCATGATAGATTTGG  
rs117741074 C<T GTTCTTCTCATAAA[A]CCCAAAACACCAGA 60 

  TCTGGTGTTTTGGG[T]TTTATGAGAAGAAC  
rs2728131 C<T CCTTTTAAAATGG[T]TCCTTCCAGCGTC 60 

  GACGCTGGAAGGA[A]CCATTTTAAAAGG  
rs12508471 A<G ACGGTGGCACTA[G]GACTGAGGTGAG 60 

  CTCACCTCAGT[C]CTAGTGCCACCGT  
889241694 T<C GAAACTCCTTTTGGA[T]TTCCTCTCGAGGTG 58 

  CACCTCGAGAGGAA[A]TCCAAAAGGAGTTTC  
rs12500008 G<T GTCTCCACCTC[T]AGAGGAAATCC 62 

  GGATTTCCTCT[A]GAGGTGGAGAC  
rs78901673 A<G ACCGTGG[G]CGCTGGAAGGA 62 

  TCCTTCCAGCG[C]CCACGGT  
1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 
4Primer mutates enhancer region back to reference, this is not a reported SNP 
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Table 5.3. ECR423 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 
rs137884075 C<T GGAGGGCAGATCA[T]GAGGTCAGGAGATC  60 

  
GATCTCCTGACCTC[A]TGATCTGCCCTCC  

 rs142621223 G<A GAGGGCAGATCAC[A]AGGTCAGGAGATC  60 

  
GATCTCCTGACCT[T]GTGATCTGCCCTC  

 rs139553964 G<A GGTCAGGAGATC[A]AGACCATCCTGG  58 

  
CCAGGATGGTCT[T]GATCTCCTGACC  

 rs149713212  G<A CACGGTGAAACCCC[A]TCTCTACTAAAAAAC  58 

  
GTTTTTTAGTAGAGA[T]GGGGTTTCACCGTG  

 rs144565932 G<A CAAAAAATTAGCCGAGC[A]TGTTGGCAGGC  60 

  
GCCTGCCAACA[T]GCTCGGCTAATTTTTTG  

 rs62309980  C<T GGCGCCTGTAGT[T]CCAGCTACTCAG  60 

  
CTGAGTAGCTGG[A]ACTACAGGCGCC  

 rs76888829  T<C GCATCACTATCTACAAA[C]GGCCTCTATTCATATC  60 

  
GATATGAATAGAGGCC[G]TTTGTAGATAGTGATGC 

 rs9998634  C<A GGATATCTGGTGTCCA[T]ACTGAAAGTATTAAA  60 

  
TTTAATACTTTCAGT[A]TGGACACCAGATATCC  

 rs77538297  C<T CACAAAATAGCC[T]GGCTGTCCCCAAC  60 

  
GTTGGGGACAGCC[A]GGCTATTTTGTG  

 rs35696062  G<- CATCTCGCAATA[-]GGCTACTGTTGCAGTAG  60 
    CTACTGCAACAGTAGCC[-]TATTGCGAGATG    
1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 
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Table 5.4. CR6 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 

rs45510401  A<G AAAGAATACATAAAATAGGAT[G]TAATTAAATTCTCATTTAT  60 

  ATAAATGAGAATTTAATTA[C]ATCCTATTTTATGTATTCTTT   
rs5735191574 -<A CAAAAAAAAAAAA[A]TTAGCCGGGCGTG  60 

  CACGCCCGGCTAA[T]TTTTTTTTTTTTG   
rs5883021  A<- CAAAAAAAAAAAAAAAAAAAA 

[-]GTCCTTAATTTTAAAATGG  60 

  CCATTTTAAAATTAAGGAC[-]TTTTTTTTTTTTTTTTTTTTG   
rs186188962  C<T CCACCCGCTT[T]GGCCTCCCA  65.4 

  TGGGAGGCC[A]AAGCGGGTGG   
rs144180103  T<- GCTAATTTTTTTTTTTT[-]GTATTTTTAGTAGAGAC  58 

  GTCTCTACTAAAAATAC[-]AAAAAAAAAAAATTAGCC   
rs190754327  G<C GTAATGGCTGG[C]ACTACAGGCTCC  64.9 

  GGAGCCTGTAGT[G]CCAGCCATTAC   
rs2725268  A<G AAAGAATACATAAAATAGGAT[G]TAATTAAATTCTCATTTAT  56 

  ATAAATGAGAATTTAATTA[C]ATCCTATTTTATGTATTCTTT   
rs183322988  A<G ATTAACTTTTTAAATAA[G]TGAGAATTTAATTATATCCT  58 

    AGGATATAATTAAATTCTCA[C]TTATTTAAAAAGTTAAT    
1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 
4Primer mutates enhancer region back to reference 
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Table 5.5. ECR31 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 

rs139101431 T<C CTGAAGAAACACCTAAGGTTCTTC[T]TTATTTCTC 59.2 

  GAGAAATAA[A]GAAGAACCTTAGGTGTTTCTTCAG  
rs144062279 G<A CAAAGTTCCAGTTG[A]AGACCAGGTTACTCC 65 

  GGAGTAACCTGGTC[T]TCAACTGGAACTTTG  
rs27252644 C<T GTTACTCCATGTCCT[C]TCCAAATGCTTCCTG 60 

  CAGGAAGCATTTGGA[G]AGGACATGGAGTAAC  
rs4148156 G<A GTCTGGAAATAATCT[A]GATACCTCAGCCC 59.6 

  GGGCTGAGGTATC[T]AGATTATTTCCAGAC  
rs145932752 A<G CTTATTCTTTAAAAAATA[G]TCAGCCTTTCCAGACATC 59.2 

  GATGTCTGGAAAGGCTGA[C]TATTTTTTAAAGAATAAG  
rs6831395 G<A ATAATCAGCCTTTCCA[A]ACATCAAAATAGGCTGC 62.1 

  GCAGCCTATTTTGATGT[T]TGGAAAGGCTGATTAT  
rs27252634 A<C CTTTCCAGACATCAA[A]ATAGGCTGCACATAAG 60 

  CTTATGTGCAGCCTAT[T]TTGATGTCTGGAAAG  
rs192562676 C<T GATACTACCATCTA[T]CCCCTCTAAATCAC 55 

  GTGATTTAGAGGGG[A]TAGATGGTAGTATC  
rs182159263 C<G CTACCATCTACCC[G]CTCTAAATCACTGG 62.1 

  CCAGTGATTTAGAG[C]GGGTAGATGGTAG  
rs187527722 A<G GACAGCAAGC[G]CTACGGAGCAC 65 

  GTGCTCCGTAG[C]GCTTGCTGTC  
rs192781547 A<G GCTTATGTTCAGA[G]CACAATACAGTCG 65 

  CGACTGTATTGTG[C]TCTGAACATAAGC  
rs184709106 C<T CAGAACACAATACAGT[T]GATAAAAAGTCCCCTC 59.6 

  GAGGGGACTTTTTATC[A]ACTGTATTGTGTTCTG  
1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 
4Primer mutates enhancer region back to reference 
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Table 5.6. ECR33 Site-Directed Mutagenesis Primers 
SNP ID Δnt1 Primer Sequence2 Tm3 

rs2231148 T<A CAATTAGAGATAAAAACTTA[A] 
ACACACCATTTATTAGTATA 57 

  TATACTAATAAATGGTGTGT[T]TAAGTTTTTATCTCTAATTG  
rs190738974 A<G AACTTATACACACCATTT[G]TTAGTATAATATATGGT 57 

  ACCATATATTATACTAA[C]AAATGGTGTGTATAAGTT  
rs117761897 C<T CATTAAGATAAACACT[T]AATGGCTTGGCCAACG 62.7 

  CGTTGGCCAAGCCATT[A]AGTGTTTATCTTAATG  
rs41282399 A<C GATAAACACTCA[C]TGGCTTGGCCAAC 61 

  GTTGGCCAAGCCA[G]TGAGTGTTTATC  
rs113647079 C<G CCCTGGGAGAAAATAAAA[G]AGCATACATTATTTAGAC 61 

  GTCTAAATAATGTATGCT[C]TTTTATTTTCTCCCAGGG  
rs2054576 A<G CAATGCAAGTATGT[G]GCAAAGCAAAGTC 61 

  GACTTTGCTTTGC[C]ACATACTTGCATTG  
rs151266026 T<C AAAAATTTTAAAGCACACA[C] 

TAAAAAAATTCTAACAATGG 61 

  CCATTGTTAGAATTTTTTTA[G]TGTGTGCTTTAAAATTTTT  
rs183315559 G<A GTGAGGAAATAG[A]GGTGAGATGGAGC 61 

  GCTCCATCTCACC[T]CTATTTCCTCAC  
rs189214307 C<T CACTACCCATCTC[T]TGTCACTGCTTC 61 

  GAAGCAGTGACA[A]GAGATGGGTAGTG  
rs361057074,5 -< TTAAA ATAACGTAACCC[TTAAA]TTAACCCTTTGCTTATTGAA 62 

  
TTTAAGGGTTACGTTATGATAT[AATTT] 

ATCTGAGAAAATCC  
rs141635727 A<G ACGTTATGATATAATTT[G]TCTGAGAAAATCCTATTT 57 

  AAATAGGATTTTCTCAGA[C]AAATTATATCATAACGT  
rs190767980 C<T AGAAAATCCTATTTATATTTA[T] 

TCGTGAGTTAAATATTAAAA 57 

  
TTTTAATATTTAACTCACGA[A] 
TAAATATAAATAGGATTTTCT  

rs147070185 G<A AAATCCTATTTATATTTACTCA[T] 
GAGTTAAATATTAAAAAAC 57 

  
GTTTTTTAATATTTAACTC[A] 

TGAGTAAATATAAATAGGATTT  
rs26226284 C<A CTGGACAAACAC[C]AATCTTGTTTCTAGG 56 

  CCTAGAAACAAGATT[G]GTGTTTGTCCAG  
1Change in reference to variant nucleotide of the anti-strand 
2Forward and reverse primers per SNP with mutagenized nucleotide in brackets 
3Melting temperature used for annealing step of SDM PCR 
4Primer mutates enhancer region back to reference 
5This primer is used with special PCR conditions 
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5.3.4. Variant Enhancer Plasmid Construction 

 Reference enhancer plasmids, in the pGL4.23 [luc2/minP] vector, were 

constructed as described in Chapter 4. SDM on the reference plasmids were performed to 

create each of the variant enhancer constructs using the primers listed in Table 5.1 - Table 

5.6. PCR reaction components for all SNP primer sets were as follows: 1X High-Fidelity 

Phusion Buffer, 1 unit Phusion High-Fidelity DNA Polymerase, 200 nM dNTPs, 1 μM 

each primer and 100 ng ABCG2 reference enhancer vector, all in a final volume of 50 μL. 

PCR reaction conditions for all primers except for rs36105707 were as follows: An initial 

cycle for 30 sec at 98°C, followed by 20 cycles of 10 sec at 98°C, melting temperature 

(varies per primer pair) for 30 sec and 3 min at 72°C, then a final extension for 10 min at 

72°C. The SDM PCR reactions were then digested for at least 20 min at 37°C with 1 unit 

DpnI in 1X DpnI digestion buffer. The reactions were then purified using the GeneJet 

PCR purification kit per the manufacturer’s protocol, and 5 μL of the purified SDM 

reaction was transformed into 35 μL HB101 competent cells per the manufacturer’s 

protocol. After growing for 24 hr on 100 mm LB Amp-100 agar plates, colonies were 

selected for expansion in LB broth supplemented with 100 μg/mL ampicillin overnight at 

37°C with shaking. DNA was then isolated from the bacteria using the GeneJet Miniprep 

Kit and the vector was sequenced with the RVPrimer3, p150R or region-specific primer 

(see Table 4.4) to confirm the presence of the SNP. Large bacterial preparations of the 

correctly mutagenized plasmids were grown in 150 mL LB broth supplemented with 100 

μg/mL ampicillin overnight at 37°C with shaking and DNA was isolated with the 

GenElute HP Endotoxin-Free Maxiprep Kit per the manufacturer’s protocol.  In order to 

make the ECR400 rs7287321/rs12508471/rs12500008 haplotype, the SNPs for 
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rs7287321 and rs12508471 were introduced into the rs12500008 construct. The ECR33 

rs412823991/rs2622628 haplotype was made by mutating the rs412823991 SNP into the 

rs2622628 construct. The ECR31 rs2725264/rs2725263 haplotype was the genotype of 

the originally cloned ECR31 region and was mutated back to reference. All DNA used 

for the in vitro and in vivo luciferase assays were endotoxin-free to avoid the cytotoxic 

effects of toxins released from the bacteria during lysis; this also allowed for more 

reproducible results. 

 

5.3.5. Deletion Mutagenesis PCR Amplification 

The protocol for large insertion/deletion amplification is explained in detail in 

Chapter 3. The deletion SNP rs36105707 was mutated back to reference in the ECR33 

plasmid using a special protocol illustrated in Figure 3.2 and previously reported to work 

for both deletion and insertion mutatgenesis43.  Primers were designed as described 

above. PCR reaction components were the same as described above. PCR conditions 

were as follows: an initial cycle of 5 min at 95°C, then 12 cycles of 95°C for 1 min, 

46.5°C for 1 min and 72°C for 9 min, with a final cycle of 1 min at 36°C and 30 min at 

72°C.  

 

5.3.6. Cell Culture 

 HEK293T/17 and HepG2 cell lines were grown in high-glucose DMEM 

supplemented with 10% FBS, 100 units/mL of penicillin and 0.1 mg/mL of streptomycin. 

Both cell lines were grown in 5% CO2 at 37°C. To maintain cells, they were split upon 
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reaching confluency by treatment with 0.05% Trypsin-EDTA, washing with 1X PBS and 

suspension in fresh media at a 1:5 to 1:20 dilution. 

 

5.3.7. Transient Transfection 

 For transient transfections of the HEK293T/17 and HepG2 cell lines, cells were 

seeded at approximately 1.8 x 104 cells per well of a 96-well plate in fresh DMEM with 

10% FBS without antibiotics and grown for at least 24 hrs to 80% confluency. Cells were 

then transfected with Lipofectamine 2000 following guidelines suggested in the 

manufacturer’s protocol. In short, 0.5 μL of Lipofectamine 2000 was incubated in 25 μL 

Opti-MEM for 5 min and then gently mixed with a 25 μL solution of 0.08 μg plasmid 

(pGL4.23 [luc2/minP], reference or variant enhancer-pGL4.23 [luc2/minP], APOE-

pGL4.23 or pGL4.13 [luc2/SV40]) plus 0.02 μg pGL4.74 [hRluc/TK] diluted with Opti-

MEM. The DNA-Lipofectamine mixture was allowed to incubate at room temperature 

for 30 min before being placed onto cells with 50 μL of antibiotic-free media. Cells were 

incubated with their transfection reagents for 18-24 hr before analysis. 

 

5.3.8. Luciferase Reporter Assay 

 The day after transfection, each well was washed with 100 μL 1X PBS before 

being lysed with 50 μL of 1X passive lysis buffer for 1 hr with shaking. Then 20 μL of 

HEK293T/17 or 30 μL of HepG2 lysates were measured for firefly and Renilla luciferase 

activity using 70 μL each of the Luciferase Assay Reagent II and Stop & Glo® reagents 

from the Dual-Luciferase® Reporter Assay System in a GloMax 96 microplate Dual 

Injector Luminometer. The firefly activity was normalized to the Renilla activity per well 
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to control for transfection efficiency. Each experiment also included the empty pGL4.23 

vector as the negative control and the APOE-pGL4.23 or pGL4.13 [luc2/SV40] plasmids 

as a positive control. Enhancer activity was expressed as the ratio of the plasmid firefly 

luciferase activity to Renilla activity; the activity of each variant plasmid was then 

normalized relative to that of the reference plasmid, setting the reference activity to one. 

 

5.3.9. Hydrodynamic Tail Vein Assay 

 Positive in vitro variant enhancer elements were screened for their effect on in 

vivo liver enhancer activity through the hydrodynamic tail vein injection44 adapted for 

enhancer element screening45 (see Chapter 4, Figure 4.10). Each variant enhancer, along 

with their reference enhancer construct, was injected into the tail vein of 4-5 mice using 

the TransIT EE In Vivo Gene Delivery System following the manufacturer’s protocol. 

Briefly, 10 μg of pGL4.23 [luc2/minP] vector with or without enhancer element, or the 

ApoE38 positive control liver enhancer, along with 2 μg of pGL4.74 [hRluc/TK] were 

injected into the tail vein of CD1 mice. After 24 hr, mice were euthanized and livers from 

the mice were harvested. Each liver was homogenized in 3 mL of 1X Passive Lysis 

Buffer and then centrifuged at 4°C for 30 min at 14,000 rpm. The supernatant was then 

diluted 1:20 with additional lysis buffer and measured for firefly and Renilla luciferase 

activity using the Dual-luciferase® reporter assay system according to the manufacturer’s 

protocol in a Synergy 2 (BioTek Instruments, Winooski, VT) microplate reader. Each 

liver’s lysate was read in replicate 3-6 times, with each sample’s firefly activity 

normalized to the Renilla activity and then averaged across the replicates for a per mouse 

value. The enhancer or ApoE normalized luciferase activity was compared to that of the 
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empty pGL4.23 vector.  All mouse work was done following a protocol approved by the 

UCSF institutional Animal Care and Use Committee. 

 

5.3.10. Predictions of Transcription Factor Binding Site Changes 

 Two separate computational tools were used to predict differences in the binding 

probability of TFs between reference and variant enhancer sequences. First, Consite46was 

used to directly compare the transcription factor binding sites (TFBS) shared between 

two aligned genomic sequences. For this analysis, enhancer reference and variant 

sequences were extracted from UCSC genome browser (hg19) and imputed as 

orthologous pairs of genomic sequences. The regions were scanned for vertebrate TFs 

provided by the program, with a minimum specificity of 10 bits. With no conservation 

cut off, the TF score threshold was set to 70%, and TFs with greater than 20% change in 

binding probability were extracted. The second computational tool was the 

TRANSFAC’s Match program47. Individually, the genomic sequence of the reference and 

variant enhancers were scanned for the probability of TF binding using the TRANSFAC 

release 2012.2 matrix table of all non-redundant vertebrate TFs with high quality 

matrices. TRANSFAC determines TF matrices to be high quality if they produce a 

minimal amount of false positives when used to scan a control sequence of DNA. 

Additionally, default settings were used to minimize false positives, which are calculated 

by TRANSFAC by setting a minFP value for each matrix equal to the lowest value which 

yields no hits when scanning a control region. The probabilities for TF binding to 

reference and variant enhancer sequences of TF’s with a matrix score >0.70 were 

compiled, and TFs which had a gain or loss of binding were identified. Consite and 
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TRANSFAC also provided alignments of the consensus TF matrix sequence with that of 

the reference and variant enhancer sequences. 

 

5.3.11. Liver and Kidney Tissues 

 Kidney (n=60) and liver (n=60) samples were procured by the Pharmacogenomics 

of Membrane Transporters (PMT) research group at the University of California San 

Francisco (San Francisco, CA)48.  These tissues were purchased from Asterand (Detroit, 

MI), Capital Biosciences (Rockville, MD) and SRI International (Menlo Park, CA). The 

Asterand samples included both postmortem tissues and surgical resections from donors; 

the Capital Biosciences specimens included surgical resections from normal tissue 

surrounding cancer tissues and SRI International included postmortem tissues. All 

samples were stored frozen at -80°C until processing for DNA and RNA. Information on 

the age, sex, and ethnicity of the patient was available for all samples.  

 DNA was extracted from the tissues using a Qiagen AllPrep DNA/RNA Mini Kit 

following the manufacturer’s protocol, with additional DNA clean-up using the 

QIAquick PCR Purification Kit. RNA was extracted from the tissues following the 

protocol for Trizol reagent, followed by RNA clean-up with the Qiagen RNeasy 

MinElute Cleanup Kit following the manufacturer’s protocol. Good-quality RNA 

(260/280 >1.7 and 260/230 >1.8, RNA Integrity number 3-8) was isolated from 58 

kidney samples and 60 liver samples, and these were used to correlate SNP genotype 

with total ABCG2 mRNA expression. RNA (2 μg) was reverse transcribed to cDNA 

using the High Capacity cDNA Reverse Transcription Kit and the following incubation 

conditions: 10 min at 22ºC, 2 hr at 37ºC, 5 min at 4ºC, 10 min at 75ºC and 5 min at 4ºC.  
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Exonuclease I enzyme (10 U/mL) was added to each sample and the following incubation 

conditions were used to remove excess primers: 1 hr at 37ºC, 5 min at 4ºC and then 10 

min at 85ºC to inactivate the exonuclease enzyme.  Samples were then stored at -20ºC 

until assayed for gene expression or genotype.  

 

5.3.12. ABCG2 mRNA Expression and Genotype in PMT Liver and Kidney Tissues 

 Gene expression for ABCG2 (along with other transporters) was evaluated in 60 

kidney and 60 liver samples from surgical resection or postmortem collections in 

Caucasian males and females using the Biotrove Open Array™ qPCR platform (Life 

Technologies, Carlsbad, CA) according to the manufacturer’s protocol. ABCG2 mRNA 

expression was normalized to a geometric mean of the expression of GAPDH, β-2 

microglobin, and β-actin and expressed as 2-ΔΔCt per gene for each sample. All ∆Ct values 

for a given tissue type were quantile normalized across samples using the open source R 

preprocessCore package49,50. Expression data was quality controlled using principal 

component analysis to identify outliers. Of these samples, 58 kidney samples and 34 liver 

samples were successfully genotyped on the Affymetrix Axiom (Santa Clara, CA) 

genotyping platform using the Axiom® Genome-Wide CEU 1 Array Plate (Affymetrix, 

Santa Clara, CA). The samples were tested for quality control (QC) using sex-check, 

identity by descent and call rate tests, of which six kidney samples failed and were 

excluded from further analysis. After initial QC, 52 kidney samples and 34 liver samples 

were included in subsequent analyses.  
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5.3.13. Association of SNPs with Gene Expression 

 Associations between variants and ABCG2 expression levels in the PMT liver 

and kidney tissues were identified by imputing genotypes using 1000 Genomes data and 

then testing for correlation between gene expression and genotype using a linear 

regression adjusted for gender. Additional liver genotype and expression data provided 

by Schadt et al.51 was also analyzed for correlation between genotype and gene 

expression. Additionally, gene expression and genotyping data from The Cancer Genome 

Atlas (TCGA) breast tissue52 was analyzed in a similar manner. All data were analyzed 

using liner regression between SNPs with in vivo effects on enhancer activity and the 

expression of ABCG2, PPM1K and PKD2 using the Affymetrix Genotyping Console 

(Affymetrix, Santa Clara, CA). 

 Recently, a database for integrated analysis and visualization of SNP-gene 

associations in eQTL studies has become available53. This database includes data from 

several sequence and gene expression profiling studies: the MuTHER study54,55 with data 

from female twins in adipose, skin and lymphoblastoid cell lines (LCLs), the Stranger 

study56–59 with data from HapMap LCLs, and the GenCord study60 with data from human 

umbilical fibroblasts, LCLs and T-cells. The expression of ABCG2, PPM1K and PKD2 

was correlated to the ABCG2 locus SNPs that altered enhancer activity in vivo, or when 

the SNP was not genotyped, with SNPs in LD (r2>0.08, as determined above) with these 

SNPs. Using the GeneVar 3.2.0 eQTL analysis program, Spearman rank correlation 

coefficients (rho) for 10,000 permutations per SNP between reference, heterozygous and 

variant alleles were calculated.  
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5.3.14. Statistical Analysis 

 Enhancer activity was expressed relative to the reference sequence as described 

above. Normalized enhancer activities were determined per transfection, with a minimum 

of three and maximum of eight wells per plasmid. All polymorphic enhancer constructs 

were compared to the reference enhancer construct by an ANOVA analysis followed by a 

Bonferroni’s multiple comparison t-test; P < 0.05 was considered significant. 

Polymorphic enhancer constructs identified for in vivo testing had either a 2-fold increase 

or 50% decrease in activity and a P < 0.0001 in both cell lines. Results from the 

hydrodynamic tail vein injection were analyzed using an unpaired Student’s t-test 

between the reference and variant enhancer. All statistics were run using the GraphPad 

Prism 5 program.  

 

5.4. Results 

5.4.1. Genetic Variation in the ABCG2 Locus Enhancer Regions 

 A total of 54 SNPs and 5 haplotypes were obtained from publicly available 

databases throughout all six enhancer regions with in vivo activity. ECR44 had three 

SNPs (Table 5.7), none of which are in linkage disequilibrium (LD) with each other, and 

only the rs9999111 SNP had a minor allele frequency (MAF) ≥ 5%. There are six SNPs 

in the ECR400 region (Table 5.8), as well as a seventh novel SNP found in the cloned 

region (rs88924169 in Table 5.2). In addition, ECR400 has one major haplotype (referred 

to as ECR400*1 throughout results), which is a combination of the SNPs rs72873421, 

rs12500008 and rs12508471. These three SNPs have MAFs ranging from 8.4-38% and 

are in almost perfect linkage disequilibrium (r2=0.96-0.98) with each other (Figure 5.1A). 



298 
 

There are ten SNPs in ECR423 (Table 5.9), but only rs76888829 has a MAF above 2%. 

There are eight SNPs in CR6 (Table 5.10), the most frequent of which is rs2725268, 

which has a MAF ranging from 8-47%. There are 13 SNPs in ECR 31 (Table 5.11) along 

with three haplotypes. The most common ECR31 haplotype (referred to as ECR31*1 

throughout results) is a combination of the two most frequent SNPs rs2725263 and 

rs2725264. These two SNPs have MAFs ranging from 8-87% depending on the ethnic 

population, and the ECR31*1 haplotype has a frequency of approximately 31% with an r2 

= 0.46 between the two SNPs (Figure 5.1B). There are 14 SNPs and two haplotypes in 

ECR33 (Table 5.12). The two haplotypes of ECR33 (*1, rs41282399/ rs2622628) and 

(*2, rs2231148/ rs117761897) are comprised of the four most common SNPs in ECR33. 

ECR33*1 has a frequency of 3.6% and an r2 = 0.13 between the two SNPs (Figure 5.1C). 

ECR33*2 has a frequency of 2.9% and an r2 = 0.07 (Figure 5.1C) between the two SNPs. 

The minor allele frequencies for each of the SNPs and haplotypes that were reported are 

displayed in Tables 5.7-5.12, and the LD plots for selected SNPs are in Figure 5.1. 
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Table 5.7. SNPs in the ECR44 Enhancer 

SNP ID Δnt1  Conserved1 MAF2 % Location3 
AA EUR AS 

rs9999111 A>C Yes 4.7 7.3 0.0 chr4:89073197 
rs138867860 C>A No 0.0 0.0 0.0 chr4:89073397 
rs114916387 T>C Yes 2.0 0.0 0.5 chr4:89073289 
1Nucleotide change and conservation of the reference allele to the variant allele as 
obtained from the UCSC genome browser 

2Minor allele frequency (MAF) for African American (AA), European (EUR), and 
Asian (AS) populations as obtained  from databases described in methods 

3Genomic location obtained from UCSC genome browser's hg19 build 
 

Table 5.8. SNPs in the ECR400 Enhancer 

Variant ID1 Δnt2  Conserved2 MAF3 % Location4 

AA EUR AS  
rs72873421 G/A Yes 21.1 8.4 38.1 chr4:88923906 
rs117741074 G/A Yes 0.0 0.0 1.7 chr4:88924002 
rs12500008 C/A Yes 21.1 8.4 38.3 chr4:88924176 
rs2728131 C/T Yes 1.2 8.4 2.8 chr4:88924344 
rs12508471 A/G Yes 21.1 8.4 38.3 chr4:88924371 
rs78901673 A/G Yes nr nr nr chr4:88924356 
*15 - - 16.8 16.8 16.8 - 
1Variant ID as either the rs number or haplotype ID 
2Nucleotide change and conservation of the reference allele to the variant allele as 
obtained from the UCSC genome browser 

3Frequency of minor allele (MAF) or haplotype (as a percent of all haplotypes) for 
African American (AA), European (EUR) and Asian (AS) populations  

4Genomic location obtained from UCSC genome browser's hg19 build 
5rs72873421/rs12500008/rs12508471 (*1) 
Abbreviations: nr, not reported 
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Table 5.9. SNPs in the ECR423 Enhancer 

SNP ID Δnt1  Conserved1 MAF2 % Location3 
AA EUR AS 

rs137884075 C/T No 0.0 0.0 0.2 chr4:89189556 
rs142621223 G/A No 0.0 0.0 0.3 chr4:89189557 
rs139553964 G/A No 0.0 0.0 1.2 chr4:89189571 
rs149713212  G/A No 1.6 0.0 0.2 chr4:89189602 
rs144565932 G/A No 0.0 0.0 1.2 chr4:89189634 
rs62309980 C/T Yes 0.0 0.1 0.0 chr4:89189655 
rs76888829 T/C Yes 4.3 1.3 1.2 chr4:89190325 
rs9998634 G/C Yes 0.4 0.0 0.0 chr4:89190395 
rs77538297 C/T Yes 0.2 0.0 0.0  chr4:89189971 
rs35696062 G/- Yes nr nr nr chr4:89190022 
1Nucleotide change and conservation of the reference allele to the variant allele as 
obtained from the UCSC genome browser 

2Minor allele frequency (MAF) for African American (AA), European (EUR) and 
Asian (AS) populations as obtained  from databases described in methods 

3Genomic location obtained from UCSC genome browser's hg19 build 
Abbreviations: nr, not reported 
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Table 5.10. SNPs in the CR6 Enhancer 

SNP ID Δnt1  Conserved1 MAF2 % Location3 

AA EUR AS  
rs45510401  A>G No 4.5 0.0 0.0 chr4:89011422 
rs2725268  A>G Yes 7.5 47.4 24.0 chr4:89010983 
rs57351915  A>- Yes nr nr nr chr4:89011141 
rs58830217 ->A No nr nr nr chr4:89011309 
rs186188962 G>A No 0.0 0.5 0.0 chr4:89011051 
rs144180103 A>- No nr nr nr chr4:89011129 
rs190754327 C>G Yes nr nr nr chr4:89011173 
rs183322988 T>C No 0.0 0.3 0.3 chr4:89011437 

1Nucleotide change and conservation of the reference allele to the variant allele as 
obtained from the UCSC genome browser 
2Minor allele frequency (MAF) for African American (AA), European (EUR) and 
Asian (AS) populations as obtained  from databases described in methods 

3Genomic location obtained from UCSC genome browser's hg19 build 
Abbreviations: nr, not reported 
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Table 5.11. SNPs in the ECR31 Enhancer 

Variant ID1 Δnt2  Conserved2 Frequency3  Location4 

AA EUR AS  
rs28665233 G/A Yes 18.9 0.9 0.2 chr4:89025882 
rs139101431 A/G No 1.6 0.0 0.0 chr4:89026007 
rs144062279 G/A No 0.4 0.0 0.0 chr4:89026087 
rs2725264 C/T Yes 83.7 8.2 21.5 chr4:89026109 
rs4148156 C/T Yes nr nr nr chr4:89026242 
rs145932752 A/G No 1.6 0.0 0.0 chr4:89026407 
rs6831395 G/A Yes 2.2 0.0 0.0 chr4:89026420 
rs2725263 A/C Yes 87.0 48.4 40.0 chr4:89026428 
rs192562676 C/T No 0.0 0.0 1.0 chr4:89026490 
rs182159263 C/G No 0.0 0.7 0.0 chr4:89026493 
rs187527722 A/G No 0.0 0.0 0.2 chr4:89026537 
rs192781547 A/G No 0.0 0.0 0.3 chr4:89026630 
rs184709106 C/T No 0.0 0.0 0.3 chr4:89026642 
*15 - - 30.6 30.6 30.6 - 
*25 - - 6.1 6.1 6.1 - 
*35 - - 3.6 3.6 3.6 - 
1Variant ID as either the rs number or haplotype ID 
2Nucleotide change and conservation of the reference allele to the variant allele as 
obtained from the UCSC genome browser 

3Frequency of minor allele (MAF) or haplotype (as a percent of all haplotypes) 
for African American (AA), European (EUR) and Asian (AS) populations  

4Genomic location obtained from UCSC genome browser's hg19 build 
5rs2725264/rs2725263(*1); rs58665233/rs2725263 (*2);  
rs58665233/rs2725263/rs2725264 (*3) 

Abbreviations: nr, not reported 
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Table 5.12. SNPs in the ECR33 Enhancer 

Variant ID1 Δnt2  Conserved2 Frequency3  Location4 

AA EUR AS  
 rs34485575  A>- Yes nr nr nr chr4:89028439 
 rs2231148 T>A Yes 4.3 40.2 18.5 chr4:89028478 
 rs190738974 A>G No 0.0 0.0 0.2 chr4:89028490 
 rs117761897 C>T Yes 0.0 0.0 0.2 chr4:89028542 
 rs41282399 A>C Yes 4.1 1.7 3.3 chr4:89028544 
 rs113647079 C>G Yes nr nr nr chr4:89028578 
 rs2054576 A>G Yes 1.2 7.9 25.0 chr4:89028775 
 rs151266026 T>C No 0.0 0.0 0.7 chr4:89028935 
 rs183315559 G>A No 0.0 0.0 0.3  chr4:89028979 
 rs189214307 C>T No 0.0 0.0 0.3 chr4:89029111 
 rs2622628 A>C Yes 45.5 4.4 20.8 chr4:89029252 
 rs36105707 ->TTAAT Yes nr nr nr chr4:89029304 
 rs141635727 A>G No 0.4 0.0 0.0 chr4:89029335 
 rs190767980 C>T No 0.0 0.0 0.0 chr4:89029361 
 rs147070185 G>A No 0.0 0.0 0.2  chr4:89029364 
*15 - - 3.6 3.6 3.6 - 
*25 - - 2.9 2.9 2.9 - 
1Variant ID as either the rs number or haplotype ID 
2Nucleotide change and conservation of the reference allele to the variant allele as 
obtained from the UCSC genome browser 

3Frequency of minor allele (MAF) or haplotype (as a percent of all haplotypes) for 
African American (AA), European (EUR) and Asian (AS) populations  

4Genomic location obtained from UCSC genome browser's hg19 build 
5rs412823991/rs2622628 (*1); rs2231148/rs117761897 (*2) 

Abbreviations: nr, not reported 
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Figure 5.1. Linkage disequilibrium plots of SNPs in ABCG2 locus enhancers. Plots 

show the degree of linkage disequilibrium (LD) of SNPs within ECR400 (A), ECR31 (B) 

and ECR33 (C). The top lane shows the rs numbers for the different SNPs within the 

region that were reported in any of the 1000 Genomes populations. The r2 values between 

each SNP are in the box connecting the two SNPs, i.e., 98 implies r2 = 0.98.  Linkage 

disequilibrium is depicted by the shade of grey, with black being highly linked and white 

no linkage. LD plots were generated using Haploview v4.2 and incorporated genotype 

data from all available ethnic groups in the 1000 Genome database. 
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5.4.2. Effect of SNPs on ECR44 In Vitro Activity 

 All three SNPs in the ECR44 region (Table 5.7) were successfully mutated into 

the ECR44 enhancer plasmid and tested for their luciferase activity relative to reference 

ECR44 in HepG2 (Figure 5.2A) and HEK293T (Figure 5.2B) cell lines. rs138867860 

caused a 1.3- to 1.5-fold increase in luciferase activity in both cell lines. The 

rs114916387 SNP had no effect in HepG2 cells, but it was increased by almost 1.5-fold 

above reference in HEK293T cells. The rs9999111 SNP was chosen for in vivo follow up 

because it displayed over an 80% reduction in activity compared to reference in HepG2 

and HEK293T cells, respectively (Figure 5.2).  
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Figure 5.2. Effect of ECR44 genetic variants in vitro. The luciferase activity of ECR44 

reference and variant enhancer regions was measured in transiently transfected a) liver 

(HepG2) and b) kidney (HEK293T/17) cell lines. Enhancer activity is expressed as the 

ratio of firefly to Renilla luciferase activity normalized to the reference enhancer activity 

(reference is set to 1). SNPs are displayed respective to their genomic orientation. Data is 

expressed as the mean ± SEM from a representative experiment with 4-5 wells per 

construct. Differences between reference and variant enhancers were tested by an 

ANOVA followed by a post-hoc Bonferroni’s multiple comparison t-test; *** P < 0.0001.    
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5.4.3. Effect of SNPs on ECR400 In Vitro Activity 

 Seven SNPs in the ECR400 enhancer and the ECR400*1 haplotype (Table 5.8) 

were successfully mutated into the ECR400 enhancer plasmid and tested for their 

luciferase activity relative to reference in HepG2 (Figure 5.3A) and HEK293T (Figure 

5.3B) cell lines. Three SNPs caused an increased activity in both cell lines: rs72873421, 

rs117741074 and rs78901673. rs72873421 caused the highest increase (>2-fold) in 

enhancer activity relative to the reference sequence. The fifth SNP, significant in both 

cell lines, was rs12508471, which had almost a complete loss of activity in HepG2 

(Figure 5.3A) and HEK293T (Figure 5.3B) cells. The 

rs72873421/rs12500008/rs12508471 (ECR400*1) haplotype did not have a significant 

effect in HepG2 cells, but resulted in a 75% reduction of enhancer activity in the 

HEK293T cell line. Of the four SNPs that significantly altered the ECR400 enhancer 

activity in both cell lines, two of them, rs72873421 and rs12508471, were chosen for in 

vivo validation. 
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Figure 5.3. Effect of ECR400 genetic variants in vitro. The luciferase activity of 

ECR400 reference and variant enhancer regions was measured in transiently transfected 

A) liver (HepG2) and B) kidney (HEK293T/17) cells. Enhancer activity is expressed as 

the ratio of the firefly to Renilla luciferase activity normalized to the reference plasmid 

(reference is set to 1). SNPs are displayed respective to their genomic orientation. The 
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rs72873421/rs12500008/rs12508471 haplotype is labeled *1. Data is expressed as the 

mean ± SEM from a representative experiment with 4-6 wells per construct. Differences 

between reference and variant enhancers were tested by an ANOVA followed by a post-

hoc Bonferroni’s multiple comparison t-test; ** P < 0.001, *** P < 0.0001.  

 

5.4.4. Effect of SNPs on ECR423 In Vitro Activity 

 All nine SNPs in the ECR423 enhancer (Table 5.9) were successfully introduced 

into the ECR423 enhancer plasmid and screened for their luciferase activity in HepG2 

(Figure 5.4A) and HEK293T (Figure 5.4B) cell lines. Seven of the nine SNPs caused 

relatively small but significant increases in enhancer activity relative to the reference 

sequence in both cell lines. Three of these SNPs rs62309980, rs777538297 and 

rs35696062 had 1.5- to 2-fold increases in activity in both cell lines. The only SNP that 

led to a decrease in enhancer activity was rs149713212. It was associated with an ~90% 

reduction in enhancer activity in HepG2 (Figure 5.4A) and HEK293T (Figure 5.4B) cell 

lines. The ability of the rs149713212 SNP to decrease the enhancer activity of the 

ECR423 enhancer led to its selection for in vivo validation. 
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Figure 5.4. Effect of ECR423 genetic variants in vitro. The luciferase activity of 

ECR423 reference and variant enhancer regions was measured in transiently transfected 

A) liver (HepG2) and B) kidney (HEK293T/17) cell lines. Enhancer activity is expressed 

as the ratio of firefly to Renilla luciferase activity normalized to the reference vector 

activity (reference is set to 1). SNPs are displayed respective to their genomic orientation. 
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Data is expressed as the mean ± SEM from a representative experiment with 3-5 wells 

per construct. Differences between reference and variant enhancers were tested by an 

ANOVA followed by a post-hoc Bonferroni’s multiple comparison t-test; ** P < 0.001, 

*** P < 0.0001. 

 

5.4.5. Effect of SNPs on CR6 In Vitro Activity 

 All eight SNPs in the CR6 enhancer (Table 5.10) were successfully introduced 

into the CR6 enhancer plasmid and screened for enhancer activity in HepG2 (Figure 

5.5A) and HEK293T (Figure 5.5B) cell lines. Four of the SNPs, rs573519157, 

rs5883021, rs45510401 and rs190754327, caused small but significant decreases in 

relative enhancer activity in both cell lines. The most detrimental was rs573519157, 

which led to a 25-50% reduction in relative luciferase activity in both cell lines. The only 

SNP to cause a significant increase in enhancer activity was rs183322988, which 

increased relative enhancer activity by 1.5-fold in both cell lines. Since CR6 was only a 

weak in vivo enhancer (Figure 4.11) only rs183322988 SNP, which enhanced activity, 

was chosen for in vivo validation. 
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Figure 5.5. Effect of CR6 genetic variants in vitro. The luciferase activity of CR6 

reference and variant enhancer regions was measured in transiently transfected A) liver 

(HepG2) and B) kidney (HEK293T/17) cell lines. Enhancer activity is expressed as the 

ratio of firefly to Renilla luciferase activity normalized to the reference vector activity 

(reference is set to 1). SNPs are displayed respective to their genomic orientation. Data is 
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expressed as the mean ± SEM of a representative experiment with 4-6 wells per 

construct. Differences between reference and variant enhancers were tested by an 

ANOVA followed by a post-hoc Bonferroni’s multiple comparison t-test; * P < 0.05, ** 

P < 0.001, *** P < 0.0001. 

 

5.4.6. Effect of SNPs on ECR31 In Vitro Activity 

 All thirteen SNPs in the ECR31 enhancer and the ECR31*1 haplotype (Table 

5.11) were successfully introduced into the ECR31 enhancer construct and screened for 

enhancer activity in HepG2 (Figure 5.6A) and HEK293T (Figure 5.6B) cell lines. Only 

rs2725263 and rs2725264 had a significant effect on enhancer activity in HepG2 cells 

(Figure 5.6A); they both caused over a 1.3-fold increase in relative luciferase activity. 

These SNPs had similar increases in enhancer function in HEK293T cells. Interestingly, 

the ECR31*1 haplotype, a combination of both rs2725263 and rs2725264, did not affect 

enhancer activity. Three other SNPs, rs139101431, rs144062279 and rs184709106, also 

had modest increases in enhancer activity in the HEK293T cell line (Figure 5.6B). Only 

rs2725263 was chosen for in vivo follow-up because it had a more consistent increase in 

enhancer function than the rs2725264 SNP.  
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Figure 5.6. Effect of ECR31 genetic variants in vitro. The luciferase activity of ECR31 

reference and variant enhancer regions was measured in transiently transfected A) liver 

(HepG2) and B) kidney (HEK293T/17) cell lines. Enhancer activity is expressed as the 

ratio of firefly to Renilla luciferase activity normalized to the reference vector activity 

(reference is set to 1). SNPs are displayed respective to their genomic orientation. The 
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rs2725263/rs2725264 haplotype is labeled *1. Data is expressed as the mean ± SEM of a 

representative experiment with 4-6 wells per construct. Differences between reference 

and variant enhancers were tested by an ANOVA followed by a post-hoc Bonferroni’s 

multiple comparison t-test; * P < 0.05, ** P < 0.001, *** P < 0.0001. 

 

5.4.7. Effect of SNPs on ECR33 In Vitro Activity 

 All fourteen SNPs in the ECR33 enhancer and the ECR33*1 haplotype (Table 

5.12) were successfully introduced into the ECR31 enhancer construct and screened for 

enhancer activity in HepG2 (Figure 5.7A) and HEK293T (Figure 5.7B) cell lines. Three 

SNPs caused significantly increased enhancer activity in both cell lines. rs41282399 had 

only a slight 1.3- to 1.5-fold increase in function. The other two SNPs, rs190738974 and 

rs36105707, both had 1.5- to 2-fold increase in enhancer activity which was replicated in 

the HEK293T cell line. Four additional SNPs, rs2231148, rs117761897, rs151266026 

and rs2622628, had decreased enhancer activity in the HEK293T cells, ranging from 25% 

to 50% reduction. The increased activity of SNP rs41282399 was balanced by the 

decreased activity of the rs2622628 in the ECR33*1 haplotype in HepG2 cells, but not in 

the HEK293T cells, where ECR33*1 still had significantly increased activity relative to 

reference. The only SNP that was chosen for in vivo follow-up was the rs190738974; it 

was chosen over the rs36105707 SNP based on predicted changes in TFBS (Table 5.12).  
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Figure 5.7. Effect of ECR33 genetic variants in vitro. The luciferase activity of ECR33 

reference and variant enhancer regions was measured in transiently transfected A) liver 

(HepG2) and B) kidney (HEK293T/17) cell lines. Enhancer activity is expressed as the 

ratio of firefly to Renilla luciferase activity normalized to the reference vector activity 

(reference is set to 1). SNPs are displayed respective to their genomic orientation. The 
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rs412823991/rs2622628 haplotype is labeled *1. Data is expressed as the mean ± SEM of 

a representative experiment with 4-6 wells per construct. Differences between reference 

and variant enhancers were tested by an ANOVA followed by a post-hoc Bonferroni’s 

multiple comparison t-test; * P < 0.05, ** P < 0.001, *** P < 0.0001. 

 

5.4.8. Effect of SNPs on Enhancer Activity In Vivo 

 Seven SNPs were screened for their effect on in vivo liver enhancers using the 

hydrodynamic tail vein injection assay. Four of the seven SNPs resulted in decreased 

enhancer activity compared to their respective reference enhancer (Figure 5.8). SNP 

rs9999111 decreased ECR44 enhancer activity by 70% (Figure 5.8, P < 0.05), consistent 

with in vitro results (Figure 5.2). SNP rs72873421 decreased the enhancer activity of 

ECR400 by ~50% in vivo but a high level of enhancer activity was still associated with 

this region (Figure 5.8, P < 0.05); in vitro this SNP increased the activity of ECR400 in 

both HepG2 and HEK293T (Figure 5.3) cell lines. The ECR400 SNP rs12508471 

resulted in an almost complete loss of enhancer activity (Figure 5.8, P < 0.0001), 

consistent with the complete loss of ECR400 enhancer activity in HepG2 and HEK293T 

cells transfected with this variant enhancer sequence (Figure 5.3). The ECR423 SNP 

rs149713212 also led to a complete loss of enhancer activity in vivo (Figure 5.8, P < 

0.001) consistent with its effect in vitro (Figure 5.4). The only SNP to increase enhancer 

activity in vivo was the ECR31 SNP rs2725263 (Figure 5.8). This SNP increased the 

ECR31 in vivo enhancer activity by 1.5- fold (Figure 5.8, P < 0.05), which was consistent 

with its effect in vitro (Figure 5.6). The CR6 SNP rs183322988 and ECR33 SNP 

rs190738974 had no effect on enhancer activity in vivo.  
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Figure 5.8. In vivo liver enhancer activity of ABCG2 locus variants. The luciferase 

activity in mouse liver homogenates was measured 24 hr after plasmid injection. 

Enhancer activity is expressed as the ratio of firefly to Renilla luciferase activity 

normalized to the empty vector activity. SNPs are displayed respective to their genomic 

orientation. Data is expressed as the mean ± SEM for 4-5 mice. Differences between 

reference and variant enhancer elements were tested by an unpaired Student’s t-test; * P 

< 0.05, *** P < 0.0001. 
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5.4.9. Associations of SNPs with mRNA Expression Levels  

 SNPs that showed an effect on in vivo liver enhancer activity were tested for their 

association with expression levels of ABCG2, PKD2 and PPM1K in human liver, kidney, 

breast, LCLs, T-cell, adipose and skin cells. Genotype and expression data were collected 

both from tissues analyzed by the PMT group and from previously published literature 

(Schadt51, TCGA52, MuTHER54, GenCord60 and Stranger56). Since many of the ECRs are 

in low-coverage areas for sequencing, they are not included in genotyping platforms. 

Therefore, when possible we utilized linkage disequilibrium from 1000 Genomes to 

impute genotypes for missing SNPs.  

 The ECR44 SNP rs9999111 was tested for association with ABCG2 expression in 

the PMT liver and kidney tissues and, after correction for sex, was associated with 

decreased expression of ABCG2 in kidney tissues (P = 0.05; β=1.814, Figure 5.9B) but 

had no association with ABCG2 expression in the liver samples. ABCG2 expression was 

also not correlated with rs9999111 in the Schadt51 liver tissues (data not shown). 

However, rs9999111 was significantly associated with lower ABCG2 expression in  

LCLs and T-cells from the GenCord60 tissues (Figure 5.9 C and D). Due to the low 

frequency of rs9999111, very few samples were homozygous for this SNP. Additionally, 

there were only 52 kidney PMT tissues; therefore follow-up in a cohort with more kidney 

tissues could help clarify the association of this SNP with ABCG2 expression in kidney.  

 The three SNPs from ECR400, rs12500008, rs12508471 and rs72873421, are in 

almost perfect LD (r2=0.96-0.98, Figure 5.1) and occur together as the ECR400*1 

haplotype (Table 5.8). The ECR400*1 haplotype was associated with lower ABCG2 

expression in LCLs of Chinese (CHB, rho = 0.251, P = 0.025; Figure 5.10A) and trended 
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toward significance with ABCG2 expression in the Kenyan population (LWK, rho = 

0.181, P = 0.1; Figure 5.10A). ECR400*1 was also associated with lower PPM1K 

expression in adipose (rho=0.2, P=0.015; Figure 5.10B) and skin (rho=0.32, P=0.005; 

Figure 5.10C). ECR400*1 was also associated with lower PPM1K expression in LCLs 

using two probes for the PPM1K mRNA (rho=0.22, P=0.06 and rho=0.22, P=0.47; 

Figure 5.10D). All ECR400*1 associations with PPM1K and ABCG2 had similar effect 

sizes (rho ~ 0.25). 

 There where two SNPs in ECR31 tested for correlation with gene expression in 

tissues, both the rs2725263 and rs2725264. These two SNPs have a modest linkage 

disequilibrium of r2 = 0.46 (Figure 5.1), occur together in the ECR31*1 haplotype and 

both have high minor allele frequencies (Table 5.11). The rs2725263 SNP trended toward 

significance when associated with PPM1K expression in TCGA52 breast tissues (P = 

0.07, β = -0.22; Figure 5.11A) and PKD2 in the Schadt51 liver tissues (P = 0.066, β = -

0.07; Figure 5.11B). Additionally, the rs2725264 SNP trended toward significance when 

associated with PKD2 in the Schadt livers (P = 0.057, β = -0.05; Figure 5.12). Neither 

SNP was associated with ABCG2 expression in any of the tissue sets (data not shown).  
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Figure 5.9. Association of rs9999111 with ABCG2 expression. Association of the 

ECR44 SNP rs9999111 with ABCG2 mRNA expression in (A) human livers and (B) 

kidneys from PMT, and in (C) lymphocytes and (D) T-Cells from GenCord60. Analysis 

on PMT livers and kidneys were done using a linear regression on imputed genotypes 

versus ABCG2 expression (ΔCT) after correcting for sex. Lymphocyte and T-Cell 

analysis was done using the GeneVar53 program as described in the Materials and 

Methods section with a linear regression and are displayed as ABCG2 expression (ΔCT) 

versus rs9999111 genotype with rho (correlation coefficient), P value (P) and empirical P 

value (Pemp) indicated. 
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Figure 5.10. Association of rs12500008 with gene expression. Association of the 

ECR400 SNP rs12500008 with ABCG2 mRNA expression in (A) HapMap LCLs of Han 

Chinese (CHB) and Kenyan (LWK) from the Stranger study57; and with PPM1K in (B) 

adipose, (C) skin and (D) LCLs (two probes) from the MuTHER study54. Analysis was 

done using the GeneVar53 program as described in Materials and Methods with a linear 

regression and are displayed as gene expression versus rs12500008 genotype with rho 

(correlation coefficient), P value (P) and empirical P value (Pemp) indicated.  
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Figure 5.11. Association of rs2725263 with PPM1K and PKD2 expression. Trend for 

the association of ECR31 rs2725263 with mRNA expression of (A) PPM1K in human 
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breast tissue from TCGA network52 and with (B) PKD2 in human liver from Schadt51. 

Analysis was done using a linear regression as described in Materials and Methods, and 

data is displayed as gene expression versus the dosage of rs2725263 with P value (P) 

indicated. 

 

  

Figure 5.12. Association of rs2725264 with PKD2 liver expression. Trend for the 

association of ECR31 rs2725264 with mRNA expression of PKD2 in human liver from 

Schadt51. Analysis was done using a linear regression as described in Materials and 

Methods, and data is displayed as gene expression versus the dosage of rs2725264 with P 

value (P) indicated.  
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5.4.10. Predicted Alterations in TFBS by SNPs 

 Functional effects of SNPs on enhancer activity were assessed using TFBS 

predictions on both the reference and enhancer sequences using ConSite and 

TRANSFAC Match programs (Figure 5.13Figure 5.17). The ECR44 rs9999111 SNP, 

which decreased in vivo (Figure 5.8) and in vitro (Figure 5.2) activity of the ECR44 

enhancer, had predicted losses in TFBS for HFH-2, Gfi, HNF-3β and RXR-VDR (Figure 

5.13).  

 The ECR400 SNP rs12508471 was the most detrimental SNP, decreasing 

ECR400 enhancer activity both in vitro (Figure 5.3) and in vivo (Figure 5.8). There were 

no predicted changes in TFBS between the rs12508471 and ECR400 reference sequence 

using ConSite. However, the TRANSFAC MATCH program predicted gains for the 

rs12508471 sequence in PPAR (direct repeat 1), GR, SREBP, p300, VDR and PXR, none 

of which were predicted to bind to the reference ECR400 with a greater than 0.6 core 

matrix match score (Figure 5.15). The ECR400 rs72873421 SNP, which had a loss of 

function in vivo (Figure 5.8), had predicted gains for PPARγ-RXRα, COUP-TF and HLF 

binding probabilities (Figure 5.14). It also had predicted losses for SPI-1, SPI-B and 

CREB binding (Figure 5.14). 

 The ECR423 SNP rs149713212 was the second most detrimental SNP, decreasing 

ECR423 activity both in vitro (Figure 5.4) and in vivo (Figure 5.8). For rs149713212, 

ConSite predicted gains in TF binding probability for GATA-1, 2&3, RREB-1 and 

PPARγ-RXRα (Figure 5.16).  The ECR31 SNP rs2725263 increased ECR31 activity both 

in vitro (Figure 5.6) and in vivo (Figure 5.8). TFBS predictions show gains in binding for 

hepatic TFs HNF-3β, HFH-1 and HFH-2, as well as for the general TFs AP2α, CREB 
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and GATA-3 (Figure 5.17). Although many other SNPs in the high priority ECRs were 

predicted to result in TFBS changes (data not shown), none of those SNPs were screened 

for their effect on in vivo enhancer activity due to their low impact on in vitro enhancer 

activity.  

 

Figure 5.13. Predicted TFBS changes for ECR44 rs9999111. (A) Sequence alignments 

for reference and variant ECR44 as determined by ConSite indicate TFBS that are lost 

(above alignment) or gained (below alignment) and (B) the binding probabilities for 

reference (blue) and SNP (red) sequences. The absolute change in binding probabilities 

for each TF, between reference and variant sequences, are indicated. 
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Figure 5.14. Predicted TFBS changes for ECR400 rs72873421. (A) Sequence 

alignments for reference and variant ECR400 as determined by ConSite indicate TFBS 

that are lost (above alignment) or gained (below alignment) and (B) the binding 

probabilities for reference (blue) and SNP (red) sequences. The absolute change in 

binding probabilities, between reference and variant sequences, for each TF are indicated. 
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Figure 5.15. Predicted TFBS changes for ECR400 rs12508471. (A) Sequence 

alignments of reference and variant ECR400 as determined by TRANSFAC indicate 

TFBS that are gained above alignment and (B) the binding probabilities for variant 

sequence (blue). None of these TFs had predicted binding for the reference sequence.   

 



330 
 

 

 

Figure 5.16. Predicted TFBS changes for ECR423 rs149713212. (A) Sequence 

alignments of reference and variant ECR423 as determined by ConSite indicate TFBS 

that are gained (below alignment) and (B) the binding probabilities for reference (blue) 

and SNP (red) sequences. The absolute change in binding probabilities, between 

reference and variant sequences, for each TF are indicated. 
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Figure 5.17. Predicted TFBS changes for ECR31 rs2725263. (A) Sequence alignments 

of reference and variant ECR31 as determined by ConSite indicate TFBS that are gained 

(below alignment) and (B) the binding probabilities for reference (blue) and SNP (red) 

sequences. The absolute change in binding probabilities, between reference and variant 

sequences, for each TF are indicated. 

 

5.5. Discussion 

 Although non-coding SNPs in the ABCG2 gene locus have been correlated with 

drug response61 and disease progression62, relatively few have been correlated with gene 
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expression18,61 and none have confirmed mechanisms of action. Recent studies on other 

ADME genes have identified SNPs in cis-regulatory regions that are responsible for 

altering the expression of the gene and contributing to adverse drug effects29,63,64.  

 Following a previous cis-regulatory screen (see Chapter 4) which identified six in 

vivo liver enhancers in the ABCG2 gene locus, the in vitro and in vivo effect of SNPs on 

enhancer activity was evaluated. There were 54 SNPs throughout the six enhancer 

regions. After screening these SNPs for their effect on enhancer activity in vitro, the SNP 

in each region with the largest in vitro effect was chosen for in vivo follow-up; in the case 

of ECR400, two SNPs were chosen. Of the seven SNPs tested in vivo, five significantly 

altered in vivo liver enhancer activity, a 71% success rate, and two of these SNPs 

(rs9999111 and rs12508471) were correlated with decreased gene expression in human 

tissues. Our ability to identify functional enhancer SNPs in our pipeline is comparable to 

other studies that searched first for SNPs associated with transporter expression and then 

characterized cis-element activity65 and is slightly higher than the identification of SNPs 

in transporter enhancer regions around drug-associated transporters63. Of the SNPs 

chosen for in vivo follow-up, four were expected to increase enhancer activity, of which 

only one significantly did. However, three of the SNPs decreased enhancer activity both 

in vitro and in vivo, suggesting that SNPs decreasing enhancer activity might have a more 

consistent effect in vivo.  

 With the high success rate of the chosen SNPs to alter enhancer activity in vivo, 

additional SNPs identified in the in vitro screen could also benefit from in vivo follow-up. 

Specifically, it would be interesting to follow-up with the CR6 SNPs rs573519157 and 

rs190754327 to see their effect in vivo since they each had a 25% to 50% decrease in 
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activity in both cell lines. Additionally, the ECR33 SNP rs2622628 elicited an over 50% 

reduction in enhancer activity in HEK293T cells, and this SNP had a trend for association 

with decreased PPM1K and ABCG2 expression in human livers (data not shown).  It 

would also be interesting to test the positive in vivo SNPs for correlation to gene 

expression in both kidney and liver samples. Association of SNPs with liver expression 

was first evaluated in the 195 liver samples from Schadt51 and then replication was tested 

in 34 liver samples that were available from the PMT cohort.  Unfortunately, only 52 

kidney samples were available for the primary analysis with no replication cohort. Many 

of the enhancer regions are in low sequence coverage areas. Follow-up sequencing on 

these enhancer regions could allow for gene expression correlation with the few SNPs 

that we were not able to correlate with gene expression in the selected tissues due to their 

low MAF and low genotype coverage.  

 The rs9999111 SNP, which has a MAF of 5%, was chosen for in vivo follow-up 

because it displayed an 80% reduction in activity compared to reference in HepG2 and 

HEK293T cells, respectively. ECR44 SNP rs9999111, which is located in intron 1 of 

ABCG2, significantly decreased the activity of the ECR44 enhancer sequence in vivo by 

~70%. The rs9999111 SNP was also associated with decreased ABCG2 expression in 

human kidney (after adjusting for sex), LCLs and T-cells. The beta coefficient of 

rs9999111 in the kidney (1.8) and the correlation coefficient for rs9999111 in the other 

tissues (0.18-0.26) indicate this SNP contributes modestly to the variation in ABCG2 

expression. Additionally, the minor allele, rs9999111 is consistently associated with 

lower ABCG2 expression across these tissues. However, rs9999111 was not associated 

with liver expression of ABCG2 and previously was not found to influence liver or 
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intestinal expression of ABCG218. These data suggest that rs9999111 could regulate 

ABCG2 in a tissue-specific manner and possibly play a role in the response of ABCG2 

expression to hormones. rs9999111 is predicted to cause a decrease in binding for HFH-

2, Gfi, HNF-3β, RXR-VDR and NF-κB. The zinc-finger transcriptional repressor (Gfi-1) 

plays an essential role in hematopoietic development, of interest in lymphoid and T-

cells66. Binding sites for Gfi-1 are enriched around genes specific for liver and whole 

blood67. It has been linked to repressed genes in LCLs and K562, but not HepG2 cells68. 

However, the dynamic for Gfi-1 to repress genes depends heavily on the expression of its 

co-repression TFs and the state of cell differentiation69. Working against the Gfi-1 

suppression would be the NF-κB TF, which is an activator for lymphoblastoid 

enhancers68. Current literature suggests Gfi-1 works as a transcriptional repressor to 

stimulate T-cells, hematopoietic stem cells and liver regeneration, whereas NF-κB works 

to activate genes in these cell lines. In addition, HNF-3β regulates gene expression in 

selected tissues including hepatocytes and intestinal epithelium70. With the association of 

rs9999111 with ABCG2 expression in T-cells, predicted changes in Gfi, NF-κB and 

HNF-3β binding and the relevance of these TFs in hematopoietic cells, the ability of this 

SNP to alter the binding of these putative TFs needs to be directly tested. Additionally, 

more knowledge on the dynamic interaction of Gfi-1 and NF-κB or HNF-3β in each 

tissue could elucidate how the rs9999111 SNP may reduce ABCG2 expression.  

 ECR400*1 is a common haplotype with a frequency of 20% and is made up of 

rs12508471, rs72873421 and rs12500008. rs12508471 completely eliminated ECR400 

enhancer activity in vitro and in vivo.  In contrast, rs72873421 showed increased activity 

in vitro, which could limit the decrease in activity by rs12508471 when these SNPs occur 
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together in the ECR400*1 haplotype. However, ECR400*1 showed a 75% decrease in 

enhancer activity in the HEK293T cells. Both rs12508471 and rs72873421 had decreased 

activity in vivo. The ECR400*1 construct was not tested in vivo and requires further 

testing. ECR400*1 was  associated with decreased expression of ABCG2 in LCLs (rho= 

0.18-0.26) and with PPM1K in several tissues (rho=0.22-31), indicating that this 

haplotype may modestly influence the variability in ABCG2 and PPM1K expression in 

multiple tissues. ECR400 is situated just upstream of the PKD2 promoter, but it did not 

correlate with PKD2 expression in any of the tissue sets (data not shown). The ABCG2 

gene is on the anti-strand and PKD2 downstream of the ABCG2 promoter running on the 

positive strand. This puts the ABCG2 and PKD2 promoters back-to-back, which would 

facilitate an enhancer regulating both promoters. Enhancers that regulate the expression 

of linked genes are locus control regions and play a role in the regulation of multiple 

genes in a tissue-specific manner71. This enhancer region may regulate both ABCG2 and 

PKD2 expression and the ECR400*1 haplotype could contribute to altered expression of 

these genes. 

 TFBS predictions were analyzed to understand the molecular basis for the 

detrimental effect of rs12508471 on ECR400 enhancer activity. rs12508471 was 

predicted to cause gains in several TFBS, many of which are NRs, including PPAR, 

PXR, CREB, GR, p300, SREBP, VDR and multiple COUP-TF sites. NRs  need their 

ligands to be active, but in the absence of ligands, other TFs often bind to their DNA 

consensus sequence, recruit histone binding proteins and work to repress transcriptional 

function72. For example, COUP-TF suppresses the GR transcriptional activity by 

tethering co-repressors and tightening the chromatin structure73. Additionally, COUP-TF 
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has been shown to repress the transcriptional activity of several other NRs including 

RAR, TR, VDR and PPAR by competing for DNA binding, forming inactive 

heterodimers or tethering the co-repressor silencing mediator for retinoid and thyroid 

hormone receptor (SMRT)74,75. The ECR400 SNP rs72873421 is predicted to gain a 

COUP-TF site and lose sites for the general TF SP1. This brings up an interesting 

possibility that the rs12508471 and rs72873421 SNPs create multiple new COUP-TF 

binding sites which suppress the activity of any NR binding to that region of ECR44. 

Further experiments are needed to directly test alteration in binding for these variant 

enhancer sequences to the COUP-TF protein. Additionally, follow-up is warranted on 

SNPs that correlate with ABCG2 expression (such as rs9999111 and ECR400*1) in 

cohorts of patients with drug treatment to see the effect of these SNPs on 

pharmacokinetics and pharmacodynamics of MXR substrates.  

 The ECR423 SNP rs149713212 also caused an extreme loss in enhancer activity 

both in vitro and in vivo. Due to the low MAF of rs149713212(0.2-2%) we were unable 

to correlated this SNP to gene expression. However, rs149713212 is predicted to cause a 

gain in binding of GATA proteins 1, 2, and 3. GATA1 and GATA2 work together or 

independently to promote or suppress transcription in differentiation-dependent 

settings76. For example, GATA1 will replace GATA2 to suppress genes during the 

development of erythrocytes76. Coupled with the changes in GATA1 and GATA2 

expression patterns during erythropoieses77, it will be of interest to investigate whether 

this SNP is associated with gene suppression in hematopoietic stem cells or differentiated 

cells where ABCG2 is normally expressed.  
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 The only SNP to exhibit increased in vivo liver enhancer activity was rs2725263 

in the ECR31 enhancer region. rs2725263 is common, with MAFs ranging from 40% in 

Asians to 84% in African Americans. The rs2725263 SNP was associated with decreased 

PPM1K expression in the TCGA breast tissues52, but with increased PKD2 expression in 

liver51. The rs2725263 genotype accounted for 22% of variation in PKD2 liver 

expression, while it accounted for only 7% of PPM1K breast expression. This SNP is 

predicted to increase binding of APα and GATA3, two TFs already shown to bind to 

ECR31 over the rs2725263 SNP by ChIP-seq. GATA3 is a TF linked to tissue-specific 

gene expression in kidney and breast and is associated with the development of these 

tissues76,78. Also, GATA3 is integral to the ERα receptor pathway in several tissues 

including kidney and breast78. Although the ECR31 enhancer lies in the middle of 

ABCG2 intron 10, SNPs in it are correlated to expression of neighboring genes, 

indicating this enhancer might play a more relevant role in their expression. 

 The other common ECR31 SNP, rs2725264, was present with a MAF ranging 

from 8.2% in Europeans to 84% in African Americans. This SNP was not screened in 

vivo, but caused a 1.25- to 1.5-fold increase in relative luciferase activity in vitro. It is 

possible that this SNP and the rs2725264 ECR31 SNP, which showed a trend for 

association with decreased PKD2 expression, could also be relevant for the regulation of 

PKD2 through the GATA and ER pathways. This is important because it has been noted 

that the severity of polycystic kidney disease is associated with hormonal factors in both 

male and female disease progression, and specifically with estrogen exposure in 

females35. In Chapter 6, data is presented showing that ECR31 activity changes upon NR 

ligand treatment, however further research would be necessary to test if the rs2725263 
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and rs2725264 SNPs respond differently than reference ECR31 to hormone exposure. 

Additionally, direct experiments are needed to test if GATA-3 and ERα have altered 

binding to the sequence containing rs2725263.  

 Although we are able to show some correlation between ABCG2 locus enhancer 

SNPs and gene expression, further association studies in larger cohorts and in additional 

tissues are needed to validate these findings. Electrophoretic mobility shift assays are 

needed to confirm the predicted alterations by these SNPs in the proposed TF binding to 

the enhancer. 

 

5.6. Conclusions 

  Liver enhancers identified in the ABCG2 gene locus have many genetic 

polymorphisms that alter their activity in vitro. Several of these SNPs, including 

rs9999111, rs125084721, rs72873421, rs2725263 and rs149713212 alter enhancer 

activity in vivo. The rs9999111 SNP and ECR400*1 haplotype were correlated with 

ABCG2 and PPM1K expression in a tissue-specific manner. Predicted alterations in 

TFBS provide testable hypotheses for the mechanism by which these SNPs alter enhancer 

activity. Taken together, these SNPs could account for some of the reported variability in 

ABCG2 and PPM1K expression in various tissues and may influence the correlation 

between these genes and disease risk for cancers, ADPKD or gout. Finally, these novel 

regulatory SNPs may influence the pharmacokinetics and pharmacodynamics of ABCG2 

substrates. 
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Chapter 6 : Characterization of Inducible Regulatory Elements of the ABCG2 Locus 

6.1. Abstract 

The mitoxantrone resistance protein (MXR, BCRP) is one of many drug 

transporters, and its gene ABCG2 is regulated by nuclear receptors (NR). NRs are ligand-

dependent transcription factors that upon activation by their ligand, bind to specific 

sequences in DNA and work to activate or repress target genes. In the present study, we 

examine the effect of NR ligands on the activity of putative regulatory regions from the 

ABCG2 locus. Reference and variant ABCG2 enhancers, suppressors and promoter were 

cloned into luciferase reporter vectors, transiently transfected into MCF-7 and HepG2 

cell lines and then treated with rifampin, 17β-estradiol (E2), dexamethasone and 

benzo[a]pyrene (B[a]P). The ABCG2 promoter responded to E2, dexamethasone and 

B[a]P, and the promoter SNP rs66664036 had a significantly altered response to E2 

compared to the reference promoter. Nine rifampin, six E2 and three dexamethasone 

responsive regulatory regions were identified. The ECR400 SNP rs12508471 has a 

significantly altered response to E2 compared to reference ECR400. Finally, the CR6 

SNPs rs573519157 and rs190754327 both responded differently to E2 than reference 

CR6. These results describe novel hormone response elements within the ABCG2 gene 

locus and SNPs within these regions that could explain clinical variation in ABCG2 

expression. 

 

6.2. Introduction 

Drug metabolism and transporter genes are regulated by nuclear receptors (NR) 

which stimulate drug detoxification pathways in the body1,2. NRs are ligand-dependent 
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transcription factors (TFs) that bind to consensus sequences in the genome and promote 

the transcription or transrepression of target genes3. NRs exist as homo- and heterodimers 

with each partner recognizing specific DNA sequences, called response elements4. These 

response elements exist as direct, indirect or inverted half-sites separated by variable 

length nucleotide spacers5. NRs have been classified depending upon their binding 

partner and the type of response element to which they bind4. Class I NRs include the 

steroid hormones and bind to inverted repeats6, and Class II NRs are heterodimeric 

partners of RXR and bind to direct repeats7. The other two classes of NRs are orphan 

receptors binding to direct repeats and NRs acting as monomers to bind to a single half-

site4,5. NRs can also be categorized based upon their mechanism of action, which 

includes their ligand binding while the NR is located in the cytosol (Type I) or nucleus 

(Type II)8. The large number of heterodimer combinations between different NRs and 

their diversity of isoform expression depending on cell type and development could 

generate significant diversity in gene regulation9. The study of NRs has been rapidly 

developing, and there are many good reviews in the literature3–5,7,8,10–13. Additionally, 

~13% of current drugs target NRs14; therefore it is imperative we understand the 

transcriptional regulation of drug enzymes and transporters by NR ligands. 

NRs are a large family of TFs that include the glucocorticoid receptor (GR), 

estrogen receptor (ER), progesterone receptor (PR), aryl hydrocarbon receptor (AhR), 

androgen receptor (AR), pregnane X receptor (PXR), retinoid X receptor (RXR), 

farnesoid X receptor (FXR), hepatocyte nuclear factor 4α (HNF4α) and vitamin D 

receptor (VDR). NRs are ligand-induced in response to environmental stimuli and their 

ligands include a variety of fatty acids, vitamins and steroids15. Through ChIP-seq 
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experiments many NRs were shown to prefer binding to cis-elements as opposed to the 

proximal promoter of their genes. Over 63% of glucocorticoid response elements (GRE) 

are >10 kb from the transcriptional start site (TSS) of glucocorticoid responsive genes, 

split evenly between up- and downstream of the TSS, with only 9% of GREs in the 

proximal promoter16. Similarly, only 4% of estrogen responsive elements (ERE) are in 

the proximal promoter of estrogen responsive genes17 and ~33% of androgen responsive 

elements (ARE) are within 10 kb of androgen responsive genes18. Similarly, more that 

90% of HNF4α sites map to distal promoter elements19. In addition to preferring distal 

locations from the proximal promoter, the ERE, ARE, GREs and HNF4α response 

elements (HRE) are composite elements, consisting of binding sites for other TFs. AP-1, 

ETS, C/EBP and HNF4 bind to GREs16, Oct1, GATA2, AP-1, RAR, ZNF4α, HNF4α and 

EGR18,20 to AREs, and ERα, AP-1, GATA, HNF1α, AP-2γ and FoxA1 with HNF1α 

sites19,21. Therefore, when searching for NR response elements, it is necessary to take into 

consideration the binding of other NRs, especially the multiple NR dimer partner RXR.  

The efflux transporter ABCG2 is not excepted from NR regulation and there is 

evidence supporting its regulation by the ER, PR, PXR, constitutive androstane receptor 

(CAR), AhR, GR, hypoxia inducible factor (HIF), retinoid-related orphan receptor 

(ROR), peroxisome proliferator-activated receptor (PPAR) and NF-E2 related factor-2 

(Nrf2)22–31. In addition, the expression of ABCG2 is altered by many types of stimuli, 

including hypoxia32, inflammation29 and nutrient status33,34. Several nuclear response 

elements (NRE) have been mapped to the proximal promoter of ABCG222,27–31. Due to 

the necessity of dynamic regulation of gene transcription, NRs prefer to bind to cis-
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regulatory elements as opposed to proximal promoter elements12. Therefore, it is likely 

that there are NREs in the ABCG2 locus. 

One NR prominent in the regulation of drug metabolizing enzyme and transporter 

genes is PXR. PXR expression correlates with the expression of ABCG235,36, and the 

PXR ligand rifampin37 induces ABCG2 expression24,38. However, no PXR or retinoid X 

receptor (RXR), a binding partner of PXR, response element has been mapped to the 

ABCG2 locus. PXR is activated by other ligands, including statins and the bile acid 

lithocholic acid39. ABCG2 is integral in statin response40 and the development of gout41, 

so the identification of PXR response elements and a better understanding of the PXR 

induction pathway for ABCG2 could identify new therapeutic targets.  

Hormones and their receptors are common pathways to regulate drug 

metabolizing enzymes and transporters. For example, the ER both induces23,42,43 and 

downregulates44–46 ABCG2 expression. Also, ER often shares response elements with the 

PR, such as the ER/PR element found in the ABCG2 proximal promoter22. ER also 

interacts with HNF3α (FOXA1) and genomic variants in the ERE where it binds are a 

major risk factor for breast cancer47. Understanding the ER regulation pathway for 

ABCG2 is vital because of the role both of these hormones play in the placenta and 

mammary tissues48,49. For example, the ER and PR have a normal role in the upregulation 

of ABCG2 during pregnancy to augment protection of the fetus31,49,50. In contrast, 

upregulation of ABCG2 in ER and PR positive breast cancer cells is associated with 

decreased response to chemotherapy51. ABCG2 overexpression in breast cancer cells 

leads to drug resistance as MXR effluxes chemotherapeutics from the cancer cell. 

Although there is a well characterized ER/PR response element in the ABCG2 
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promoter22, in vivo only 4% of active ERE are within 1 kb of the proximal promoter and 

almost all ER binding events occur in non-annotated cis-regulatory elements17. Therefore, 

identification of ER and PR cis-regulatory elements of ABCG2 could help untangle how 

drug resistance develops and how ABCG2 is regulated in placenta and breast. 

Glucocorticoids, which are ligands for the GR, have a broad endogenous role in 

the body, including regulation of growth, metabolic, immune and stress related 

pathways52–54. Due to the powerful anti-inflammatory and immunosuppressive action of 

glucocorticoids, they are widely utilized for treatment of acute and chronic inflammatory 

diseases, autoimmune diseases, organ transplant rejection, and malignancies of the 

lymphoid system53,55. The GR ligand dexamethasone decreases ABCG2 expression both 

in vivo56 and in vitro57. Additionally, dexamethasone also increases the expression of both 

PXR and RXR58. Due to dexamethasone’s ability to induce PXR expression, it has been 

proposed that dexamethasone acts via direct GR-dependent mechanisms at either low 

concentrations or short (up to 24 hr) treatment and via a PXR-dependent mechanism at 

high or long (48 hr) treatment59–61. Most NRs are known for activating gene expression; 

after being released from its repressors by its ligand, GR works to trans-repress target 

genes by binding to other TFs in the nucleus such as AP-1 or NF-κB and inhibiting them 

from activating transcription of the target gene62. Identification of GR response elements 

(GRE) for ABCG2 could help unravel the GR response pathway and its effect on ABCG2 

expression in inflammatory diseases as well as after glucocorticoid treatment. 

Many carcinogens are known ligands of AhR and through AhR induce many 

metabolizing enzymes and drug transporters63. This allows the body to protect its vital 

organs from exposure to these carcinogens. Exposure to carcinogens causes DNA 
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damage that leads to DNA mutations64, and exposure to exogenous carcinogens are a 

factor in the development, severity and aggressiveness of cancer. MXR not only 

transports carcinogens65, but ABCG2 expression is increased with carcinogen exposure65–

67. The expression of ABCG2 to has been linked to severity and disease-free survival in 

cancer68–75 and low functioning alleles of ABCG2 with the occurrence of cancer76. 

Identification of AhR response elements (AhRE) for ABCG2 would allow for better 

understanding of the AhR pathway regulation of ABCG2 and for identification of variants 

that have altered response to carcinogen exposure, thus leading to increasing carcinogen 

exposure and cancer severity. 

Due to the multitude of NR ligands and environmental stimuli that regulate 

ABCG2, we hypothesized that some of the putative cis-regulatory elements of the ABCG2 

locus are NRE. In this study, liver (HepG2) or breast (MCF-7) cells expressing variant 

and reference ABCG2 promoter plasmids (see Chapter 3) and previously identified 

reference and variant high priority regulatory regions in the ABCG2 gene locus (see 

Chapter 4) were treated with ligands for PXR, ER, GR and AhR. The identification of 

putative NREs in the ABCG2 gene locus adds to the previously identified cis-regulatory 

elements of ABCG2 (see Chapter 4 and references22,27–31) and provides novel links 

between genetic variants and ABCG2 expression.  

 

6.3. Materials and Methods 

6.3.1. Chemicals and Materials 

The vectors pGL4.23 [luc2/minP], pGL3-promoter [luc+/SV40], pGL4.11b 

[luc2P], pGL4.74 [hRluc/TK], pGL4.13 [luc2/SV40], the Dual-Luciferase® Reporter 
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Assay System and HB101 competent cells were all purchased from Promega (Madison, 

WI). The human hepatocellular carcinoma (HepG2) and human breast adenocarcinoma 

(MCF-7) cell lines were both purchased from the American Type Culture Collection 

(ATCC, Manassas, VA). High-glucose Dulbecco’s modified Eagle’s medium (DMEM), 

Opti-Minimal Essential Medium (Opti-MEM) and Lipofectamine 2000 were all 

purchased from Invitrogen (Carlsbad, CA). DMSO, 1X phosphate buffered saline (PBS), 

0.05% trypsin and 100X penicillin and streptomycin were all purchased from the UCSF 

Cell Culture Facility (San Francisco, CA). Rifampin, 17β-estradiol, benzo[a]pyrene, 

dexamethasone and 10% charcoal stripped fetal bovine serum (FBS) were all purchased 

from Sigma Aldrich (St. Louis, MO). Improved Minimum Essential Medium (IMEM) 

without phenol red (Mediatech Inc, Manassas, VA), 10% FBS (Axenia BioLogix, Dixon, 

CA), and PolyJet™ DNA In Vitro Transfection Reagent (SignaGen Laboratories, 

Rockville, MD) were all purchased from the indicated manufacturers. The CYP3A4 

Xrem77 in the pGL4.23 [luc2/minP] vector and hPXR-pcDNA3.1 were a gift from Kathy 

Giacomini (University of California San Francisco, San Francisco, CA). 

 

6.3.2. Computational Predictions of Nuclear Response Elements 

Three web-based computational tools and two chromatin immunoprecipitation 

(ChIP) coupled with deep sequencing (ChIP-seq) databases were used to either predict or 

provide evidence for the binding of NRs to putative enhancer elements. For the prediction 

analysis, either the entire ABCG2 locus, which we defined as the ~300,000 bp region, 

stretching from one gene up- (PPM1K) and downstream (PKD2) of ABCG2 

(chr4:89130400-89439035 hg18; chr4:88911376-89220011 hg19), or selected putative 
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enhancer sequences were extracted from UCSC genome browser (hg19). These 

sequences were then compared with NR consensus sequences using Cister, rVista and 

TRANSFAC MATCH programs to detect which putative cis-regulatory elements have 

high probability of NR binding. The prediction analyses with Cister and rVista, were 

originally done during the initial in silico screen for putative enhancer elements (see 

Chapter 4) on the entire ABCG2 gene locus. First the entire ABCG2 locus was scanned 

using the rVista78 program, which analyzes sequences for conserved TFBS, using all 

vertebrate TF matrices from TRANSFAC professional. NREs were isolated from the list 

of all predicted TFBS, and regions with NREs predicted by rVista are indicated in Table 

6.1. Next, the ABCG2 locus was examined for regions with increased clustering of 

predicted transcription factor binding sites (TFBS), regardless of conservation, using the 

Cister program79. Matrices used for cis-elements included those preprogrammed into the 

Cister program (see Chapter 4 Material and Methods for full list) and several additional 

matrices obtained from TRANSFAC80 and listed in Table 4.1. The ABCG2 gene locus 

was split into fourths and analyzed in the Cister program with the default settings 

described in Chapter 4 Materials and Methods. Enhancer regions with NREs (such as 

ERE) predicted by Cister are indicated in Table 6.1. The third computational tool was the 

TRANSFAC Match program80. For this tool, the genomic sequence for each putative 

enhancer element was individually scanned for the probability of TF binding using the 

TRANSFAC release 2012.2 matrix table of all non-redundant vertebrate TFs. Parameters 

were set to select only high quality matrices and to minimize false positives. The 

probabilities for TF binding in putative enhancer elements were compiled and those 

elements with predicted NREs were extracted. To provide evidence for the actual binding 
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of NRs to putative enhancer regions, overlap of NR ChIP-seq peaks with putative 

enhancer elements were pulled from the TRANSFAC80 ChIP-seq database. Additionally, 

all putative enhancer elements were visualized using the UCSC genome browser, and NR 

peaks occurring in the ENCODE81 TF ChIP-seq (Txn ChIP) track were noted in Table 

6.1. Many of the putative enhancer elements with in silico evidence-based predictions for 

NR binding are compiled under the respective NR in Table 6.1; the NR predictions shown 

were those utilized to select putative enhancer elements for testing in in vitro induction 

assays.  
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Table 6.1. Nuclear Response Elements in ECRs 
ER HNF3α/β6 RXR7 PXR GR AhR 

ECR4204 ECR442 CR92 ECR172 ECR312 ECR4202,4 
CR153 ECR4021,2 ECR522 ECR4252 ECR522 ECR4291 

ECR4104 ECR4232 ECR4262 CR62 ECR4261,2 CR104 
CR104 ECR4262 CR62 ECR4202 ECR4102,4 CR152,4 
CR114 CR94 ECR4002 CR102 CR104 CR162,4 
CR164 ECR432 ECR382 CR112 ECR382 ECR4102,4 
CR192,4 CR72 CR72 ECR4282 CR72 ECR4002 
CR82 ECR252 ECR4292 ECR4002 ECR4282  

ECR4252 CR102 ECR4282  CR82  
 CR152 CR192  ECR4022  
 CR162 ECR252  ECR4122,4  
 ECR312 CR82  ECR252  
  ECR4022  ECR335  
  ECR4102    
  ECR4122    
  ECR4232    
  CR102    
  ECR4252    
  CR112    
  CR152    
  CR162    
  ECR332,5    
  ECR312    
  ECR552    

1rVista predicted 
2TRANSFAC predicted 
3TRANSFAC ChIP-seq evidence 
4Cister predicted 
5ENCODE evidence 
6Either HNF3α (FOXA1) or HNF3β;  
7Due to the flexibility of RXR as a binding partner, these predictions are from 
matrices that target different combinations of direct repeats 
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6.3.3. Cell Culture 

The HepG2 cell line was obtained from the ATCC and grown in high-glucose 

DMEM supplemented with 10% FBS, 100 units/mL of penicillin and 0.1 mg/mL of 

streptomycin.  The MCF-7 cell line was also obtained from ATCC and cells were grown 

in IMEM, without phenol red, supplemented with 10% charcoal stripped FBS, 100 

units/mL of penicillin and 0.1 mg/mL of streptomycin. All cell lines were grown in a 5% 

CO2 incubator at 37°C. To maintain cells, they were split upon reaching confluency by 

treatment with 0.05% Trypsin-EDTA, washed with 1X PBS and suspended in fresh 

media at a 1:5 to 1:20 dilution. 

 

6.3.4. Transient Transfections 

ABCG2 promoter reference and variant plasmids were made as described in the 

Materials and Methods of Chapter 3, enhancer and suppressor constructs as described in 

Chapter 4, and variant enhancer constructs as described in Chapter 5. The pGL4.23 

vector is a firefly luciferase vector with a multiple cloning site designed to accept a 

putative enhancer element upstream of a minimal promoter and the luciferase gene. The 

pGL3-promoter vector is a firefly luciferase vector with a multiple cloning site designed 

to accept a putative suppressor element upstream of the strong SV40 promoter and the 

luciferase gene. The pGL4.11b vector is a promoterless firefly luciferase vector designed 

to accept a putative promoter sequence before the luciferase gene. Once the target 

sequence is cloned into one of these vectors and transfected into cells, the luciferase 

activity can be measured as a surrogate for the regulatory region function. The cell lines 

were each chosen to represent their primary tissue source. Plasmids for hPXR and Xrem 
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were a gift from Kathy Giacomini and are described below. For transient transfections of 

the HepG2 cell lines, cells were split with 0.05% Trypsin-EDTA and seeded at 

approximately 1.8 x 104 cells per well of a 96-well plate in fresh DMEM with 10% FBS 

without antibiotics and grown for at least 24 hr to 80% confluency. Cells were then 

transfected with Lipofectamine 2000 following guidelines suggested in the 

manufacturer’s protocol. In short, 0.5 μL of Lipofectamine 2000 was incubated in 25 μL 

Opti-MEM for 5 min and then gently mixed with a 25 μL solution of  100 ng ABCG2 

plasmid, 50 ng of hPXR plasmid and 10 ng  pGL4.74 [hRluc/TK] (Promega, Madison, 

WI) diluted with Opti-MEM. The DNA-Lipofectamine mixture was allowed to incubate 

at room temperature for 30 min before being placed onto cells with 50 μL of antibiotic-

free media. MCF-7 cells were split with 0.05% Trypsin-EDTA and seeded at  ~2.5 x 104 

cells per well and transfected with the PolyJet™ DNA In Vitro Transfection Reagent 

once they reached 80-90% confluency; transfection efficiency was optimized by 

following the manufacturer’s guidelines. Briefly, media on the cells was replaced with 

100 μL fresh IMEM (supplemented with FBS and antibiotics as above) 30 min before 

transfection. A mix of 75 ng ABCG2 plasmid and 25 ng of pGL4.74 [hRluc/TK], to 

control for transfection efficiency, was diluted to 5 μL with IMEM supplemented with 

10% FBS (no antibiotics). A 0.4 μL aliquot of PolyJet was diluted to 5 μL with IMEM 

supplemented with 10% FBS (no antibiotics) and then immediately added to the DNA 

with gentle mixing. The PolyJet/DNA mix was incubated at room temperature for 15 min 

before being added to the cells. All cell lines were incubated with their transfection 

reagents for 6-24 hr before drug media was added for induction assays. 
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6.3.5. Rifampin Induction 

The protocol for induction of the ABCG2 constructs with rifampin was adapted 

from previously published rifampin induction protocols77,82. The positive control plasmid 

for induction was a xenobiotic response element (Xrem) that induces CYP3A4 

expression upon rifampin treatment77. Additionally, we co-transfected with a human PXR 

plasmid to ensure the expression of PXR.  Plasmids used in the rifampin induction assays 

included empty pGL4.23 [luc2/minP], enhancer-pGL4.23, hPXR-pcDNA3.1 and Xrem-

pGL4.23. Since almost all putative cis-regulatory elements had either a PXR or RXR 

predicted binding site, we screened them all in the rifampin induction assay. HepG2 cells 

were transiently transfected as above and 18 hr after transfection each well in a 96-well 

plate was given new media. Each plasmid was treated with either 200 μL of DMEM with 

25 μM rifampin dissolved in DMSO or with 200 μL of DMEM with 0.1% DMSO. Cells 

were incubated for 24 hr with drug media before being assayed for luciferase activity. 

 

6.3.6. 17β-estradiol Exposure 

Treatment of the ABCG2 constructs with E2 was adapted from previously 

published ER induction protocols31,44. The positive control plasmid for induction was the 

ABCG2 promoter construct, which includes an ERE at -180 that responds to E2 

treatment29,31,43. MCF-7 cells were used for the E2 induction assay because they express 

the ER and estrogen treatment modulates ABCG2 expression45,83. Plasmids used in the E2 

induction assays included pGL4.23 [luc2/minP], enhancer-pGL4.23, variant enhancer-

pGL4.23, pGL3 promoter [luc+/SV40],  ABCG2 promoter-pGL4.11b [luc+/minP], 

variant ABCG2 promoter-pGL4.11b and pGL4.11b [luc2+/minP]. Since a significant 
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faction of putative cis-regulatory elements have predicted HNF3α or ER binding sites and 

ER also binds to nontraditional recognition sequences84, we hypothesized that there are 

both novel and traditional ERE in our putative cis-regulatory elements. Since ER is such 

an important regulator of ABCG2, all high priority putative cis-regulatory elements were 

screened in the E2 induction assays, whether or not they were predicted to have ER 

response elements (Table 6.1). MCF-7 cells were transiently transfected as above, and 6 

hr after transfection, media was changed to 200 μL of IMEM (without phenol red) with 

100 nM E2 (dissolved in DMSO) or with 200 μL of IMEM with 0.2% DMSO for each 

well of the 96-well plate. Cells were incubated for 48 hr with drug media before being 

assayed for luciferase activity. 

 

6.3.7. Aryl Hydrocarbon Receptor Induction 

Induction of the ABCG2 plasmids with B[a]P was adapted from a previously 

published AhR induction protocol85. The positive control plasmid for induction was the 

ABCG2 promoter construct, which includes AhR response elements at -55 and -189 that 

are important in response of the ABCG2 promoter to aryl hydrocarbon treatment30,85,86. 

MCF-7 cells were used for the AhR induction assay because they express the AhR and 

their ABCG2 expression responds to aryl hydrocarbon treatment66. Plasmids used in the 

AhR induction assays included pGL4.23 [luc2/minP], enhancer-pGL4.23 [luc2/minP], 

ABCG2 promoter-pGL4.11b [luc+/minP] and pGL4.11b [luc2+/minP]. Only enhancer 

elements predicted to have AhR response elements were screened in the B[a]P induction 

assays (Table 6.1). MCF-7 cells were transiently transfected as above, and 18 hr after 

transfection, media was changed to 200 μL of IMEM (without phenol red) with 500 nM 
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or 10 μM B[a]P dissolved in DMSO or with 200 μL of IMEM with 0.2% DMSO. Cells 

were incubated for 24 hr with drug media before being assayed for luciferase activity. 

 

6.3.8. Dexamethasone Induction 

Induction of the ABCG2 plasmids with dexamethasone (DEX) was adapted from 

previously published GR induction protocols60,61. MCF-7 cells were used for the DEX 

induction assay because they express GR87 and their expression of ABCG2 responds to 

glucocorticoid treatment60. Plasmids used in the DEX induction assays included pGL4.23 

[luc2/minP], enhancer-pGL4.23, variant enhancer-pGL4.23, pGL3 promoter 

[luc+/SV40], supressor-pGL3 promoter [luc+/SV40], ABCG2 promoter-pGL4.11b 

[luc2+/minP], variant ABCG2 promoter-pGL4.11b and pGL4.11b [luc2+/minP]. Only 

putative enhancer elements predicted to have GR response elements were screened in the 

dexamethasone induction assays. MCF-7 cells were transiently transfected as above, and 

18 hr after transfection, media was changed to 200 μL of IMEM (without phenol red) 

with 500 nM DEX (dissolved in DMSO) or with 200 μL of IMEM with 0.2% DMSO. 

Cells were incubated for 24 with drug media before being assayed for luciferase activity. 

 

6.3.9. Luciferase Assay 

After cells were treated with drug or DMSO, each well was washed with 100 μL 

1X PBS and lysed with 50 μL of 1X passive lysis buffer for 1 hr with shaking. HepG2 or 

MCF-7 lysates (30 μL) were measured for firefly and Renilla luciferase activity using 70 

μL each of the Luciferase Assay Reagent II and Stop & Glo® reagents from the Dual-

Luciferase® Reporter Assay System in a GloMax 96 microplate Dual Injector 
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Luminometer. The firefly activity was normalized to the Renilla activity per well to 

control for transfection efficiency. Each experiment also included the empty pGL4.23, 

pGL4.11b or pGL3-promoter vector as the negative control and the Xrem-pGL4.23 or 

ABCG2 promoter plasmid as the positive control. Luciferase activity for each plasmid 

was expressed as the ratio of the normalized firefly to Renilla activity to that of either the 

DMSO treatment or the empty vector treated with or without drug. 

 

6.3.10. Statistical Analysis 

Luciferase activity was first normalized to Renilla activity and then by the activity 

of the drug-treated empty vector (EV). For presentation in figures, the difference from 

EV with NR ligand treatment was divided by the activity with DMSO treatment to yield a 

relative fold activity (RFA). Putative enhancer elements treated with drug were 

considered to have statistically significant activity compared to the DMSO treated vector 

if the unpaired Student’s t-test had a P < 0.05 in each experimental replication. For 

statistical analysis of variant versus reference regulatory regions, the RFA for the variant 

regulatory region was tested against the RFA of the reference regulatory region using 

either an unpaired Student’s t-test (when analyzing only one variant) or an ANOVA 

followed by a post-hoc Bonferroni’s multiple comparison t-test (when comparing 

multiple variants) with statistical significance set at P < 0.05. All statistics were run using 

the GraphPad Prism 5 program. 
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6.4. Results 

6.4.1. Predicted Nuclear Response Elements 

 Utilizing several web-based TF prediction programs and publically available 

ChIP-seq databases, putative enhancer elements were analyzed for the occurrence of 

various NREs (Table 6.1). The NRE for RXR, from matrices that include different direct 

repeat configurations, was present in 24 of the 30 putative enhancer elements, making it 

the most abundant putative NRE. All but one RXR response elements were predicted 

using the TRANSFAC MATCH program80; only ECR33 had additional evidence from 

the ENCODE ChIP-seq database81 for the binding of RXR (Table 6.1). The glucocorticoid 

response element (GRE) was predicted in 13 of 30 putative enhancer elements with the 

GREs in ECR426, ECR410 and ECR412 being predicted by more than one program. 

Additionally, the ECR426 predicted GRE was conserved through mouse. The next most 

abundant NRE, in 12 of the 30 putative enhancer elements, was for HNF-3α (FOXA1, a 

binding partner of ER) or HNF-3β. ERE were predicted in 9 of the 30 putative cis-

regulatory regions and AhR response elements in only 7 of 30 putative cis-regulatory 

regions. Besides RXR binding in ECR33, the only other ChIP-seq evidence for NR 

binding was for p300, a co-activator for many NRs, in both ECR31 and ECR33 and ER 

in CR15 (Table 6.1). 

 

6.4.2. System Controls 

To test the validity of our induction assays, MCF-7 cells transiently transfected 

with the ABCG2 promoter plasmid were treated for 18 to 48 hr with ligands for different 

nuclear receptors (Figure 6.1A). Initial conditions for the induction assays were based on 
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previous literature for E2
31,44, DEX60,61 and B[a]P85. Treatment with 100 nM E2 caused 

increased ABCG2 promoter activity within 18 hours and increased activity was 

maintained for 48 hours (Figure 6.1A). Treatment with 500 nM DEX caused increased 

ABCG2 promoter activity at 24 hours and decreased promoter activity after 48 hours 

(Figure 6.1A). Any cell toxicity from the DEX, or other NR ligands, is accounted for by 

the Renilla activity. However, we did not notice excessive cell toxicity at any of the NR 

ligand doses used. Due to the ability of DEX to act via a GR mediated mechanism at 24 

hr and a PXR mechanism at 48 hr60,61, regulatory regions were tested at 24 hr post DEX 

treatment. Treatment with 500 nM or 10 μM B[a]P caused 2-fold induction of the 

ABCG2 promoter at 18 hr and this increased to 4-fold induction only with the lower dose 

(Figure 6.1A). There was no induction by B[a]P at 48 hr (Figure 6.1A). Based on these 

results and a previous study85 cells were treated for 24 hr with 10 μM B[a]P. To test the 

validity of the rifampin induction assay, HepG2 cells were treated with 10 μM and 25 μM 

of rifampin for 24 hr after transient transfection with the XREM element. These 

conditions were based on the literature77,82, and the positive control, Xrem, was a known 

rifampin-inducible element upstream of CYP3A477. Treatment with 10 μM rifampin 

caused an 8-fold induction of the XREM enhancer activity after 24 hr, while treatment 

with 25 μM rifampin caused an 18-fold induction of the XREM enhancer activity (Figure 

6.1B). Therefore, cells expressing putative regulatory regions were treated with 25 μM 

rifampin for 24 hr. 
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Figure 6.1. System controls for in vitro nuclear response element assays. Breast 

(MCF-7) cells (A) were transiently transfected with the ABCG2 promoter plasmid (in 

pGL4.11b) and then treated with 17β-estradiol (E2, 100 nM), dexamethasone (Dex, 500 

nM), benzo[a]pyrene (B[a]P, 500 nM or 10 μM) or 0.2% DMSO. Liver (HepG2) cells 

(B) were transiently transfected with the Xrem plasmid (in pGL4.23) and then treated 

with rifampin (10 μM or 25 μM) or 0.1% DMSO. Cells were treated with drug for 18 

(white bars), 24 (grey bars) or 48 (checkered bars) hr before luciferase activity was 
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measured. Normalized firefly to Renilla luciferase activity post ligand treatment is shown 

for each plasmid relative to its activity when treated with DMSO (DMSO treatment is set 

to ‘1’). Normalized luciferase values less than one are due to attenuation of luciferase 

activity with ligand treatment. Data is expressed as the mean ± SEM from a 

representative experiment (n = 4-9). Differences between XREM activity in the absence 

and presence of rifampin were tested by an unpaired Student’s t-test. *** P < 0.0001. 

 

6.4.3. Rifampin Induction 

 The ability of putative enhancer elements to respond to a PXR ligand was tested 

in transiently transfected HepG2 cells after 24 hr of rifampin treatment. After DMSO and 

rifampin treatment, cell lysates were tested for differences in normalized enhancer 

activity. Relative luciferase activity for each plasmid is expressed as the enhancer activity 

with ligand treatment to that measured after DMSO treatment (Figure 6.2). Of the 30 

screened enhancer elements, nine of them had significant rifampin-inducible activity 

(Figure 6.2). Most of the regions (CR8, CR9, CR10, ECR38, ECR400, ECR410 and 

ECR412) responded weakly to rifampin treatment (Figure 6.2). ECR25 and ECR33 

responded moderately (~3-fold induction) to rifampin treatment, and the ECR33 

enhancer had the highest induction (Figure 6.2). This screen identified several regulatory 

elements that respond to the PXR ligand rifampin and could be potential nuclear response 

elements for the ABCG2 gene. 
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Figure 6.2. Effect of rifampin treatment on enhancer activity. Luciferase activity of 

putative enhancer regions was measured in transiently transfected liver (HepG2) cells 24 

hr after treatment with 0.1% DMSO or 25μM rifampin. Enhancer activity is expressed as 

the ratio of firefly to Renilla luciferase activity in the presence of rifampin to the same 

ratio after DMSO treatment. Data is expressed as the mean ± SEM from a representative 

experiment (n = 6 wells per construct and treatment).  Differences between the enhancer 

activity in the absence and presence of rifampin were tested by an unpaired Student’s t-

test. *** P < 0.0001, ** P < 0.001, * P < 0.05. 

 

6.4.4. Estrogen Receptor Mediated Induction 

 Many different regulatory sequences were tested for their response to E2 treatment 

after 48 hours. First, the response of 30 putative enhancer constructs and the ABCG2 
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promoter construct to E2 were tested (Figure 6.3). There were six enhancer elements, 

ECR400, CR6, ECR33, CR7, CR8 and CR9, with significantly decreased activity (25 to 

50%) upon E2 treatment (Figure 6.3). Most of these regions were moderate to strong 

enhancers with DMSO treatment and their activity was reduced or abolished with E2 

treatment. The only putative enhancer region with induced activity after E2 treatment was 

CR19, which exhibited a moderate induction upon E2 treatment (Figure 6.3). The ABCG2 

promoter construct activity was also weakly induced by E2 treatment (Figure 6.3 and 

Figure 6.4).  

 After confirmation that the ABCG2 promoter was inducible with E2 treatment 

(Figure 6.3 and Figure 6.4), the nine variant ABCG2 promoter plasmids (described in 

Chapter 3) were tested for changes in E2 induction. Four of nine ABCG2 promoter 

variants responded to E2 treatment, and rs66664036 increased induction compared to the 

reference sequence (Figure 6.4). 

 Since CR6 enhancer activity was significantly decreased upon treatment with E2 

(Figure 6.3), the effect of E2 on the seven variant CR6 enhancer regions described in 

Chapter 5 was evaluated. Three SNPs were associated with reduced enhancer activity in 

response to E2, and the suppression with rs573519157 was greater than that for the 

reference sequence (Figure 6.5). rs190754327 was associated with loss of E2 induction 

(Figure 6.5).  

 Since the ECR400 enhancer activity was significantly decreased upon treatment 

with E2 (Figure 6.3) the effect of genetic variation in ECR400 on the response to E2 was 

evaluated. With one exception, the ECR400 SNPs did not affect the ability of the 
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ECR400 enhancer to respond to E2 (Figure 6.6). rs12508471 caused a loss of E2-induced 

suppression of ECR400 enhancer activity (Figure 6.6). 

 

Figure 6.3. Effect of 17β-estradiol treatment on promoter and enhancer activity. The 

luciferase activity of ABCG2 promoter (in pGL4.11b) and putative enhancer regions (in 

pGL4.23) was measured in transiently transfected breast (MCF-7) cells 48 hr after 

treatment with 0.2% DMSO or 100 nM 17β-estradiol (E2). Enhancer activity is expressed 

as the ratio of firefly to Renilla luciferase activity in the presence of E2 to the same ratio 

after DMSO treatment. Relative luciferase activity less than one is due to reduction of the 

enhancer activity with E2 treatment.  Data is expressed as the mean ± SEM from a 

representative experiment (n = 6-8 wells per construct and treatment). Differences 

between enhancer activity in the absence and presence of E2 were tested by an unpaired 

Student’s t-test. *** P < 0.0001, ** P < 0.001, * P < 0.05. 
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Figure 6.4. Effect of 17β-estradiol treatment on reference and variant promoter 

activity. The luciferase activity of reference and variant promoter plasmids (in 

pGL4.11b) was measured in transiently transfected breast (MCF-7) cells 48 hr after 

treatment with 0.2% DMSO or 100 nM 17β-estradiol (E2). Enhancer activity is expressed 

as the ratio of firefly to Renilla luciferase activity in the presence of E2 to the same ratio 

after DMSO treatment. Data is expressed as the mean ± SEM from a representative 

experiment (n = 6-8 wells per plasmid and treatment). Differences between promoter 

activity in the absence and presence of E2 were tested by an unpaired Student’s t-test; * P 

< 0.05. Differences in promoter activity between variants and the reference were 

compared by an ANOVA followed by a Bonferroni multiple comparison t-test; # P <0.05. 
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Figure 6.5. Effect of 17β-estradiol treatment on reference and variant CR6 enhancer 

activity. The luciferase activity of reference and variant CR6 enhancer plasmids (in 

pGL4.23) was measured in transiently transfected breast (MCF-7) cells 48 hr after 

treatment with 0.2% DMSO or 100 nM 17β-estradiol (E2). Enhancer activity is expressed 

as the ratio of firefly to Renilla luciferase activity in the presence of E2 to the same ratio 

after DMSO treatment. Relative luciferase activity less than one indicates reduction of 

enhancer activity with E2 treatment.  Data is expressed as the mean ± SEM from a 

representative experiment (n = 6-8 wells per construct and treatment). Differences 

between the enhancer activity in the absence and presence of E2 were tested by an 

unpaired Student’s t-test; * P < 0.05, ** P < 0.001. Differences between variant and 

reference CR6 enhancer RFA were compared by an ANOVA followed by a Bonferroni 

multiple comparison t-test; # P < 0.05. 
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Figure 6.6. Effect of 17β-estradiol treatment on reference and variant ECR400 

enhancer activity. The luciferase activity of reference and variant ECR400 enhancer 

constructs (in pGL4.23) was measured in transiently transfected breast (MCF-7) cells 48 

hr after treatment with 0.2% DMSO or 100 nM 17β-estradiol (E2). Enhancer activity is 

expressed as the ratio of firefly to Renilla luciferase activity in the presence of E2 to the 

same ratio after DMSO treatment. Relative luciferase activities less than one indicate 

reduction of enhancer activity with E2 treatment.  Data is expressed as the mean ± SEM 

from a representative experiment (n = 6-8 wells per construct and treatment). Differences 

between enhancer activity in the absence and presence of E2 were tested by an unpaired 

Student’s t-test; * P <0.05, ** P < 0.001. Differences between the response of reference 

and variant ECR400 enhancers to E2 were compared by an ANOVA followed by a 

Bonferroni multiple comparison t-test; # P <0.05.  
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6.4.5. Glucocorticoid Receptor Mediated Induction 

 Selected putative enhancer constructs were tested for their response to 

dexamethasone (DEX) treatment. First, putative enhancer constructs, and when available 

their suppressor constructs, with predicted GREs (Table 6.1) were transiently transfected 

into MCF-7 cells and then treated with DEX or DMSO for 24 hours and their relative 

luciferase activity measured. Three regions had significantly decreased luciferase activity 

relative to DMSO treatment respectively. ECR25 (in pGL4.23) had a 60% decrease in 

RFA with DEX treatment (Figure 6.8). However, the ECR25 (pGL3-promoter) 

suppressor construct did not have altered RFA with DEX treatment (Figure 6.8). 

ECR410, which had GREs predicted by both Cister and TRANSFAC (Table 6.1), had a 

50% to 75% decrease in RFA after DEX treatment when this region was tested in either 

the in pGL4.23 or pGL3-promoter vectors (Figure 6.8). The last construct with a 

significant decrease in relative luciferase activity was ECR400 rs12508471 plasmid. 

Although ECR400 is not predicted to have a GRE (Table 6.1), the rs12508471 SNP was 

predicted to gain a GR site (see Chapter 5, Figure 5.15), which was why this SNP was 

screened. The ECR400 enhancer was not significantly decreased with DEX treatment, 

dropping a little over 25% (Figure 6.8). In contrast, the rs12508471 SNP had over an 

80% decreased RFA with DEX treatment (Figure 6.8).  
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Figure 6.7. Effect of 24 hour dexamethasone treatment on selected reference and 

variant enhancers’ and suppressors’ activities. The luciferase activity of reference and 

variant enhancer constructs (in pGL4.23) and suppressor constructs (in pGL3-promoter) 

was measured in transiently transfected breast (MCF-7) cells 24 hours after treatment 

with 0.2% DMSO or 500nM dexamethasone (DEX). Enhancer activity is expressed as 

the ratio of firefly to Renilla luciferase activity in the presence of DEX to the same ratio 

after DMSO treatment. Relative fold activation values less than one are due to reduction 

of the enhancer’s activity with DEX treatment.  Data is expressed as the mean ± SEM 

from a representative experiment (n=6-8 wells per construct and treatment). Differences 

between reference enhancer activity in the absence and presence of DEX were tested by 

an unpaired Student’s t-test * P < 0.05, ** P <0.001, *** P <0.0001. Differences between 

the RFA of reference and variant enhancers were compared by a Student’s t-test, # P < 

0.05.  
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6.4.6. Aryl Hydrocarbon Receptor Mediated Induction 

 Putative enhancer constructs that were predicted by more than one program to 

have aryl hydrocarbon (AhR) response elements (Table 6.1) and the ABCG2 promoter 

construct, were transiently transfected into MCF-7 cells and then treated with B[a]P for 

24 hr and their relative luciferase activity measured (Figure 6.8). Only the ABCG2 

promoter showed increased activity when treated with B[a]P and the induction was 

modest (Figure 6.8).   

 

 

Figure 6.8. Effect of 24 hour benzo[a]pyrene treatment on selected enhancer and 

promoter activities. The luciferase activity of enhancer regions (in pGL4.23) and the 

ABCG2 promoter (in pGL4.11b) was measured in transiently transfected breast (MCF-7) 

cells 24 hr after treatment with 0.2% DMSO or 10 μM benzo[a]pyrene (B[a]P). Enhancer 

activity is expressed as the ratio of firefly to Renilla luciferase activity in the presence of 

B[a]P to the same ratio after DMSO treatment. Relative luciferase activities less than one 
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indicate reduction in enhancer activity with B[a]P treatment.  Data is expressed as the 

mean ± SEM from a representative experiment (n = 8 wells per construct and treatment). 

Differences between reference enhancer activity in the absence and presence of B[a]P 

were tested by a Student’s t-test; * P < 0.05.  

 

6.4.7. Accuracy of NRE and HRE Predictions 

There were 12 of the 30 high priority enhancer regions that responded to at least 

one nuclear receptor (NR) ligand (listed in Table 6.2), six regions responded to at least 

two different NR ligands and ECR400 (or its variant) responded to all the NR ligands 

tested (Table 6.2).  

All regions were challenged with rifampin and 17β-estradiol (E2), in an attempt to 

see if prediction of NRRE were sufficient to determine in vitro activity. Of the nine 

elements that responded to rifampin, only two had predicted PXR response elements 

(22%) and of the eight regions with predicted PXR response elements only two 

responded to rifampin (25%). Of the 22 regions not predicted to harbor a PXR response 

element, six responded to rifampin treatment (27%). For E2 response, of the nine regions 

with predicted ERE, only three responded to E2 treatment (33%), and CR15, which had 

ChIP-seq support for ER binding (Table 6.1), did not respond to E2 treatment (Figure 6.3). 

Of the 21 regions without predicted ER response elements, six (29%) responded to E2 

treatment. These results suggest that in silico prediction or preliminary ChIP-seq data of 

NR binding was not indicative of response to ligand treatment (summarized in Table 6.2). 

Additionally, excluding regions without predicted NR binding could allow for false 

negatives. 
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Only selected regions with predicted GR and AhR (Table 6.1) were challenged 

with dexamethasone and B[a]P. Of the three regions that responded to dexamethasone 

treatment, one (33%) had predicted GR binding. Of the three elements with predicted GR 

binding only one (33%) responded to dexamethasone. None of the regions with predicted 

AhR binding responded to B[a]P treatment.   

 
Table 6.2. Response of ABCG2 Locus Regulatory Regions to Xenobiotic Treatment 

Region 
Treatment Predicted NRE 

Rifampin Estrogen Dex  B[a]P  
ECR33 ↑ ↓   RXR, GR 
CR16 ↔ ↔  ↔ ER, RXR, AhR 
CR6 ↔ ↓   RXR, PXR 
ECR400 ↑ ↓ ↓  RXR, PXR, AhR 
CR8 ↑ ↓   ER, RXR, GR 
CR9 ↑ ↓   RXR 
CR10 ↑ ↔   ER, RXR, PXR, AhR 
ECR25 ↑ ↔ ↓  RXR, ER 
ECR38 ↑ ↔   RXR, GR 
ECR410 ↑ ↔ ↓1 ↔ ER, RXR, GR, AhR 
ECR412 ↑ ↔ ↔  RXR, GR 
CR7 ↔ ↓ ↔  RXR, GR 
CR19 ↔ ↑   ER, RXR 
ECR429 ↔    RXR, AhR 
ECR425 ↔ ↔   ER, RXR, PXR 
CR11 ↔ ↔   ER, RXR, PXR 
ECR17 ↔ ↔   PXR 
ECR31 ↔ ↔ ↔  RXR, GR 
ECR52 ↔ ↔   RXR 
ECR402 ↔ ↔   RXR, GR 
ECR426 ↔ ↔   GR 
ECR420 ↔ ↔  ↔ ER, PXR, AhR 
Promoter  ↑ ↑ ↑ ER 
↑Increase, ↓Decrease, ↔No Response,  Not Tested 

1 Significant in both pGL4.23 and pGL3-suppressor vectors 
Abbreviations: Dex, Dexamethasone; hr, hour; B[a]P, Benzo[a]pyrene; NRE, Nuclear 
Response Elements; ER, Estrogen Receptor; RXR, Retinoic Acid Receptor; PXR, 
Pregnane X Receptor; GR, Glucocorticoid Receptor; AhR, Aryl Hydrocarbon Receptor 
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6.5. Discussion 

The evidence that ABCG2 is regulated by NR pathways22–25,27,29–31,33,34 and that 

multiple NREs work together to modulate expression of a gene88 suggest that there are 

multiple hormone and xenobiotic response elements in the ABCG2 gene locus. Therefore, 

the previous screen for regulatory elements of ABCG2 (see Chapter 4) was extended with 

in vitro induction assays for PXR, ER, GR and AhR to identify if any of these putative 

regulatory elements are cis- hormone or xenobiotic response elements.  

Rifampin induction of XREM (8- to 16- fold) was lower than the 45- fold 

induction reported in the literature77, and reflects to some degree differences in the 

experimental conditions. The ABCG2 promoter was inducible ~6-fold with E2 treatment, 

similar to previous reports31. The 2- to 4- fold induction of the ABCG2 promoter with an 

AhR ligand was also consistent with earlier studies85,86.  

The use of in silico TFBS prediction programs was moderately successful in 

identifying regions that would respond to ER, AhR, PXR and GR ligand challenge. 

Regions screened in both the GR and AhR induction assays were selected based on 

predicted binding of GR or AhR. However, the regions that were selected to be tested had 

response rates of 33% for GR and 0% with AhR. Predictive programs for TF binding are 

fairly inconsistent, but can only be as good as the TF matrices currently available. For 

example, only 60% of AhR bound DNA from ChIP-seq studies contained a core AhRE 

(5’-GCGTG-3’)89. This is due to the variability in published cistrome data; for example, 

replication attempts to identify ER binding sites using ChIP-seq and ChIP-ChIP have 

success rates between 10-76%90. Continued development of TF binding consensus 
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sequence libraries and ChIP-seq databases, such as that from ENCODE, are likely to 

increase our ability to predict NRE. 

In addition to variability in TF consensus sequences, binding of NRs to DNA 

found in ChIP-seq screens do not guarantee the region is a regulatory element. For 

example, 66%91  -  91%18 of androgen receptor response elements based on ChIP-seq 

data responded to androgens. Since both PXR and ER are important NRs in the 

regulation of ABCG2, all high priority regulatory elements in the ABCG2 locus were 

challenged with representative ligands. Of the regions with a predicted NRE, 25-30% 

responded to the respective ligand; 29-77% of regions without a predicted NRE were 

modulated by the NR ligands. Inconsistent prediction of ERE by ER ChIP-seq has been 

previously reported90. The CR15 enhancer region had ChIP-seq data from ENCODE81 

supporting the binding of ER, however, CR15 did not respond to E2. The CR19 region 

was significantly induced by E2 treatment, consistent with ChIP-seq data that identified 

two peaks for binding of ER, and the ERα tethering protein FOXA121, to CR19. ChIP-seq 

data suggests that NRE are often composite elements, consisting of binding sites for NR 

co-activators as well as other NRs and TFs12. There is a wide variation in NR dimer 

partners for ER, including HNF-4, TR, RAR, RXR, and VDR9.  The use of additional 

TFBS to identify composition sites, as well as the continual addition to ChIP-seq 

databases, would improve our current prediction methods for the identification of NRE.  

The ER is perhaps the most well defined NR system, as it is integral in many 

biological responses and has many clinical applications5. Additionally, E2 is a key 

regulator of growth and development and it functions in a wide array of target tissues92. 

In the current study, the activity of the ABCG2 promoter was induced with E2 treatment, 
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consistent with previous studies31. Additionally, the promoter SNP rs66664036 had 

significantly greater response to E2 than the reference promoter. The rs6664036 SNP 

does not lie in the promoter’s documented ERE and therefore does not effect ER binding. 

Interestingly, this same SNP reduced in vivo promoter activity 50% (see Chapter 3), a 

response that might be negated in the presence of E2.  

Although this ERE in the ABCG2 promoter responds to E2 treatment, the ER, like 

many other hormone receptors, prefers to bind to cis-regulatory regions versus proximal 

promoters17, especially for genes with tissue-specific expression. Due to significant 

evidence supporting the ability of ER ligands to either increase or decrease ABCG2 

expression depending on the tissue and presence of other NR23,42–46, regulatory regions 

within the ABCG2 gene locus were tested for response to E2 treatment. CR6, a region just 

downstream of ABCG2 with strong in vitro enhancer activity and weak in vivo activity, 

had decreased activity upon E2 treatment. Additionally, regulation of ABCG2 expression 

by CR6 could be confounded by the CR6 SNP rs190754327 which eliminated the 

response to E2 or the E2-sensitive CR6 SNP rs573519157. Both of these SNPs resulted in 

reduced enhancer activity in HepG2 and HEK293T cells but further studies would be 

needed to test their activity in vivo. Thus the decreased in vivo activity of CR6 could be 

dependent on the availability of E2 in a given tissue. 

The expression of ABCG2 and activity of its promoter are both altered by 

exposure to AhR ligands30,85,86. In addition to crosstalk between ER and AhR93, AhR 

dimerizes with several other NRs94 and has recently been shown to recognize 

nontraditional AhRE motifs89,95. Although only elements with predicted AhR binding 

sites were screened, future studies should test the induction of other putative regulatory 
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regions regardless of predicted AhR binding, especially those we have shown to respond 

to E2. The ABCG2 promoter was the only region that responded to AhR; it was also 

induced by E2 treatment.  Interestingly, ECR420 and ECR410 also had predicted 

response elements for both ER and AhR but these regions did not respond to either E2 or 

B[a]P. AhR and ER reportedly can dimerize93; whether this is important for the function 

of the ABCG2 promoter requires further study. The response of the ABCG2 promoter to 

both ER and AhR supports the hypothesis that there is an overlap in the genomic regions 

that bind both ER and AhR93.  

A goal of these experiments was to identify PXR response elements in the 

ABCG2 locus since none have been reported despite strong evidence of ABCG2 

regulation by PXR24,35,36,38. PXR is a well known regulator of multiple hepatic drug 

transporters and metabolizing enzymes, and it is activated by many structurally diverse 

xenobiotic and endogenous ligands96. The most promising PXR response element in the 

ABCG2 locus is the ECR33 enhancer region. ChIP-seq data from ENCODE supports the 

binding of two PXR interaction partners7, p300 and RXR, to ECR33. ECR33 activity was 

also suppressed by treatment with E2. ChIP-seq data also suggests that many other NRs 

bind to ECR33, including HNF4α, HNF4γ and GR, and the ER co-activator FOXA1 

(HNF3α)21. RXRα and HNF4α have also been shown to interact with each other and with 

ERα9. Therefore, ER could be tethered to the ECR33 element through interactions with 

FOXA1, RXRα and HNF4α. The binding of so many NRs to the ECR33 region and the 

ability of multiple NR ligands to regulate ECR33 enhancer activity suggests that ECR33 

is a composite response element. Knowledge of ABCG2 PXR response elements, such as 

ECR33, could also aid in the identification of underlying protective or causative genetic 
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variants for altered statin response or gout, such as the rs2622628 ECR33 variant that 

reduces function or the rs190738974 ECR 33 variant that increases function. 

As in the enhancer and suppressor screens, the most interesting inducible region 

was ECR400. ECR400 responded to multiple ligands, increasing with rifampin treatment 

and decreasing with E2. The ECR400 has a conserved binding site for the Oct-1 TF, an 

important coactivator of many NRs including GR, PR, AR, RXR and ER17,97–99. Although 

there is no ChIP-seq data available from ENCODE or TRANSFAC indicating binding of 

any NRs to ECR400, the response of ECR400 to multiple NR ligands suggests that it is 

an important hormone and xenobiotic response element. Further studies are needed to 

confirm the binding of these NRs and Oct-1 to ECR400. 

The ECR400 element has SNPs within it that completely abolish its activity both 

in vitro and in vivo (see Chapter 5). The ECR400 SNP rs12508471 had reduced activity 

in vivo and was modestly associated with reduced expression of ABCG2 and PPM1K in 

different tissues (see Chapter 5). rs12508471 had predicted gains for several NRs 

including PPAR, PXR, LXR, GR, p300 and VDR. Therefore, the rs12508471 enhancer 

plasmid was challenged in the induction assays to see if it had a different response to NR 

ligands than the reference ECR400 sequence. rs12508471 was associated with a reduced  

response to E2 and increased response to dexamethasone treatment. ER and PXR both 

dimerize with RXR, and RXR dimers with PPAR, CAR or LXR have been shown to bind 

to GR or ER response elements and inhibit ER or GR response100–103. The gain in 

predicted binding for RXR could explain the alteration in rs12508471 response to E2 and 

dexamethasone. Additionally, rs12508471 was predicted to induce binding of chicken 

ovalbumin upstream promoter-transcription factor (COUP-TF), which has been shown to 
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repress the transcriptional activity of several NRs by forming inactive heterodimers that 

compete for DNA binding, tether co-repressors and tighten the chromatin structure104–106. 

The restrictive expression patterns for RXRα/β7 and COUP-TF107 could explain how this 

SNP affects expression of genes in selected tissues. Future studies are needed to confirm 

this change in binding of rs12508471 to RXR or COUP-TF. 

The reporter gene assays used in the current studies do not provide local 

chromatin structure that is integral in the regulation of expression by nuclear 

receptors12,88,108. It will be interesting to see if chromosome confirmation capture assays 

are able to detect the interaction of the ABCG2 promoter with these cis-regulatory 

elements. Additionally, only a few NR ligands and environmental stimuli were 

investigated. Many of the putative regulatory elements had predicted binding for PPAR, 

LXR, ROR and several HNF isoforms. Other cell-based assays for induction by RXR109, 

PPAR110, HIFα111, LXR112, HNF4113 and ROR114 could identify additional nuclear 

response elements important for the regulation of ABCG2.  

 

6.6. Conclusions 

Through the use of NR ligand induction assays, multiple regions in the ABCG2 

gene locus, including the ABCG2 promoter, were identified as NREs. Additionally, some 

SNPs within these regions were shown to have altered response to NR ligands compared 

to the reference regulatory regions. In addition to the previously identified enhancer and 

suppressor regions surrounding ABCG2 and their SNPs, (see Chapter 4 and 5), these 

regions could explain the reported NR regulation of ABCG2. The SNPs within these 

regions could also explain clinical variability in ABCG2 gene expression, drug 
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pharmacokinetics and pharmacodynamics and disease risk for cancer, ADPKD or gout.  

Additionally, the discovery of NRE in the ABCG2 locus extends our understanding of the 

architecture and regulation of ABCG2.    
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Chapter 7 : DNA Methylation in the ABCG2 Gene Locus 

7.1. Abstract 

ABCG2 encodes for a multidrug efflux transporter called the mitoxantrone 

resistance protein (MXR, BCRP). MXR is an important player in the natural 

detoxification and protection pathways of the body and is responsible for the efflux of 

substrates from the cell. The methylation of cytosine paired with guanine (CpG) sites in 

the ABCG2 promoter has been correlated with ABCG2 expression. In this study, eleven 

clusters of CpG sites, called CpG islands (CGIs), were predicted in the ABCG2 gene 

locus. Sodium bisulfite treatment and pyrosequencing was used to quantify percent 

methylation of CpG sites in two CGIs, CpG4 and CpG6. Finally, methylation of these 

sites was correlated with the expression of ABCG2 in human liver and kidney tissues. 

CpG4, the CGI over the ABCG2 promoter, has little methylation through its center, but 

variable methylation on its sides; methylation of a specific CpG site within CpG4 (#77) is 

correlated with ABCG2 expression in the kidney. Methylation of the edges of CpG4 is 

significantly lower in liver than in kidney and methylation of the entire CpG6 is 

significantly higher in kidney than in liver. There was no correlation of methylation of 

the entire CpG4 or CpG6 with ABCG2 expression. These findings add to knowledge of 

ABCG2 CGI methylation in liver and kidney, and identify regions of interest for future 

studies on the development of drug resistance.  

 

7.2. Introduction 

The mitoxantrone resistance protein (MXR, BCRP) is an efflux membrane 

transporter, a member of the ATP-binding cassette (ABC) transporter family and is 
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encoded by ABCG2. MXR is expressed in many tissues including the liver1–4 and 

kidney2–4 and plays a role in protecting these vital organs from natural dietary toxins and 

in elimination of xenobiotics from the body. Not only has wide variability of ABCG2 

expression been reported in normal tissues5–7, but overexpression of ABCG2 is seen in 

cancers7–15 and is associated with disease-free survival of patients with these cancers7,9–15. 

The majority of studies investigating mechanisms regulating the expression of ABCG2 

have focused on identifying binding sites for transcription factors (TFs) in the ABCG2 

promoter region16–23. However, methylation of CpG sites affects the binding of TFs, 

especially over gene promoters24,25. Therefore, further research looking at the effect of 

ABCG2 promoter methylation on ABCG2 expression is warranted. 

Methylation refers to the addition of a methyl group to the 5’ position of cytosine 

(C) when it is directly linked with a guanine (G). DNA methylation occurs in the human 

genome at these "CpG" sites (the ‘p’ refers to the phosphate group linking the two 

nucleotides). Methylated cytosine accounts for ~1% of total DNA bases and affects 70-

80% of all CpG dinucleotides in the genome26. CpG sites were first noted because they 

occur in the genome at a much lower rate than is expected by the random combination of 

four bases27. It was also noted that these CpG sites cluster into specific regions of the 

genome and were termed ‘CpG islands’ (CGIs)27. Gardiner-Gardner and Frommer 

originally described CGIs as having a length greater than 200 bp, a G and C content  

greater than 50% and a CpG observed to expected ratio (O/E) greater than 0.628. 

Promoters are often associated with a high frequency of CpG sites29,30, and when multiple 

CpG sites over a gene promoter are methylated gene suppression occurs31. CGIs are 
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particularly associated with the promoters for tissue-specific and housekeeping genes28, 

and their methylation is important for maintaining gene silence31.  

The natural role of CpG methylation is important for the process of imprinting 

and the regulation of tissue-specific genes (see Bird 200232 for review). Global alterations 

in the epigenetic landscape, such as hypomethylation or hypermethylation of CGIs, are a 

hallmark of cancer33–35. Hypomethylation at CGIs for drug efflux transporters causes 

aberrant expression of the transporter gene and allows for cancer to acquire drug 

resistance36. Thus, epigenetic mechanisms have become a new target for pharmaceutical 

agents37–40. 

The ABCG2 promoter has a CGI, the core of which is just upstream of the 

transcriptional start site (TSS) (Figure 7.1)16. Minimal to absent methylation of the 

ABCG2 promoter CGI has been reported in human liver tissues41 and in renal cell lines42. 

The degree of ABCG2 promoter methylation correlates to ABCG2 mRNA levels in 

cancer cell lines42–45 and hypomethylation of the ABCG2 promoter contributes to drug-

resistance in cell lines and patients42–47. Demethylation of the ABCG2 promoter has also 

been correlated with metastasis and stage of cancer, but not with the development of 

cancer itself48. Treatment with the demethylating agent 5-aza-2’-deoxycytidine in cell 

lines induces ABCG2 expression while the hypermethylated ABCG2 promoter is 

associated with gene silencing42–44. The degree of ABCG2 promoter methylation in sheep 

was inversely correlated with xenobiotic resistance, and specific methylated CpG sites in 

the ABCG2 promoter correlated to ABCG2 expression 49. Methylation of the ABCG2 

promoter is implicated in allele-specific expression in certain tissues (shown for ABCG2 
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in placenta50). Characterization of epigenetic expression profiles in liver, intestine and 

kidney would be of interest.  

The methylation of CpG sites over a promoter works to repress gene expression 

through two mechanisms. The first is limiting binding for activating TFs24,25, and the 

second is the recruitment of methyl binding domain (MBDs) proteins that in turn recruit 

histones and condense chromatin51. Recent genome wide studies correlating gene 

expression with DNA methylation patterns in cancer and normal tissues have identified 

methylated CpG sites of atypical distances from the gene TSS52, trans- and cis- 

association of CGI methylation with expression53 and methylation quantitative trait loci 

(mQTL) for SNP-CpG methylation-expression associations54–56. These studies support 

the hypothesis that ‘orphan CGIs’, CGIs that are not over the TSS of genes, have 

functional significance57. The most likely explanation for how orphan CGIs affect gene 

expression is through disruption of cis-regulatory regions58.  

The methylation status of cytosines cannot be determined by traditional 

sequencing methods. CpG methylation is evaluated by treatment of single stranded DNA 

with sodium bisulfite and subsequent sequencing59. Sodium bisulfite converts 

unmethylated cytosines to uracil (Figure 7.2), whereby 5-methylcytosine (5-MeC) is 

nonreactive. Treated DNA is then amplified in a methylation specific PCR (MSP), in 

which converted cytosines amplify as thymine and 5-MeC residues amplify as cytosine. 

DNA is then sequenced before and after bisulfite treatment, with primers designed to 

target the expected sequence after bisulfite treatment, to determine which CpG sites are 

methylated. This technique, called bisulfite sequencing, was the original method for 

determining the sequence of CGIs and required the sequencing of multiple DNA samples 
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to obtain quantitative methylation data for the CpG site. Bisulfite treatment has now been 

coupled with new sequencing methods, such as pyrosequencing, to overcome many of the 

challenges of MSP60. Pyrosequencing is a robust, high-throughput technique that 

quantifies percent methylation of CpG sites by coupling nucleotide incorporation to a 

luciferase reaction61.  

In this study, the hypothesis that methylation of CGIs in the ABCG2 gene locus 

associates with the expression of ABCG2 was tested. CGIs in the ABCG2 gene locus 

were predicted using in silico modeling programs based on the accepted definition of a 

CGI28. Pyrosequencing was used to determine the methylation percentage of CpG sites 

within two of the computed CGIs in the ABCG2 gene locus for human liver and kidney 

tissues. Finally, the degree of methylation for individual CpG sites and entire CGIs was 

correlated to the expression of ABCG2 in these tissues. Results from this study can direct 

further research to identify key CpG sites important for ABCG2 regulation and the 

development of drug-resistance. 
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Figure 7.2. Bisulfite conversion of cytosine to uracil. (A) Chemical reaction that occurs 

when DNA is treated with bisulfite. The bisulfite attacks the aromatic ring leading to 

sulfonation at the 6’ position (Step 1). The ring then goes through a hydrolytic 

deamination process (Step 2) and finally alkali desulphonation (Step 3) to yield uracil. 

When there is a methyl group in the 5’ position of cytosine (B) this reaction cannot occur.  
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7.3. Materials and Methods 

7.3.1. Chemicals and Materials 

Qiagen AllPrep DNA/RNA Mini Kit, QIAquick PCR Purification Kit, Qiagen 

RNeasy MinElute Cleanup Kit, Epitect Bisulfite Kits, Qiagen Pyromark PCR Kits, 

 Strepavidin beads, PyroMark Vacuum System and Qiagen Pyro Gold reagents were all 

purchased from Qiagen (Valencia, CA). Trizol (Invitrogen, Carlsbad, CA), High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and 

Exonuclease I (GE Healthcare, Piscataway, NJ) were all purchased from their respective 

manufacturers. 

 

7.3.2. In Silico CpG Island Prediction 

 CpG island predictions were done using three in silico prediction programs 

(CpGProD62, CpGPlot by Emboss63 and CpG Island Searcher64) which all utilize baseline 

criteria for CpG islands described by Gardiner-Gardner and Frommer28 and the 

traditional algorithms for predicted CpG islands65. The analyzed ABCG2 gene locus was 

defined as a ~300,000 bp region from one gene upstream (PPM1K) and downstream 

(PKD2) of ABCG2 (chr4:89130400-89439035, hg18; chr4:88911376-89220011, hg19). 

Both forward and reverse DNA sequences for the gene locus were obtained from the 

UCSC Genome browser and utilized in the above prediction programs. For the CpGProD 

program62, criteria of GC content ≥ 50%, CpG O/E ≥ 0.6 and a length greater than 300 bp 

were used for predictions. This program suggests using a length > 500 bp and it also 

weights for CpG islands over the transcriptional start site (TSS) of genes62. Similar 

parameters were used for predictions with the CpGPlot program by EMBOSS63, with the 
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exception of a required length of 200 bp. The CpG Searcher program uses the algorithm 

previously described by Takai and Jones31 and criteria of GC ≥ 55%, O/E ≥ 0.6 and 

length ≥ 300 bp were used for predictions with this algorithm. No programs that are 

based on the recently developed algorithms focused on clustering of CpG sites without 

taking into account baseline DNA content66 were utilized for these predictions. To help 

eliminate false positive CpG islands that occur over Alu repeats, a required minimum 

number of seven CpG sites in 200 bp, described in Table 7.3 as CpG/bp > 0.035, was 

implemented.  

 

7.3.3. Liver and Kidney Tissues 

 Kidney (n=29) and liver (n=29) samples were procured by the Pharmacogenomics 

of Membrane Transporters (PMT) research group at the University of California San 

Francisco (San Francisco, CA)67.  These tissues were purchased from Asterand (Detroit, 

MI), Capital Biosciences (Rockville, MD) and SRI International (Menlo Park, CA). The 

Asterand samples included both postmortem tissues and surgical resections from donors, 

the Capital Biosciences samples included surgical resections from normal tissue 

surrounding cancer tissues and SRI International samples were postmortem tissues. All 

samples were stored frozen at -80°C until processing for DNA and RNA. Information on 

the age, sex, and ethnicity of the patient was available for all samples.  

 DNA was extracted from the tissues using the Qiagen AllPrep DNA/RNA Mini 

Kit following the manufacturer’s protocol, with additional DNA clean-up using the 

QIAquick PCR Purification Kit. RNA was extracted from the tissues following the 

protocol for Trizol reagent, followed by RNA clean-up with the Qiagen RNeasy 



405 
 

MinElute Cleanup Kit following the manufacturer’s protocol. Good-quality RNA 

(260/280 >1.7 and 260/230 >1.8, RNA Integrity number 3-8) was isolated from 29 

kidney samples and 29 liver samples, and all were used to correlate CpG island 

methylation with total ABCG2 mRNA expression. Two micrograms of RNA were 

reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit 

and the following incubation conditions: 10 min at 22ºC, 2 hr at 37ºC, 5 min at 4ºC, 10 

min at 75 ºC and 5 min at 4ºC.  Exonuclease I (10U/mL) was added to each sample and 

the following incubation conditions were used to remove excess primers: 1 hr at 37ºC, 5 

min at 4ºC and then 10 min at 85ºC to inactivate the exonuclease enzyme. Samples were 

then stored at -20ºC until assayed for gene expression or pyrosequenced.  

 

7.3.4. ABCG2 mRNA Expression in PMT Liver and Kidney Tissues 

 ABCG2 expression was evaluated in 29 kidney and 29 liver samples from 

surgical resection or postmortem collections in Caucasian males and females using the 

Biotrove Open Array™ qPCR platform (Life Technologies, Carlsbad, CA) according to 

the manufacturer’s protocol. ABCG2 mRNA expression was normalized to a geometric 

mean of the expression of GAPDH, β-2 microglobin, and β-actin and expressed as 2-ΔΔCt 

per gene for each sample. All ∆Ct values for a given tissue type were quantile normalized 

across samples using the open source R preprocessCore package68,69  Expression data was 

quality controlled using principal component analysis to identify outliers. All samples 

(N=29 for each tissue) passed initial QC and were pyrosequenced.  
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7.3.5. Pyrosequencing Primer Design 

 Primers for PCR and pyrosequencing reactions were designed using the PyroMark 

Assay Design 2.0 software (Qiagen, Valencia, CA). First, CpG4 and CpG6 were split into 

four and two regions of up to 300 bp, respectively, for PCR reactions. Sequences for each 

region where extracted from the UCSC Genome Browser and input into the design 

software. Primers were selected based on melting temperature, percent GC and 

uniqueness. Multiple sequencing primers were designed per region to cover all CpG sites. 

All reverse PCR primers were biotin labeled; all primers were synthesized by Integrated 

DNA Technologies (San Diego, CA). 
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Table 7.1. Pyrosequencing Primers for CpG Island 4 
Primer1 Sequence Location2 

CpG4 PCR1 F1 TTTTAGAGAAATTGGTTTTATA 89079507-89079528 
CpG4 PCR1 R1* AACTACCTACTATACCCACTCA 89079824-89079845 
CpG4 SEQ1 S1 AATTAAAGGTTTAGGATT 89079562-89079570 
CpG4 SEQ1 S2 AATAAGATTATTAAGTATGTGTA 89079686-89079708 
CpG4 SEQ1 S3 TTTTAATTTTAGTGGGAG 89079764-89079781 
CpG4 PCR2 F1 GAATTTTTTGAGTGGGTATAGT 89079816-89079837 
CpG4 PCR2 R1* AACCACTACCTTCAACTCTAAC 89080048-89080069 
CpG4 SEQ2 S1 TTTTGAGTGGGTATAGTA 89079821-89079838 
CpG4 SEQ2 S2 AATTTTTTTTTTTAATTATAT 89079858-89079878 
CpG4 SEQ2 S3 GGTGGTAGTTTGGGGAGA 89079958-89079975 
CpG4 PCR3 F1 GTTGTGGATAGTTAGAGTTGAA 89080038-89080059 
CpG4 PCR3 R1* CAATAAACCCCTAATAATTCTC 89080323-89080344 
CpG4 SEQ3 S1 GAGTTGAAAGTAGTGGTT 89080052-89080069 
CpG4 SEQ3 S2 GTTTAGGGTTTTTTTAGG 89080080-89080097 
CpG4 SEQ3 S3 GTTAGTAGGATTGGTATTAT 89080201-89080220 
CpG4 PCR4 F1 GTTGAGTAGTTAGTAGGATTGGTAT 89080193-89080217 
CpG4 PCR4 R1* AACCACCCATTTAACTTACTCT 89080461-89080482 
CpG4 SEQ4 S1 GTAGGGATAAGTTAAATATT 89080259-89080278 
CpG4 SEQ4 S2 TGATTTAGTTGGGTTTGG 89080364-89080381 
1 Primer names indicate CpG island, PCR reaction order per island or overall sequencing 
reaction number, and a numbered F, R, or S for direction or order of primer in region 
2 Genomic location on chromosome 4 from UCSC genome browser build 19 

Asterisks indicate biotin labeled primers 
Abbreviations: SEQ, overall sequence reaction; F, forward; R, reverse; S, sequence 
primer order per region 
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Table 7.2. Pyrosequencing Primers for CpG Island 6 
Primer1 Sequence Location2 

CpG6 PCR1 F1 AGAGGAATTTGTTGTTAGTATATT 89120804-89120827 
CpG6 PCR1 R1* CCCCACTAATCTTTTTTATATT 89120992-89121013 
CpG6 SEQ1 S1 AAAAGTTATTTTATTTTATTTA 89120849-89120870 
CpG6 SEQ1 S2 GTTTTAGTATTTTGGGAG 89120898-89120915 
CpG6 PCR2 F1 GATTATTTTGGAGAATATAGTGAAA 89120951-89120975 
CpG6 PCR2 R1* AAATTCCTAAACTCAAATAATCTAC 89121251-89121275 
CpG6 PCR2 S1 AAAAATATAAAAAAGATTAGT 89120989-89121009 
CpG6 SEQ2 S2 GTAGAGTTTGTAGTGAGTAAG 89121085-89121105 
1 Primer names indicate CpG island, PCR reaction order per island or overall sequencing 
reaction number, and a numbered F, R, or S for direction or order of primer in region 
2 Genomic location on chromosome 4 from UCSC genome browser build 19 
Asterisks indicate biotin labeled primers 
Abbreviations: SEQ, overall sequence reaction; F, forward; R, reverse; S, sequence primer 
order per region 

 

7.3.6. Pyrosequencing 

 All bisulfite reactions of DNA and pyrosequencing were done at the Stanford 

University Protein and Nucleic Acid (PAN) Facility (Stanford, CA). DNA from each 

tissue was treated with sodium bisulfite using the Qiagen Epitech Bisulfite Kit following 

the manufacturer’s protocol. Regions were amplified using the Qiagen Pyromark PCR kit 

following the manufacturer’s protocol, with the following adjustments per each PCR 

reaction: 10-20 ng of sodium bisulfite treated DNA, 0.2 μM final primer concentration, 

25 mM MgCl2 and an annealing temperature of 54°C. PCR reactions were purified on 

Strepavidin beads using the Qiagen PyroMark vacuum system following the 

manufacturer’s protocol. Pyrosequencing reactions were run on the Qiagen PyroMark 

Q24 instrument (Qiagen, Valencia, CA) using Qiagen Pyro Gold reagents following the 

manufacturer’s protocol. Pyrosequencing results were analyzed versus the standard 
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reference sequence, which was obtained from the UCSC Genome browser, and visualized 

using the PyroMark Q24 software (Qiagen, Valencia, CA). 

 

7.3.7. Statistical Analysis 

 Results for pyrosequencing reactions were obtained as percent methylation per 

CpG site. CpG methylation percentages were averaged both per site for all tissues and per 

CpG island in each tissue. In the case of CpG4, percent methylations for sections of the 

island were averaged per tissue. Average percent methylation for sections of the CpG4 

island or the entire CpG6 island were compared between liver and kidney tissues using an 

ANOVA followed by a post-hoc Bonferroni’s multiple comparison test or a Student’s t-

test, respectively. Regions were considered to have statistically significant differences in 

methylation with a P < 0.05. If the range of percent methylation at a given site was 10% 

or greater, linear regression was used to evaluate the relationship between ABCG2 

expression and methylation.  Methylation of whole CpG islands was analyzed in a similar 

manner. Results were reported for individual CpG sites only if the linear regression had 

an R2 > 0.8, a P < 0.05 and a non-zero slope. Expression of ABCG2 mRNA was analyzed 

as 2-ΔΔCt values (as described above), and differences in ABCG2 mean expression were 

examined using a Student’s t-test on the 29 samples of each tissue. All statistics were run 

using the GraphPad Prism 5 program. 
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7.4. Results 

7.4.1.  ABCG2 Expression in PMT Liver and Kidney Tissues 

 The expression of ABCG2 mRNA in 29 liver and kidney tissues were examined 

using qRT-PCR. A range of ABCG2 expression was observed in kidney (Figure 7.3). 

Although there were a few liver samples with high expression of ABCG2, the average 

expression of ABCG2 in kidney was three times that of liver (0.003 versus 0.001, p = 

0.38, data not shown). The lack of statistical difference between the mean of these two 

tissue sets is likely limited by sample size; analysis of 60 samples for each tissue yields 

similar mean values of ABCG2 expression but the difference between liver and kidney is 

significantly different (P  = 0.004, data not shown). 
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7.4.2. CpG Island Prediction 

Using the three predictive programs CpGProD, CpGPlot and CpG Island Searcher 

with criteria described in Materials and Methods, 12 predicted CpG islands in the 

ABCG2 gene locus were identified (Figure 7.1 and Table 7.3).  These CpG Islands ranged 

in length from 250 bp to 2000 bp, in GC content from 55-70%, in O/E ratio from 0.71-

0.95 and in the number of CpG sites from 14-170. As expected, the three largest CpG 

islands were over the TSS of genes, CpG1 over the PKD2 TSS, CpG4 over the ABCG2 

TSS and CpG11 over the PPM1K TSS. The reverse sequence of the ABCG2 gene locus 

yielded slightly more predicted CpG islands than the forward sequence. Since PKD2 runs 

on the forward strand and PPM1K and ABCG2 run on the anti-strand, we did not exclude 

any CpG islands based on their strand orientation.  

The three programs predicted similar regions of comparable length. Seven regions 

were predicted by all three programs: CpG isles 1, 3-6, 9 and 11 (data not shown). The 

remaining five regions were predicted by both CpGProD and CpGPlot. The Takai/Jones 

algorithm31 used in CpGProD was designed to eliminate Alu repeats by increasing the 

minimum length of CpG islands to 500 bp since Alu repeats are usually ~300 bp in 

length70. Using a high minimum length requirement suppresses short regions which have 

been suggested to be active66. Therefore, a minimum CpG site of 7 per 200 bp versus the 

high minimum length to eliminate Alu repeats was implemented.  

Two CpG islands in the ABCG2 gene locus were analayzed in both liver and 

kidney tissues (n = 29 per tissue). The CpG1 and CpG11 islands were eliminated from 

pyrosequencing analysis due to their orientation over the TSS of neighboring genes, 

which suggests they are relevant for regulating the expression of those genes (Figure 7.1). 
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For similar reasons, we choose CpG4 for analysis because it is situated over the TSS of 

ABCG2 and there is evidence supporting alteration in methylation correlates with 

ABCG2 expression42–45. CpG islands 3-9 are either intra-ABCG2 or upstream relative to 

its TSS (Figure 7.1). Since all of these regions have reliable CpG island criteria (Table 

7.3), we selected CpG6 for analysis with pyrosequencing since it was the only region that 

had preliminary data by ENCODE showing alteration in methylation (data not shown).  

 

 

Table 7.3. Characteristics of the CpG Islands in the ABCG2 Locus 
Isle ID %GC1 Obs/Exp2 Length #CpG3 CpG/bp4 Genomic Location5 

CpG Isle 1 69.6 0.945 1490 170 0.114 88928338-88929827 
CpG Isle 2 55.6 0.735 253 14 0.055 88978629-88978881 
CpG Isle 3 55.2 0.973 330 22 0.067 89037746-89038075 
CpG Isle 4 63 0.834 1040 85 0.082 89079580-89080619 
CpG Isle 5 55 0.714 525 28 0.053 89107719-89108243 
CpG Isle 6 55 0.841 318 18 0.057 89120882-89121199 
CpG Isle 9 55 0.755 318 18 0.057 89169456-89169773 
CpG Isle 11 59.3 0.823 1955 139 0.071 89204336-89206290 
1 Percentage G and C content of region 
2 Number of CpG sites divided by number of C and G base pairs 
3 Total number of CpG sites in region 
4 Number of CpG sites per basepair (bp) 
5 Genomic location on chromosome 4 from the UCSC genome browser's hg19 build 
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7.4.3. Methylation of CpG4 

 Methylation percentages for each CpG site in CpG4 were obtained in seven 

kidney and liver tissues. Quality of bisulfite conversion and pyrosequencing were 

checked through analysis of the pyrograms (Figure 7.4) provided by the PyroMark Q24 

software. All bisulfite conversions were >90%, and any failed sequencing runs were 

rerun. Percent methylation for individual CpG sites in both kidney and liver tissues were 

under 30% (Figure 7.5), and methylation for the entire CpG4 island was under 40% in 

both tissues (Figure 7.6). The most variability in methylation between samples, for both 

tissues, occurred on the edges of the CpG4 island, specifically CpG sites 1-13 and 68-87 

(Figure 7.5). For both CpG sites 1-13 and 68-87, kidney tissues had a higher percent 

methylation than liver tissues (Figure 7.7). There was no difference between kidney and 

liver for the average percent methylation of CpG sites 14-67 in CpG4. Additionally, the 

individual CpG site percent methylation for CpG sites 1-13 and 68-87 was correlated 

with the expression of ABCG2 mRNA in kidney and liver. The percent methylation of 

CpG site 77 of CpG4 was correlated to ABCG2 mRNA in the kidney (Figure 7.8). 
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Figure 7.6. Box and whisker plots for range of CpG4 methylation per tissue. The 

mean methylation percent of all CpG sites in the CpG4 island are combined for each of 

the seven kidney and liver tissues. Per each tissue, the box indicates the 25th and 75th 

percentile, the line in the box the median and the whiskers range from minimum to 

maximum percent methylation. 
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Figure 7.7. Scatter plot of methylation analyses for sections of CpG4. The scatter plot 

shows the methylation percent of CpG sites in sections of the CpG4 island for () 

Kidney and () Liver tissues. The CpG sites contained in each section of the CpG4 

island are listed along the x-axis. Per each section of CpG4, the line represents the mean 

percent methylation of each sample’s CpG sites. Analysis between the two tissues were 

done per each section of CpG4 using an ANOVA followed by a post-hoc Bonferroni’s 

multiple comparison test; *** P < 0.0001.  

 



419 
 

 

 

Figure 7.8. Correlation of CpG4 island CpG site 77 methylation with ABCG2 

expression in kidney. Percent methylation at CpG site 77 in CpG4 for each of the seven 

kidney tissues were plotted versus their ABCG2 mRNA expression. ABCG2 mRNA 

expression is displayed as 2-ΔΔCt as described in Materials and Methods. Linear regression 

was used to determine correlation of methylation with ABCG2 expression; R2 = 0.9, P = 

0.001. 
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7.4.4. Methylation of CpG6 

 Methylation percentages for each CpG site in the CpG6 island were obtained in 

29 kidney and liver tissues. Quality of bisulfite conversion and pyrosequencing were 

checked through analysis of the pyrograms (Figure 7.4) provided by the PyroMark Q24 

software. All bisulfite conversions were >90%, and any failed sequencing runs were 

rerun. Percent methylation for individual CpG sites in both kidney and liver tissues had a 

wide range, but averaged between 50-80% for kidney tissues (Figure 7.9A) and 65-100% 

for liver tissues (Figure 7.9B). Overall methylation for the entire CpG6 island per tissue 

sample ranged from 50-90% for kidney tissues (Figure 7.10A) and 85-95% for liver 

tissues (Figure 7.10B). Since the entire CpG6 island exhibited variability in percent 

methylation, the average percent methylation for the whole CpG6 island was tested for 

differences between kidney and liver. Liver had an average percent methylation of 90%, 

which was significantly higher than the 75% average percent methylation of kidney 

(Figure 7.11). The average percent methylation for the entire CpG6 island did not 

correlate with ABCG2 mRNA in either kidney or liver tissues (Figure 7.12). Association 

between the percent methylation of individual CpG sites in the CpG6 island and ABCG2 

mRNA levels was not evident (data not shown).   
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Figure 7.9. Box and whisker plots for range of CpG6 methylation per CpG site. The 

percent methylation of 20 CpG sites in the CpG6 island for 29 (A) kidney and (B) liver 

tissues. For each CpG site, the box indicates the 25th and 75th percentile, the line in the 

box is the median, and the whiskers range from minimum to maximum percent 

methylation. 
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Figure 7.11. Scatter plot of methylation analyses for CpG6. The scatter plot shows the 

percent methylation of CpG sites in the CpG6 island for () kidney and () liver tissues. 

Percent methylation of all 20 CpG sites in CpG6 was averaged per tissue to obtain a 

single value. For each tissue set, the line represents the mean percent methylation of 

CpG6. Analysis between the two tissues was done using a Student’s t-test; ** P < 0.001. 
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Figure 7.12. Correlation of CpG6 island methylation with ABCG2 expression in 

kidney and liver. Percent methylation of CpG6 for each of the 29 () kidney and () 

liver tissues were plotted versus their ABCG2 mRNA expression. Percent methylation of 

all 20 CpG sites in CpG6 was averaged per tissue to obtain a single value. ABCG2 

mRNA expression is displayed as 2-ΔΔCt, as described in Materials and Methods. Linear 

regression was used to determine correlation of CpG6 methylation with ABCG2 

expression in either tissue. 
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7.5. Discussion 

The data presented above suggests that the ABCG2 promoter CpG island, CpG4, 

has low methylation in liver and kidney. These data are consistent with the absence of 

methylation for the ABCG2 promoter CpG island in liver41 and renal cell lines42. Limited 

methylation and the rank order of methylation between liver and kidney is also consistent 

with the high expression of ABCG2 in liver and more moderate expression of ABCG2 in 

kidney1. However, the average percent methylation of CpG4 was not correlated with 

expression of ABCG2. Larger studies are needed to confirm these results. 

Previous research correlating the expression of ABCG2 to promoter methylation 

has been qualitative rather than quantitative in nature. The only report that has shown 

correlation between ABCG2 mRNA levels and percent methylation of the ABCG2 

promoter used data from before and after mass depletion of promoter methylation by 

treating cells with the demethylation agent 5-aza-2’deoxycitidine44. Other qualitative 

reports of alteration in ABCG2 expression due to ABCG2 promoter methylation have also 

been before and after treatment with 5-aza-2’deoxycitidine or with other xenobiotics42–46. 

The current results demonstrate that in normal kidney and liver tissues the ABCG2 

promoter CpG4 island is not highly methylated and extent of methylation is not a marker 

for ABCG2 expression.  

The use of the pyrosequencing technique allowed the estimation of percent 

methylation at multiple CpG sites within two CpG islands of the ABCG2 gene locus. 

Methylation of one CpG site, CpG site 77 in the CpG4 island, was correlated with 

ABCG2 expression in the kidney. Alteration in methylation status of CpG sites on the 

edges, or shores, of CpG islands often relate the strongest to gene expression71 and it has 
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been proposed that alterations in methylation status of CpG shores are more relevant to 

the modulation of gene expression71. Consistent with this proposal, CpG4 island CpG site 

77 is located in a shore. This insight could continue to direct other studies looking at 

ABCG2 promoter methylation in drug resistance.  

The smaller CpG6 island, located upstream of the ABCG2 promoter, showed 

different extents of methylation in kidney and liver tissues. Traditionally, CpG islands are 

categorized as being over 200 bp in length28, with CpG islands over the transcriptional 

start sites of genes being greater than 500 bp62. However, shorter CpG islands (>200 bp) 

are also functional and can exhibit tissue-specific alterations in methylation and 

evolutionary conservation66. Although there is no correlation between the average percent 

methylation of CpG6 and ABCG2 expression, there is a significant difference in the 

average methylation of CpG6 between kidney and liver tissues. This is consistent with 

reports that functional short CpG islands exhibit tissue-specific alterations in 

methylation66, and suggesting that this island may have some other yet unknown 

function.  CpG6 is also upstream of the alternate promoter for ABCG272, and further 

studies would be needed to see if the methylation of CpG correlates to expression of 

individual ABCG2 isoforms or the expression of ABCG2 in other tissues. Additional 

studies would also be needed to investigate correlation between CpG6 methylation and 

PPM1K expression, the other gene near CpG6. 
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7.6. Conclusion 

The CpG4 and CpG6 islands in the ABCG2 gene locus both exhibit tissue-specific 

patterns in CpG site methylation in kidney and liver tissues. However, the average 

percent methylation of either island was not correlated to ABCG2 expression. 

Interestingly, CpG4 had little variability in the methylation of CpG sites located in the 

center of the island, but its shores exhibited high variability in methylation. The percent 

methylation of one CpG site in CpG4, site 77, correlated to ABCG2 expression in the 

kidney. The identification of CpG islands with tissue-specific methylation patterns within 

the ABCG2 gene locus, as well as the CpG site 77 that correlates to ABCG2 expression, 

can help guide further studies investigating the development of drug-resistance in cancer. 
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Chapter 8 : Summary and Conclusions 

8.1. Summary 

The disposition of xenobiotics is dependent upon expression and function of 

enzymes and transporters. Uptake and efflux transporters are designed to protect the cell 

and organism from environmental toxins as well as transport dietary nutrients across 

barriers, such as into the milk1,2. The focus of this thesis was the efflux half-transporter 

mitoxantrone resistance protein (MXR), which has apical expression in select tissues and 

a broad spectrum of synthetic and natural substrates3,4. MXR has emerged as an essential 

transporter in xenobiotic pharmacokinetics, anticancer drug resistance and protection 

against xenobioitics3,4. Amino acid variants and variability in expression contribute to 

altered substrate profiles, chemotherapeutic resistance and cancer risk (Chapter 1)3,5. 

Expression of ABCG2 in various normal6–8 and tumorigenic9,10 tissues shows 

wide variability. Considering the importance of MXR in the transport of endogenous 

compounds and xenobioitics, a clear understanding of MXR function and ABCG2 

regulation is warranted. Identification of ABCG2 regulatory elements and the effect of 

genetic variation in these regulatory regions will inform our understanding of the 

regulation of ABCG2 expression and MXR function. The work presented in this thesis 

illustrates that there are many mechanisms involved in the regulation and function of the 

MXR transporter. In addition to function, expression and localization of MXR variants, 

this research examines variants within the ABCG2 promoter, cis-regulatory enhancers, 

suppressors and DNA methylation of the ABCG2 locus in order to better understand the 

components of MXR function and ABCG2 regulation. 
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The identification of MXR substrates and function of MXR amino acid variants 

have been extensively reported11–17 (Chapter 1). The identification of novel 

nonsynonymous ABCG2 variants in the SOPHIE cohort, as well as discordant functional 

studies of MXR variants, prompted the hypothesis that MXR variants can have altered 

expression and/or function. In Chapter 2 of this thesis, expression and localization studies 

of MXR variants in vitro are described. Specific MXR substrates were used to 

characterize the activity of amino acid variants both in whole cells and in vesicle based 

assays.  

The optimization and use of vesicle assays for specific MXR substrates could be a 

useful tool in the identification of both other MXR substrates and altered substrate 

profiles for different MXR variants. Although the results from the MXR variant assays 

support many conclusions drawn in the literature, such as the reduced expression of 

Q141K, further studies are needed to confirm the impact of MXR variants in vitro and in 

vivo. This is especially important for understanding the defense of tissues from 

carcinogens and dietary toxins like pheophorbide A, the patient response and toxicity to 

chemotherapeutics like SN-38 (active metabolite of irinotecan) and the clinical use of 

MXR specific probes like sulfasalazine. 

The majority of research on ABCG2 regulation is focused on response elements in 

the proximal promoter of ABCG218. Despite the identification of several response 

elements in the ABCG2 proximal promoter, nothing has been done to characterize the 

effect of SNPs on the promoter's activity. This led to the hypothesis that variants within 

the ABCG2 promoter were capable of altering its activity in vitro and in vivo. In Chapter 

3, the results from in vitro and in vivo luciferase assays characterizing the activity of 
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ABCG2 promoter variants are presented. In silico predictions of transcription factor 

binding sites were used to predict the mechanism by which SNPs alter promoter activity. 

The predicted alteration in transcription factor binding by these SNPs must be confirmed. 

Although several ABCG2 promoter SNPs were found to alter activity in vivo, the 

frequencies of these SNPs are low, and large population studies are needed to address 

their contribution to the expression of MXR. 

The expression of MXR is altered by cellular exposure to xenobiotics or 

environmental stimuli18–25. Recent discoveries have shown that variation in 

pharmacogene regulatory elements have clinical impact26. This led to the hypothesis that 

there are regions of the ABCG2 locus that act as cis-regulatory elements, and variations 

within these elements affect their activity. In silico prediction programs and in vitro and 

in vivo assays were used to identify the first cis-regulatory elements in the ABCG2 locus 

(Chapter 4) and to show the effect of genetic variants in these regions on enhancer 

activity (Chapter 5). Some variants in cis-regulatory regions were associated with 

expression of one or more genes in the ABCG2 locus, including ABCG2 itself. Some of 

the putative cis-regulatory regions were identified as nuclear receptor response elements, 

and genetic variations within these elements altered the response to nuclear receptor 

ligands (Chapter 6). This screen involving in silico, in vitro and in vivo steps could be 

applied to the identification of genomic regulatory regions for other transporters or 

enzymes. As promising as these results are, the predicted transcription factors responsible 

for the activity of cis-regulatory elements and the effect of genetic variations on their 

binding in vitro must be confirmed.  
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The occurrence of hypo- and hypermethylation along the promoter of genes is a 

mechanism for the development of chemotherapeutic resistance27. Current research has 

highlighted the role of the ABCG2 promoter and its hypomethylation in the regulation of 

MXR expression18. Aberrant methylation of the ABCG2 promoter correlates with 

ABCG2 expression and drug resistance in clinical tumor samples28–33. However, most 

studies on the methylation of the ABCG2 promoter focus on complete gain or loss of 

methylation, versus methylation dynamics, and it has yet to be discovered which sections 

or sites within CpG islands are most relevant for the DNA methylation regulation of 

MXR. In this thesis, patterns of DNA methylation of CpG islands within the ABCG2 

locus were examined in healthy kidney and liver tissues. Bisulfite treatment coupled with 

pyrosequencing techniques were used to obtain quantitative methylation values for each 

target CpG site. Sections of the CpG islands with different methylation between kidney 

and liver samples and correlation of ABCG2 expression with the methylation of a key 

CpG site were characterized. Further studies are needed to expand these results to more 

tissues and examine similar DNA methylation in other types of tissues. Additionally, to 

understand the dynamics of DNA methylation, these sites should be examined after 

cellular stimuli and exposure to xenobiotics. 

This dissertation describes novel data regarding mechanisms involved in the 

function and expression of MXR. Genetic variants within the ABCG2 locus attributed to 

one of these mechanisms may be instrumental in understanding interindividual variation 

in MXR expression as well as drug response and toxicity. Although new avenues to 

explain the variation in MXR function have been identified, translation of this knowledge 

into clinical application requires significant effort.  Further research on these mechanisms 
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is imperative and would allow for the clinical implementation of ABCG2 

pharmacogenetic information for the prediction, prevention or avoidance of altered drug 

response and adverse drug effects. 

  



440 
 

8.2. References 

(1)  Schinkel, A. H.; Jonker, J. W. Mammalian drug efflux transporters of the ATP 
binding cassette (ABC) family: an overview. Advanced drug delivery reviews 
2003, 55, 3–29. 

(2)  Daly, A. K. Pharmacogenetics and human genetic polymorphisms. The 
Biochemical journal 2010, 429, 435–49. 

(3)  Mo, W.; Zhang, J.-T. Human ABCG2: structure, function, and its role in multidrug 
resistance. International journal of biochemistry and molecular biology 2012, 3, 
1–27. 

(4)  Mao, Q.; Unadkat, J. D. Role of the breast cancer resistance protein (ABCG2) in 
drug transport. The AAPS journal 2005, 7, E118–33. 

(5)  Gradhand, U.; Kim, R. B. Pharmacogenomics of MRP transporters (ABCC1-5) 
and BCRP (ABCG2). Drug metabolism reviews 2008, 40, 317–54. 

(6)  Poonkuzhali, B.; Lamba, J.; Strom, S. Association of breast cancer resistance 
protein/ABCG2 phenotypes and novel promoter and intron 1 single nucleotide 
polymorphisms. Drug Metabolism and … 2008, 36, 780–795. 

(7)  Urquhart, B. L.; Ware, J. a; Tirona, R. G.; Ho, R. H.; Leake, B. F.; Schwarz, U. I.; 
Zaher, H.; Palandra, J.; Gregor, J. C.; Dresser, G. K.; Kim, R. B. Breast cancer 
resistance protein (ABCG2) and drug disposition: intestinal expression, 
polymorphisms and sulfasalazine as an in vivo probe. Pharmacogenetics and 
genomics 2008, 18, 439–48. 

(8)  Zamber, C. P.; Lamba, J. K.; Yasuda, K.; Farnum, J.; Thummel, K.; Schuetz, J. D.; 
Schuetz, E. G. Natural allelic variants of breast cancer resistance protein (BCRP) 
and their relationship to BCRP expression in human intestine. Pharmacogenetics 
2003, 13, 19–28. 

(9)  Ross, D. D.; Karp, J. E.; Chen, T. T.; Doyle, L. A. Expression of breast cancer 
resistance protein in blast cells from patients with acute leukemia. Blood 2000, 96, 
365–8. 

(10)  Nakanishi, T.; Karp, J. E.; Tan, M.; Doyle, L. A.; Peters, T.; Yang, W.; Wei, D.; 
Ross, D. D. Quantitative analysis of breast cancer resistance protein and cellular 
resistance to flavopiridol in acute leukemia patients. Clinical cancer research : an 
official journal of the American Association for Cancer Research 2003, 9, 3320–8. 



441 
 

(11)  Kim, K.; Joo, H.-J.; Park, J.-Y. ABCG2 polymorphisms, 34G>A and 421C>A in a 
Korean population: analysis and a comprehensive comparison with other 
populations. Journal of clinical pharmacy and therapeutics 2010, 35, 705–12. 

(12)  Tamura, A.; Onishi, Y.; An, R.; Koshiba, S.; Wakabayashi, K.; Hoshijima, K.; 
Priebe, W.; Yoshida, T.; Kometani, S.; Matsubara, T.; Mikuriya, K.; Ishikawa, T. 
In vitro evaluation of photosensitivity risk related to genetic polymorphisms of 
human ABC transporter ABCG2 and inhibition by drugs. Drug metabolism and 
pharmacokinetics 2007, 22, 428–40. 

(13)  Wakabayashi, K.; Tamura, A.; Saito, H.; Onishi, Y.; Ishikawa, T. Human ABC 
transporter ABCG2 in xenobiotic protection and redox biology. Drug metabolism 
reviews 2006, 38, 371–91. 

(14)  Ishikawa, T.; Tamura, A.; Saito, H.; Wakabayashi, K.; Nakagawa, H. 
Pharmacogenomics of the human ABC transporter ABCG2: from functional 
evaluation to drug molecular design. Die Naturwissenschaften 2005, 92, 451–63. 

(15)  Yanase, K.; Tsukahara, S.; Mitsuhashi, J.; Sugimoto, Y. Functional SNPs of the 
breast cancer resistance protein-therapeutic effects and inhibitor development. 
Cancer letters 2006, 234, 73–80. 

(16)  Tamura, A.; Watanabe, M.; Saito, H.; Nakagawa, H.; Kamachi, T.; Okura, I.; 
Ishikawa, T. Functional validation of the genetic polymorphisms of human ATP-
binding cassette (ABC) transporter ABCG2: identification of alleles that are 
defective in porphyrin transport. Molecular pharmacology 2006, 70, 287–96. 

(17)  Yoshioka, S.; Katayama, K.; Okawa, C.; Takahashi, S.; Tsukahara, S.; Mitsuhashi, 
J.; Sugimoto, Y. The identification of two germ-line mutations in the human breast 
cancer resistance protein gene that result in the expression of a low/non-functional 
protein. Pharmaceutical research 2007, 24, 1108–17. 

(18)  Robey, R. W.; To, K. K. K.; Polgar, O.; Dohse, M.; Fetsch, P.; Dean, M.; Bates, S. 
E. ABCG2: a perspective. Advanced drug delivery reviews 2009, 61, 3–13. 

(19)  Cheng, G. M. Y.; To, K. K. W. Adverse Cell Culture Conditions Mimicking the 
Tumor Microenvironment Upregulate ABCG2 to Mediate Multidrug Resistance 
and a More Malignant Phenotype. ISRN oncology 2012, 2012, 746025. 

(20)  Pradhan, M.; Bembinster, L. a; Baumgarten, S. C.; Frasor, J. Proinflammatory 
cytokines enhance estrogen-dependent expression of the multidrug transporter 
gene ABCG2 through estrogen receptor and NF{kappa}B cooperativity at adjacent 
response elements. The Journal of biological chemistry 2010, 285, 31100–6. 

(21)  Jigorel, E.; Vee, M. Le; Boursier-neyret, C.; Parmentier, Y.; Fardel, O. Differential 
Regulation of Sinusoidal and Canalicular Hepatic Drug Transporter Expression by 



442 
 

Xenobiotics Activating Drug-Sensing Receptors in Primary Human Hepatocytes 
ABSTRACT : 2006, 34, 1756–1763. 

(22)  Wang, H.; Lee, E.; Zhou, L.; Leung, P. C. K.; Ross, D. D.; Unadkat, J. D.; Mao, Q. 
Progesterone receptor (PR) isoforms PRA and PRB differentially regulate 
expression of the breast cancer resistance protein in human placental 
choriocarcinoma BeWo cells. Molecular pharmacology 2008, 73, 845–54. 

(23)  Zhang, Y.; Zhou, G.; Wang, H.; Zhang, X.; Wei, F.; Cai, Y.; Yin, D. 
Transcriptional upregulation of breast cancer resistance protein by 17beta-estradiol 
in ERalpha-positive MCF-7 breast cancer cells. Oncology 2006, 71, 446–55. 

(24)  Lemos, C.; Kathmann, I.; Giovannetti, E.; Dekker, H.; Scheffer, G. L.; Calhau, C.; 
Jansen, G.; Peters, G. J. Folate deprivation induces BCRP (ABCG2) expression 
and mitoxantrone resistance in Caco-2 cells. International journal of cancer. 
Journal international du cancer 2008, 123, 1712–20. 

(25)  Lemos, C.; Kathmann, I.; Giovannetti, E.; Calhau, C.; Jansen, G.; Peters, G. J. 
Impact of cellular folate status and epidermal growth factor receptor expression on 
BCRP/ABCG2-mediated resistance to gefitinib and erlotinib. British journal of 
cancer 2009, 100, 1120–7. 

(26)  Smith, R. P.; Lam, E. T.; Markova, S.; Yee, S. W.; Ahituv, N. Pharmacogene 
regulatory elements: from discovery to applications. Genome medicine 2012, 4, 45. 

(27)  Baer-Dubowska, W.; Majchrzak-Celińska, A.; Cichocki, M. Pharmocoepigenetics: 
a new approach to predicting individual drug responses and targeting new drugs. 
Pharmacological reports : PR 2011, 63, 293–304. 

(28)  Turner, J. G.; Gump, J. L.; Zhang, C.; Cook, J. M.; Marchion, D.; Hazlehurst, L.; 
Munster, P.; Schell, M. J.; Dalton, W. S.; Sullivan, D. M. ABCG2 expression, 
function, and promoter methylation in human multiple myeloma. Blood 2006, 108, 
3881–9. 

(29)  Bram, E.; Stark, M.; Raz, S.; Assaraf, Y. Chemotherapeutic drug-induced ABCG2 
promoter demethylation as a novel mechanism of acquired multidrug resistance. 
Neoplasia (New York, NY) 2009, 11, 1359–1370. 

(30)  Chen, M.; Xue, X.; Wang, F.; An, Y.; Tang, D.; Xu, Y.; Wang, H.; Yuan, Z.; Gao, 
W.; Wei, J.; Zhang, J.; Miao, Y. Expression and promoter methylation analysis of 
ATP-binding cassette genes in pancreatic cancer. Oncology reports 2012, 27, 265–
9. 

(31)  To, K. K. W.; Zhan, Z.; Bates, S. E. Aberrant promoter methylation of the ABCG2 
gene in renal carcinoma. Molecular and cellular biology 2006, 26, 8572–85. 



443 
 

(32)  Bram, E.; Stark, M.; Raz, S. Chemotherapeutic drug-induced ABCG2 promoter 
demethylation as a novel mechanism of acquired multidrug resistance. Neoplasia 
(New York, NY) 2009, 11, 1359–1370. 

(33)  Nakano, H.; Nakamura, Y.; Soda, H.; Kamikatahira, M.; Uchida, K.; Takasu, M.; 
Kitazaki, T.; Yamaguchi, H.; Nakatomi, K.; Yanagihara, K.; Kohno, S.; 
Tsukamoto, K. Methylation status of breast cancer resistance protein detected by 
methylation-specific polymerase chain reaction analysis is correlated inversely 
with its expression in drug-resistant lung cancer cells. Cancer 2008, 112, 1122–30.  

 




	Acknowledgement 032113
	REclov Abstract 032513
	Table of Contents
	List Of Equations

	Chapter 1 Introduction 032713
	Chapter 1 : Function and Regulation of the Mitoxantrone Resistance Protein

	REclov Chapter 2 Protein 031113
	Chapter 2 : Functional Characterization of MXR Variants

	REclov Chapter 3 ABCG2 Promoter 030513
	Chapter 3: Functional Characterization of the ABCG2 Promoter and its Genetic Variants

	REclov Chapter 4 ECRs 030513
	Chapter 4 : Identification and Characterization of ABCG2 Regulatory Regions

	Reclov Chapter 5 ECR SNPs 030513
	Chapter 5 : Effect of SNPs on ABCG2 Locus Enhancer Regions

	Chapter 6 Induction 032313
	Chapter 6 : Characterization of Inducible Regulatory Elements of the ABCG2 Locus

	REclov Chapter 7 Methylation 031113
	Chapter 7 : DNA Methylation in the ABCG2 Gene Locus

	REclov Chapter 8 Conclusion 032513
	Chapter 8 : Summary and Conclusions

	Reclov LRF



