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Abstract 

This dissertation is presented in two sections. Section one recounts my 

investigations of modulating the multidrug-resistant protein-three (MRP3) levels, by 

either activating or silencing the transcription factor Nrf2, in normal lung cells and Keap1 

wild-type and mutant non-small cell lung carcinoma cell lines (NSCLC). In section two 

direct interactions between Nrf2 and the MRP3 promoter were evaluated in NSCLC.  

Additionally, the relationships between MRP3 mRNA levels and Keap1, Nrf2, and p53 

status were also investigated in cell lines and tumor specimens. Combined, these sections 

explore the complex regulation of the MRP3 gene. 

MRPs are members of the ATP-binding cassette superfamily that facilitate 

detoxification by transporting toxic compounds, including chemotherapeutic drugs, out of 

cells. MRP3 is over-expressed in a variety of cancers including NSCLC, and is suspected 

of playing a role in drug resistance. Chemotherapy, radiation, and other xenobiotic 

stresses are known to increase levels of select MRPs, although the underlying mechanism 

remains largely unknown. Analysis of the MRP3 promoter revealed the presence of 

multiple putative electrophile-responsive elements (EpREs), sequences that suggest 

possible regulation of this gene by Nrf2, the key transcription factor that binds to EpRE.  

Keap1, a key regulator of Nrf2, binds Nrf2 in the cytoplasm, mediating its 

ubiquitination and degradation. The electrophilic lipid peroxidation product 4-hydroxy-2-

nonenal (HNE) has been shown to modify Keap1 allowing its disassociation from Nrf2, 

allowing Nrf2 to enter the nucleus. We found that HNE up-regulated MRP3 mRNA and 

protein levels in cell lines with wild-type Keap1 (the human bronchial epithelial cell line 

HBE1 and the NSCLC cell line H358), but not in the Keap1-mutant NSCLC cell lines 
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(A549 and H460). Cell lines with mutant Keap1 had constitutively higher MRP3 that was 

not increased by HNE treatment. In HBE1 cells, silencing of Nrf2 with siRNA inhibited 

induction of MRP3 by HNE. Additionally, we found that silencing Nrf2 also increased 

the toxicity of cisplatin in H358 cells.  

ChIP analysis of the MRP3 promoter revealed the presence of Nrf2 binding to the 

-805bp EpRE sequence distal to the start site after 3 h HNE treatment, demonstrating 

direct involvement of Nrf2 regulation of MRP3. Next, we examined 5 cell lines and 33 

NSCLC pre-treatment patient specimens and found a parallel relationship between Nrf2 

protein levels and MRP3 mRNA levels in the cell lines. In addition, a statistically 

significant correlation between Keap1/Nrf2 mutational status and MRP3 levels was 

shown.  

Studies involving related drug transport proteins have demonstrated both positive 

and negative regulatory roles for wild-type (wt) and mutant (mt) p53; therefore we sought 

to determine the role of this transcription factor in the regulation of MRP3. Transfection 

of a p53 null NSCLC cell line with wt p53, empty vector (EV), and mt p53 plasmids 

revealed that basal MRP3 levels increased in the absence of functional p53, similar to 

what we observed in our patient cohort. Conversely, when wt p53 transfected cells were 

treated with either HNE or gemcitabine we found an improved response in MRP3 

induction compared to the EV group. We also found a significant correlation between 

harboring both a Keap1 and a p53 mutation in our patient cohort. During the course of 

sequencing Keap1, we identified a known coding single-nucleotide polymorphism 

(cSNP) in exon 4, which had a synonymous codon change of CTCCTG.  Although this 

is a silent mutation, all patient and cell line samples examined that were homozygous for 
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this cSNP had levels of MRP3 comparable to Keap1 or Nrf2 mutant samples. These 

results support the hypothesis that MRP3 induction is regulated by both Nrf2 and p53 

during normal conditions and during oxidative stress.  
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Overview and Background 

Multidrug Resistance Proteins 

Development of chemoresistance often occurs during treatment in many types of 

cancers and is commonly the cause of treatment failure. One cellular component 

implicated in multifactoral drug resistance in cancer involves the Phase III enzymes 

known as multidrug resistance proteins (MRPs) [1].  The first member of the MRP 

transporters was cloned in 1992 from the drug-selected human lung cancer cell line 

H69AR [2]. MRPs are a branch of the ATP-binding cassette superfamily (ABC) of 

transmembrane proteins [3]. The MRP (ABCC) family consists of nine different members 

[4]. Several MRPs transport a wide range of chemotherapeutic compounds and thus 

reduce the cellular accumulation of anti-cancer agents [5]. MRP family members are 

significant contributors to multidrug resistance in cell lines and have been found in 

numerous classes of cancer types [1, 6, 7]. In addition, certain MRP family-members are 

expressed 100- to 1,000-fold higher in some drug-resistant lung cancer cell lines [8]. 

Increased expression of MRPs has been associated with negative clinical outcomes in a 

variety of cancer types including breast cancer, gastric cancer, neuroblastoma, 

retinoblastoma, and lung cancer [9-15]. While some cell lines express intrinsically higher 

levels of MRPs, chemotherapy, radiation, and other xenobiotic stresses are capable of 

independently increasing levels of select MRPs [16-19].  In either case, the mechanism of 

regulation remains largely unknown. Therefore, a better understanding of the pathways 

involved in MRP-mediated chemoresistance may facilitate the development of more 
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effective therapeutic approaches in treating intrinsic and acquired drug resistance in 

NSCLC.  

MRP3 (ABCC3) 

Each MRP family member is responsible for the export of various compounds, 

such as chemotherapeutic drugs.  It is therefore crucial to understand both the 

overlapping and unique genes responsible for the regulation of each MRP in order to 

develop improved therapies to treat them. The best characterized ABCC family member 

is MRP1, which is capable of conferring resistance to several major families of natural 

drugs, has been shown to be regulated by Nrf2.  MRP3 shares roughly a 58% amino acid 

homology with MRP1. The human MRP3 gene is located on chromosome 17, encodes a 

protein of 1527 amino acids, and is expressed in a variety of tissues including lung, 

adrenal glands, pancreas, gut, gall bladder, liver, kidney, and prostate [20-25].  MRP3 has 

an N-terminal region that is comprised of three membrane-spanning domains (MSD): 

which include five transmembrane helices, an intracellular loop and an extracellular 

region at the N-terminus [2]. Currently identified substrates of MRP3 include anticancer 

drugs, glucuronate, sulfate, and glutathione conjugates [26, 27]. One difference between 

the substrate specificity of MRP3 and those of MRP1 involves its lack of transport of 

GSH and the reduced ability to transport GSH conjugates [5, 26, 28-31]. Compared to 

MRP1, MRP3 has a much higher affinity for glucuronidated compounds [26, 29, 32, 33] 

Analysis of NSCLC cell lines and clinical specimens revealed that MRP3 is expressed at 

higher levels in NSCLC than SCLC [34]. Young et al. found that MRP3 protein levels 

correlated with decreased sensitivity of lung cancer cell lines to doxorubicin, vincristine, 

etoposide, and cisplatin [34]. Additionally, MRP3 expression has been associated with 
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increased resistance to methotrexate and doxorubicin in NSCLC cell lines and patient 

tumor samples [5, 25]. However, while MRP3 appears to be relevant to chemoresistance 

in NSCLC, the mechanism underlying its activity and regulation are largely unknown.   

Nuclear Factor Erythroid 2-Related Factor 2 

Several transcription factors such as AP-1, Nf-KB, and Nuclear factor erythroid 

2-related factor 2 (Nrf2) are activated by oxidants  [35].  After activation, these 

transcription factors regulate detoxification genes through cis-acting elements [36, 37]. 

Among them, the electrophile response element (EpRE) has been shown to be an 

important regulator of Phase II enzyme expression [38, 39].  A well-established EpRE 

binding protein, Nrf2, is a member of the basic-leucine zipper NF-E2 family [40]. Upon 

formation of heterodimers with c-Jun, small Maf, or other proteins, Nrf2 binds to EpRE, 

which is found in the upstream regulatory region of multiple Phase II genes [41-44]. Nrf2 

is negatively regulated by a cysteine-rich cytoplasmic protein known as Kelch-like ECH-

associated protein1 (Keap1) [45]. Keap1 is attached to cytoskeletal actin and binds to 

Nrf2 directly [46]. Once bound, Keap1 has been shown to ubiquitinate Nrf2 for 

proteasomal degradation. Recent data demonstrates that NSCLC cells which have 

inactivating mutations in Keap1 had increased levels of Nrf2 and Nrf2-target genes [8]. 

Nrf2 RNA-silencing was found to decrease MRP1 and MRP2 expression, suggesting a 

role for Nrf2 in MRP regulation [8].   An interesting implication comes from the 

observation that classes of antineoplastic agents including some frontline drugs in the 

treatment of lung cancers (anthracyclines, most alkylating agents, and platinum 

compounds) are known to produce significant oxidative stress. Thus, reactive oxygen 
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species generated by chemotherapy may also serve to activate Nrf2 and contribute to 

their own transport.  

Tumor Suppressor p53 

p53 is a critical component in the regulation of cell cycle progression, DNA 

repair, and induction of apoptosis. Following DNA damage, p53 arrests cell cycle 

progression to enable the initiation of DNA repair.  If the cell is beyond repair, p53 can 

initiate the apoptotic process [47]. p53 is frequently dysregulated in human cancers, 

including lung carcinomas [48].  Functional p53 is capable of repressing Nrf2-regulated 

expression of several phase II genes, suggesting cross talk between the p53 and Nrf2 

pathways [49]. Studies have established a negative link between p53 activation and 

MRP1 expression, which has been reported to increase with NSCLC cancer stage and 

invasiveness [50, 51]. The correlation between high levels of MRP1 expression and p53 

mutation is supported by in vitro studies of MRP1 gene regulation that have shown wild-

type p53 to be a strong suppressor of MRP1 transcription [52]. The mechanism by which 

this occurs could be an example of the indirect effect of transcription factors as described 

above, as MRP1 does not contain a p53 response element in its promoter. Whether p53 is 

involved in the regulation of other MRP genes has not yet been determined. 

 Approximately 45% of NSCLC late stage patients have dysregulation of the p53 

gene. Loss of p53 is associated with poor prognosis [53]. Base changes resulting in amino 

acid substitutions that disrupt the p53 tumor suppressor gene are thought to be important 

in the development of lung cancer and may additionally indicate etiologic pathways. The 

majority of mutations found in p53 appear to be missense mutations located within the 

DNA binding domain (exons 5-8) [54, 55].  The functional significance of these 
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mutations is often unclear.  As demonstrated in 1990 by Hinds et al., different p53 

missense mutations may be pro-oncogenic [56].  Work conducted at UC Davis 

discovered that p53 mutants in prostate cancer may have distinct and separate functions 

[57].  As p53 exists in a tetramer to conduct transcriptional activity, mutant proteins are 

fully capable of exerting dominant negative effects through formation of hetero-

oligomers [55].  Indeed, dominant negative mutations appear to correlate with the 

frequency of sporadic disease giving rise to mutational hotspots.  While these mutations 

may subvert the wild-type function of p53 resulting in loss-of-function, gain-of-function 

mutations have also been observed that contribute to cancer proliferation and survival.   
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Overall Rationale and Objectives 

Lung cancer is the leading cause of cancer related death for both men and women 

in the United States.  In 2009 alone, lung cancer was responsible for approximately 

160,000 deaths in the United States and currently has only a 2% 5 year survival rate once 

metastasized.  There are multiple reasons for why the survival rate is so low, one of 

which includes either intrinsic or acquired resistance to standard of care therapies.  

Understanding the mechanisms behind why certain patients respond to a given therapy 

could allow the development of personalized medicine for patients.  Additionally, 

understanding processes which may determine acquired resistance could allow for the 

targeting of these pathways in order to overcome resistance or re-sensitize the cancer to 

the primary therapy.  While this body of work is relevant in drug resistance for cancer, it 

also has implications in other lung diseases treated with drugs as well. One way cancer 

can acquire resistance to chemotherapeutic compounds is to actively export the drug out 

of the cell.  This can be accomplished by up-regulating the MRP gene capable of 

effluxing the specific treatment.  MRP3 appears to be involved in the chemoresistance of 

NSCLC; however, it is currently unknown by what processes it is regulated.  Activation 

of the Nrf2 and p53 signaling pathways in normal cells confer protection against 

oxidative stress and carcinogens via up-regulation of MRP3. The activation of this same 

transcriptional program in cancer cells, however, may provide a survival advantage due 

to lower concentrations of chemotherapeutic drugs. Our examination of Keap1, Nrf2, and 

p53 in cell cycle models should provide a mechanism of regulation for MRP3.  

Additionally, if our examination of Keap1, Nrf2, and p53 mutational status in lung tissue 
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samples is predictive for expression of MRP3, it would provide a basis for both prognosis 

and design of improved personalized therapies for lung cancer treatment.   

 

Hypotheses 

Hypothesis A. Induction of MRP3 (ABCC3) in response to cytotoxic stress occurs via 

Nrf2 signaling. 

Hypothesis B. p53 modulates induction of MRP3 in response to cytotoxic stress.   

Hypothesis C. Cell lines and tissue that lack functional Keap1 or Nrf2 will have 

higher baseline levels of MRP3. 
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Abstract 

Multidrug-resistant proteins (MRPs) are members of the ATP-binding cassette 

superfamily that facilitate detoxification by transporting toxic compounds, including 

chemotherapeutic drugs, out of cells. Chemotherapy, radiation, and other xenobiotic 

stresses have been shown to increase levels of select MRPs, although the underlying 

mechanism remains largely unknown. Additionally, MRP3 is suspected of playing a role 

in the drug resistance of non-small-cell lung carcinoma (NSCLC). Analysis of the MRP3 

promoter revealed the presence of multiple putative electrophile-responsive elements 

(EpREs), sequences that suggest possible regulation of this gene by Nrf2, the key 

transcription factor that binds to EpRE. The goal of this investigation was to determine 

whether MRP3 induction was dependent upon the transcription factor Nrf2.  Keap1, a 

key regulator of Nrf2, sequesters Nrf2 in the cytoplasm, preventing entry into the 

nucleus. The electrophilic lipid peroxidation product 4-hydroxy-2-nonenal (HNE) has 

been shown to modify Keap1, allowing Nrf2 to enter the nucleus. We found that HNE 

up-regulated MRP3 mRNA and protein levels in cell lines with wild-type Keap1 (the 

human bronchial epithelial cell line HBE1 and the NSCLC cell line H358), but not in the 

Keap1-mutant NSCLC cell lines (A549 and H460). Cell lines with mutant Keap1 had 

constitutively higher MRP3 that was not increased by HNE treatment. In HBE1 cells, 

silencing of Nrf2 with siRNA inhibited induction of MRP3 by HNE. Finally, we found 

that silencing Nrf2 also increased the toxicity of cisplatin in H358 cells. The combined 

results therefore support the hypothesis that MRP3 induction by HNE involves Nrf2 

activation. 
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Introduction          

 Lung cancer is the most common cause of cancer death, accounting for more 

deaths than colorectal, prostate, and breast cancer combined [1]. One class of lung cancer 

is non-small-cell lung carcinoma (NSCLC) [2]. NSCLC constitutes 75% of primary lung 

cancers and comprises large-cell undifferentiated carcinomas, squamous carcinomas, and 

adenocarcinomas. Unfortunately, most patients present with locally advanced or 

metastatic disease and are considered incurable. Stagebased therapies may include 

surgery, radiation, and chemotherapy. In advanced disease current frontline therapies 

consist of chemotherapeutic doublets (e.g., etoposide with cisplatin). However, as the 5-

year survival rate for metastatic NSCLC is a dismal 2%, current treatment options are 

largely ineffective. One factor that contributes to the poor clinical outcome is that a 

significant proportion of NSCLCs are intrinsically chemoresistant [3]. Resistance to 

chemotherapeutic agents in drug-resistant cancers is facilitated, in part, by an increased 

capacity for detoxification. Like other xenobiotics, chemotherapeutic agents are 

processed in the body through the detoxification system, which includes Phase II and III 

enzymes. Phase II genes are a family of enzymes that under increased oxidative stress are 

up-regulated, eliciting a response that detoxifies the stressors, often through conjugation 

to glutathione. Exposure to carcinogens and various xenobiotics can increase both Phase 

II and III enzymes [4–6]. Several transcription factors, such as AP-1, NF-κB, and Nrf2, 

are known to be activated by oxidants [7]. After activation, these transcription factors can 

regulate Phase II genes through cis-acting elements [8,9]. Among them, the electrophile 

response element (EpRE) has been shown to be an important regulator of Phase II 

enzyme expression [10,11]. A well established EpRE binding protein, Nrf2, is a member 
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of the basic leucine- zipper NF-E2 family [12]. Upon formation of heterodimers with c-

Jun, small Maf, or other proteins, Nrf2 binds to the EpRE domain located in the upstream 

regulatory region of multiple Phase II genes [13–16]. Nrf2 is negatively regulated by a 

cysteine-rich cytoplasmic protein known as Kelch-like ECH-associated protein1 (Keap1) 

[17]. Keap1 is attached to cytoskeletal actin and binds to Nrf2 directly [18]. Once bound, 

Keap1 has been shown to facilitate ubiquitination of Nrf2 and its proteasomal 

degradation. 

Phase III enzymes, which include multidrug-resistance proteins (MRPs), do not 

interact with xenobiotics directly but facilitate the excretion of water-soluble compounds 

(including products of Phase II enzymes) out of the cell. MRPs are a branch of the ATP-

binding cassette superfamily (ABC) of transmembrane proteins [19]. The MRP (ABCC) 

family consists of nine members [20]. Several MRPs are known to transport a wide range 

of chemotherapeutic compounds and thus reduce the cellular accumulation of anti-cancer 

agents [21]. MRP family members have been shown to be significant contributors to 

multidrug resistance in cell lines and have been found in numerous classes of cancer 

types [22–24]. Increased expression of MRPs has been associated with negative clinical 

outcomes in a variety of cancer types, including breast cancer, gastric cancer, 

neuroblastoma, retinoblastoma, and lung cancer [25–31].  

The MRP3 (ABCC3) gene is located on chromosome 17, encodes a protein of 

1527 amino acids, and is known to be expressed in a variety of tissues including lung, 

adrenal glands, pancreas, gut, gall bladder, liver, kidney, and prostate [32–36]. MRP3 is 

the ABCC family member closest in structure to MRP1, sharing roughly 58% amino acid 

homology [37]. MRP3 has an N-terminal region that comprises three membrane-
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spanning domains, which include five transmembrane helices, an intracellular loop, and 

an extracellular region at the N-terminus [38]. Currently identified substrates of MRP3 

include anticancer drugs such as glucuronate, sulfate, or glutathione conjugates [39,40]. 

Analysis of NSCLC cell lines and clinical specimens revealed that MRP3 is expressed at 

higher levels in NSCLC than in SCLC [41]. Young et al. found that MRP3 protein levels 

correlated with decreased sensitivity of lung cancer cell lines to frontline 

chemotherapeutic compounds such as vincristine, etoposide, and cisplatin [41]. 

Additionally, MRP3 expression has been associated with increased resistance to 

methotrexate and doxorubicin in NSCLC cell lines and patient tumor samples [21, 37]; 

however, the mechanisms underlying its activity and regulation are largely unknown. 

The α,β-unsaturated aldehyde 4-hydroxynonenal (HNE) is a major lipid 

peroxidation product formed by the reaction of reactive oxygen or nitrogen species with 

arachidonic acid in cellular membranes [21]. HNE has been previously established to 

cause the activation of the Nrf2–EpRE signaling and cytoprotective gene induction in a 

human bronchial epithelial (HBE1) cell line [42, 43]. The purpose of this study was to 

examine the involvement of Nrf2 in the up-regulation of MRP3 in lung epithelial cells in 

response to oxidative stress. Here we demonstrate that activation of Nrf2 by HNE leads 

to the induction of MRP3 in human epithelial lung and Keap1 wild-type NSCLC cell 

lines. 
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Materials and Methods 

Chemicals and Reagents 

Unless otherwise noted, all chemicals were obtained from Sigma (St. Louis, MO, 

USA). Antibodies (MRP3: 6D568 mouse monoclonal IgG sc-71605) and small 

interfering RNAs were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

HNE was purchased from Cayman Chemical (Ann Arbor, MI, USA). TRIzol reagent was 

from Life Technologies (Grand Island, NY, USA). DNA-free reagent was obtained from 

Ambion (Austin, TX, USA). TaqMan reverse transcription reagent and SYBR green PCR 

master mix were obtained from Applied Biosystems (Foster City, CA, USA). Luciferase 

activity assay kit was obtained from Promega (Madison, WI, USA). FuGENE 6 

transfection reagent was obtained from Roche (Indianapolis, IN, USA). M-PER 

mammalian protein extraction reagents were obtained from Pierce (Rockford, IL, USA). 

Cell Culture and Treatments 

The human bronchial epithelial cell line (HBE1) was cultured in collagen-coated 

dishes. Cells were grown in serum-free Ham's F-12 medium supplemented with seven 

additives (5 μg/ml insulin, 3.7 μg/ ml endothelial cell growth supplement, 25 ng/ml 

epidermal growth factor, 3×10−8 M triiodothyronine, 1×10−6 M hydrocortisone, 5 μg/ 

ml transferrin) in T-75-cm2 collagen-coated flasks. The NSCLC cell lines H460 (p53 

wild type/Keap1 mutant), H358 (p53 null/Keap1 wild type), and A549 (p53 wild 

type/Keap1 mutant) were obtained from the Mack laboratory at the UC Davis Cancer 

Center (Sacramento, CA, USA). NSCLC cell lines were maintained in DMEM 

(Biowhittaker, Walkersville, MD, USA) supplemented with 10% heat-inactivated FBS 

(Omega Scientific, Tarzana, CA, USA) to which was added MEM Essential Vitamin 
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Mix, penicillin–streptomycin, and L-glutamine. All cultures were grown at 37°C in 5% 

CO2 atmosphere. Cells were plated on 10-cm cell culture dishes at a density of 1,000,000 

cells/dish. Cells were treated at approximately 85% confluency. The time point studied 

for both mRNA and protein collection was 24 h. HNE was dissolved in ethanol. HBE1 

cells close to confluency were treated with vehicle control (0.05% ethanol) or various 

concentrations of HNE as indicated under Results. 

RT-PCR 

The content of MRP3 mRNAwas determined by real-time PCR. RNA samples 

were treated with DNA-free reagent and reverse transcribed using the TaqMan reverse 

transcription system. Real-time PCR was carried out using the SYBR GreenER qPCR 

Supermix Universal (Invitrogen) as specified by the manufacturer. Real-time PCR was 

performed with a Cepheid 1.2 real-time PCR machine (Cepheid, Sunnyvale, CA, USA) 

and an iQ5 Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). GAPDH 

and β-actin were used as internal controls. The primers were as follows: MRP3, sense 5′-

CAGAGAAGGTGCAGGTGACA-3′, antisense 5′-CTAAAGCAGCATAGACGCCC-3′; 

GAPDH, sense 5′-TGGGTGTGAACCATGAGAAG-3′, antisense 5′-CCATCACGAC 

ACAGTTTCC-3′; β-actin, sense 5′-GAGCGCGGCTACAGCTT-3′, antisense 5′- 

TCCTTAATGTCACGCACGATTT-3′. 

Immunofluorescence 

HBE1 cells were grown on glass coverslips pretreated with collagen I (20 μg/μl) 

for 2 h at 20°C in 30-mm plates. NSCLC cells were plated on VRW Scientific glass 

coverslips in 30-mm plates. Cells were washed twice in PBS and fixed with 95% 

methanol at 20°C for 5 min. Slides were washed twice in PBS containing 1% BSA, 
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0.02% saponin, and 0.05% sodium azide. Fixed cells were incubated for 30 min at 37°C 

with primary antibody at a 1:200 dilution in PBS. Slides were washed and incubated with 

FITC-conjugated anti-mouse secondary antibody (Santa Cruz Biotechnology; sc3699) at 

a 1:50 dilution for another 30 min. Slides were washed and coverslips were mounted. At 

least 100 cells were scored for localization and concentration of MRP3 protein under a 

microscope. Images were obtained using a Nikon Eclipse-TE 2000-U/confocal 

microscope and an Olympus BX61 confocal system microscope. The images were 

analyzed for luminosity values and were subsequently exported from the native .ids 

Nikon file format to .bmp files using the Nikon Ez-C1 viewer software version 3.2, and 

then Adobe Photoshop was used to construct the figures. Experiments were performed at 

least in triplicate. 

siRNA Transfection: Nrf2 

Transfection of Nrf2 siRNA was performed using the target sequence 5′-

AAGAGTATGAGCTGGAAAAAC-3′ for human Nrf2 siRNA. Nonspecific siRNA (NS 

siRNA) was used as a negative control. HBE1 cells were seeded at 1.5×105 cells per well 

into six-well plates. After 24 h, the cells were transfected with Nrf2 siRNA. Appropriate 

amounts of Nrf2 siRNA in 250 μl serum-free DMEM/F12 medium and 5 μl transfection 

reagent in 245 μl serum-free DMEM/F12 medium was prepared in separate centrifuge 

tubes. After incubation for 5 min, the siRNA and transfection reagent were mixed, 

incubated for an additional 20 min, and added to each well. 

Statistics 

The comparative ΔΔCT method was used for relative mRNA quantitation. 

Comparisons of variants between experimental groups were conducted using one-way 
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analysis of variance. All data are expressed as the means ± standard deviation. In-Stat 

software was used for statistical analysis. Statistical significance was accepted when 

p<0.05. 
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Results  

 Induction of MRP3 in Keap1 Wild-Type Cells 

RT-PCR analysis was used to determine which MRP family members were 

present in normal bronchial epithelial cells. We demonstrated the presence of all known 

MRPs, with the exception of MRP6, in HBE1 cells. Of the detected MRPs, MRP3was a 

prevalent MRP species (Fig. 1).We then sought to evaluate whether HNE was capable of 

up-regulating the expression of MRP3 in the selected cell lines. HNE can be toxic, 

depleting glutathione, the principal antioxidant made by cells. Normal human plasma 

contains the equivalent of 0.3–0.7 μM HNE (much of it reversibly bound to plasma 

proteins through Schiff base formation); however, during oxidative stress such as occurs 

in inflammation and tobacco smoking, plasma HNE concentrations can increase more 

than 10 times, with affected tissue concentrations in the millimolar range [42,44–47]. 

Upon exposure to sublethal concentrations of HNE, MRP3 mRNA increased in 

Keap1 wild-type cells, but not in Keap1 mutant cells. We observed an approximate 

fourfold increase in MRP3 mRNA in the Keap1 wild-type cell lines compared to 

untreated controls (Fig. 2). The expression and localization of MRP3 protein was 

determined by immunofluorescence using monoclonal antibodies. MRP3 protein levels 

were markedly induced after exposure to HNE in Keap1 wild-type cell lines. The 

increase in MRP3 protein by HNE treatment correlated with the observed increase in 

mRNA levels in these cells. Conversely, we found that MRP3 expression in Keap1 

mutant cell lines was relatively higher than in Keap1 wild-type cells andwas unaffected 

by the addition of HNE (Fig. 3). These results were expected as Keap1 mutants had 
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higher constitutively active Nrf2 than Keap1 wild-type cells and therefore were expected 

to also have high constitutive levels of MRP3. 

Nrf2 Silencing of MRP3 

Analysis of the promoter sequence of MRP3 located in the 5′-untranslated region 

revealed the presence of four putative EpRE (TGA(C/T)NNNGC) sites at −434, −628, 

−805, and −1049 bp from the 5′ UTR of MRP3 (Fig. 4) [48]. To specifically determine 

Nrf2 involvement in MRP3 induction, we examined the effect of depleting Nrf2, the 

principal transcription factor involved in EpRE regulation. We have previously 

demonstrated the effectiveness of Nrf2 siRNA in HBE1 cells [49]. The nonspecific 

siRNA-treated samples displayed a reduction in cytosolic Nrf2 and an increase in levels 

of nuclear Nrf2 after exposure to HNE. Transfection with Nrf2 siRNA was shown 

toreduce cytosolic and nuclear Nrf2 alone or in the presence of HNE (Fig. 5). 

We measured the effects of inhibiting the rate of Nrf2 expression with siRNA in 

cells exposed to HNE. RT-PCR analysis demonstrated that transfection with Nrf2 siRNA 

24 h before exposure to HNE inhibits the induction of MRP3 mRNA compared to the 

nonspecific siRNA treated cells (Fig. 6). Moreover, the levels of MRP3 mRNA in the 

Nrf2 siRNA HNE treatment group were lower than the basal level of the control group, 

which was probably due to a dependence upon Nrf2 for basal expression. Fig. 6 shows 

HBE1 cells that were transiently transfected 24 h before exposure to HNE. The difference 

in the effectiveness of HNE in Fig. 6 compared to Fig. 2 was probably due to the toxicity 

of the transfecting agent, FuGENE 6, which alone caused a 25% decrease in viability 

(data not shown).   
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Quantitative immunofluorescence analysis of HBE1 cells indicated that MRP3 

expression was increased in a dose-dependent manner compared to the control after 

exposure to HNE (Fig. 7).We found that the differences between the luminosity 

measurements of the control group were statistically significant (p> 0.001) compared to 

that of either the 10 or the 15 μM HNE groups. Additionally, the luminosity 

measurements of the 10 and 15 μM HNE groups were statistically significant (p> 0.001) 

compared to those of the Nrf2 siRNA group (Fig. 8). Taken together these observations 

support the involvement of Nrf2 in MRP3 induction in response to HNE-induced 

oxidative stress. 

 
 Additionally, we sought to measure the change in toxicity to cisplatin (CP) in a 

NSCLC when Nrf2 expression was knocked down using siRNA. Although not quite 

statistically significant, we found that in the NSCLC cell line H358 the Nrf2 siRNA → 

CP group was approximately 25% more sensitive to 48 h of 2.5 μM cisplatin treatment 

than the nonspecific siRNA → CP group (Fig. 9). Although this was consistent with a 

role for MRP3, the expected global decrease in activity of other Nrf2-regulated genes had 

unpredictable consequences. 
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Discussion 

One of the primary treatments for combating NSCLC is the use of chemotherapy. 

However, the majority of NSCLCs are inherently drug resistant. This presents a major 

obstacle in successfully treating this disease. One component of this observed 

multifactorial drug resistance is an increased capacity to efflux chemotherapeutic 

compounds out of the cell. Studies of clinical specimens and cell lines have shown an 

increased capacity for drug transport, and subsequent resistance, due to increased levels 

of Multidrug resistance transporters (MDRs) and MRPs. Given that not all NSCLCs 

possess this ability it would seem that some additional dysregulation has occurred. 

 Our analysis of the human MRP3 gene (ABCC3) revealed multiple EpREs in the 

tentative promoter region. These findings led us to hypothesize that activation of Nrf2 

could contribute to the induction of MRP3. To test this we used HNE, a known Nrf2 

activator, in an effort to evaluate the response of MRP3. Our results demonstrate that 

Nrf2 activation can up-regulate the expression of the endogenous MRP3 gene, producing 

increases in both mRNA and protein in both human bronchial epithelial and Keap1 wild-

type NSCLC cells. In addition, we demonstrate that selectively inhibiting the expression 

of Nrf2 has the capacity to abolish induction of MRP3 by HNE. Whereas regulation of 

MRP3 by Nrf2 has not been described previously, a relationship between Nrf2 and MRP1 

and MRP2 expression has been suggested by studies conducted in human cancer 

specimens, including NSCLC [50]. 

Recent studies have indicated the potential “negative role” for the Nrf2 pathway, 

as it is up-regulated in a number of drug-resistant human malignancies, and that 

inhibiting expression of Nrf2 during chemotherapy could be clinically beneficial [51]. 
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Additionally, Wang et al. showed that overexpression of Nrf2 increased resistance to 

chemotherapeutic drugs and that knocking down Nrf2 decreased resistance to these drugs 

[52]. Our own experiment was in agreement with the aforementioned study, 

demonstrating that knocking out Nrf2 produced increased toxicity to the frontline 

chemotherapeutic drug cisplatin, which is consistent with a decrease in MRP3 

expression. Despite that consistency, we cannot definitively state that the increased 

toxicity was due to the decrease in MRP3 alone as Nrf2 regulates the expression of 

numerous Phase II genes that could also have contributed. 

 It has been recently demonstrated by Singh et al. that approximately 50% of 

NSCLC cell lines and 18% of NSCLC clinical specimens examined in their study had 

inactivating mutations in Keap1 [50]. These Keap1 mutant NSCLCs had increased 

accumulation of Nrf2 and Nrf2-target genes, possibly leading to increased drug resistance 

[50]. We observed elevated basal levels of MRP3 in Keap1 mutant cells, which were 

comparable to the levels observed in the Keap1 wild-type cells under oxidative stress. 

Activation of the Keap1/Nrf2 signaling pathway in normal cells confers protection 

against oxidative stress and carcinogens, whereas deregulation of this transcriptional 

program in cancer cells may provide a selective survival advantage via the upregulation 

of MRP3. 

In addition to Keap1 status, other potential mechanisms may lead to aberrant 

expression of MRP3. One such possibility may involve p53. Dysregulation of the p53 

gene (mutant or null) occurs in approximately 45% of NSCLC cases and is associated 

with drug resistance [53,54]. Additionally, p53 has been demonstrated to repress Nrf2- 

regulated expression of several Phase II genes (NQO1, X-CT, and GST-α1), suggesting 
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cross talk between the p53 and the Nrf2 signaling pathways [40]. Studies have 

demonstrated a negative link between p53 activation and MRP1 expression. The 

correlation between high levels of MRP1 expression and p53 mutation is supported by in 

vitro studies of the MRP1 gene regulation in human and murine systems, which have 

shown that wild-type p53 is a strong suppressor of MRP1 transcription [55]. 

Additionally, the human papilloma E6 protein initiates the rapid degradation of p53, 

which subsequently increased MRP1 levels in an HPV16-transformed cell line [56]. 

Whether p53 is involved in the regulation of the MRP3 gene, as it is with MRP1, has not 

been determined. Of note, p53 is functionally disrupted in both of the cell lines HBE1 

and H358, which we observed to be inducible for MRP3. If p53 acts as a negative 

regulator of MRP3 as it does for MRP1, it would be expected that these cells would be 

more responsive to the types of cytotoxic stresses that induce MRP3.  

Although some cell lines express higher levels of MRPs intrinsically [19,22], 

chemotherapy, radiation, and other xenobiotic stresses have been shown to increase 

levels of select MRPs independently [20,21]. Several classes of antineoplastic agents 

produce oxidative stress leading to the formation of lipid peroxidation products, such as 

HNE. An additional factor to consider is that chemo-and radiation therapy will induce 

lipid peroxidation that generates HNE and could potentially activate Nrf2. This effect of 

inadvertent activation of the genes involved in drug resistance in “real time” may explain 

one component of the drug-resistance phenotype common to this malignancy. As this is a 

normal response to chemotherapy, it suggests that even under conditions under which 

there is no aberrant signaling in the drug metabolic pathway, tumors may nevertheless 

naturally develop resistance over time to therapy, in part through an accumulation of 
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MRP3. Ideally, one solution to resolve this issue may be to determine markers of 

sensitivity in drug metabolism (e.g., lack of MRP expression) as opposed to resistance. 

In conclusion, our results demonstrate that MRP3 belongs to the family of 

detoxification enzymes whose expression is regulated by Nrf2. This study shows that 

HNE, at physiologically achievable levels, produces a marked up-regulation of the 

multidrug-resistance protein transporter, MRP3, in human bronchial epithelial and Keap1 

wild-type NSCLC cells. In addition, we demonstrated that inhibiting Nrf2 significantly 

attenuates this response. Elucidating the exact mechanisms involved in the up-regulation 

and/or suppression of MRP3 could lead to the identification of patient subsets that may 

benefit from different chemotherapy regimens thereby improving upon current 

therapeutic options for NSCLC. 
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Fig. 1. RT-PCR analysis of MRPs 1–9 in the HBE1 cell line. Total RNA was isolated, 

reverse transcribed, and amplified by PCR. Products were analyzed on a 1.5% agarose 

gel. Numbers above the lanes correspond to the MRP member. MRP3 was loaded at 1/10 

the initial concentration during PCR amplification. 
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Fig. 2. Relative levels of MRP3 mRNA were determined after 24 h exposure to 15 μM 

HNE using real-time PCR. GAPDH and β-actin were used as internal controls. Results 

are expressed as means ± standard deviation (n= 3). 

 

 

 

 

 



44 
 

 

 

 

 

Fig. 3.  Immunofluorescence. Selected cell lines were fluorescently labeled for MRP3 

protein (green) and counterstained with DAPI (blue) for nuclear detection and examined 

after 24 h exposure to 15 μM HNE. 
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Fig. 4. MRP3 (ABCC3) promoter region spans from −11 bp through −1103 bp. Putative 

EpRE binding sites (blue) are located −434, −628, −805, and −1049 bp upstream of the 

ABCC3 gene. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article. 
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Fig. 5. Effect of Nrf2 siRNA on the activation and constitutive expression of Nrf2 

protein. HBE1 cells were transfected with Nrf2 siRNA or nonspecific RNA (NS) 24 h 

before treatment with 10 μM HNE for 1 h. Cytosolic and nuclear fractions were extracted 

for Western blot analysis. (A) The NS siRNA samples displayed a reduction in cytosolic 

Nrf2 after HNE treatment. Transfection with Nrf2 siRNA reduced cytosolic Nrf2 alone or 

in the presence of HNE. (B) The NS siRNA samples demonstrated increased nuclear 

Nrf2 after exposure to HNE. Transfection with Nrf2 siRNA reduced nuclear Nrf2 alone 

or in the presence of HNE. 
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Fig. 6.  RT-PCR analysis of Nrf2 siRNA silencing. Transfection with Nrf2 siRNA 24 h 

before exposure to 15 μM HNE inhibits induction of MRP3 mRNA compared to the 

nonspecific siRNA group. Results are expressed as means ± standard deviation (n= 3). 
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Fig. 7. Fluorescence microscopy and digitized images of representative human bronchial 

epithelial cells. MRP3 protein levels (green) were analyzed 24 h after exposure to 10 or 

15 μM HNE and 24 h after transfection with Nrf2 siRNA. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 8. Quantitative immunofluorescence. Twenty intact HBE1 cells in each treatment 

group were individually measured for luminosity. Control vs HNE 10 and 15 μM24 h, p< 

0.001, and HNE 10 and 15 μM 24 h vs Nrf2 siRNA → 15 μM HNE, p< 0.001. Results 

are expressed as means ± standard deviation (n= 3). 
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Fig. 9. MTT viability assay. We examined the change in toxicity by Nrf2 silencing by 

using siRNA in the NSCLC cell line H358 after exposure to 2.5 μM cisplatin for 48 h. 

Treatment groups included NS siRNA+ CP, NS siRNA – CP, Nrf2 siRNA+ CP, and Nrf2 

siRNA – CP. Results are expressed as means ± standard deviation (n= 3). 
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Abstract 

Multidrug Resistant Protein-three (MRP3) is a member of the ATP-binding 

cassette superfamily that facilitates detoxification by transporting toxic compounds, 

including chemotherapeutic drugs, out of cells. MRP3 is over-expressed in a variety of 

cancers including non-small cell lung carcinoma (NSCLC), and is suspected of playing a 

role in drug resistance. Keap1, the key regulator of the transcription factor Nrf2, binds 

Nrf2 in the cytoplasm, mediating its ubiquitination and degradation. 4-hydroxynonenal 

(HNE) is a major lipid peroxidation product which we have previously demonstrated 

initiates activation of Nrf2 thereby inducing MRP3. Here we show that ChIP analysis of 

the promoter revealed the presence of Nrf2 binding to the third EpRE sequence distal to 

the start site after HNE exposure, demonstrating direct involvement of Nrf2 regulation of 

MRP3. Next we examined 5 cell lines and 33 NSCLC pre-treatment patient specimens 

and found a parallel relationship between Nrf2 protein levels and MRP3 mRNA levels in 

the cell lines, and a significant correlation between Keap1/Nrf2 mutational status and 

MRP3 levels. Additionally, studies involving related drug transport proteins have 

demonstrated both positive and negative regulatory roles for wild-type (wt) and mutant 

(mt) p53; therefore we sought to determine the role of this transcription factor in the 

regulation of MRP3. Transfection of a p53 null NSCLC cell line with wt p53, empty 

vector (EV), and mt p53 plasmids revealed that basal MRP3 levels increased in the 

absence of functional p53, similar to what we observed in our patient cohort. Conversely, 

when wt p53 transfected cells were treated with either HNE or gemcitabine we found an 

improved response in MRP3 induction compared to the EV group. We also found a 

significant link between harboring a both a Keap1 and a p53 mutation in our patient 
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cohort. These results support the hypothesis that MRP3 induction is regulated by both 

Nrf2 and p53 during normal conditions and during oxidative stress.  
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Introduction 

Multidrug resistant proteins (MRPs) are a 9-member branch of the ATP-binding 

cassette superfamily [1]. The role of MRP3 is to facilitate transport toxic compounds out 

of cells; however this increased transport can contribute to the chemoresistance of cancer 

cells [2]. Chemotherapy, radiation, and xenobiotic stresses have been shown to increase 

levels of select MRPs. Three members of the MRP family, MRPs 1-3, have been 

associated with increased resistance to frontline chemotherapeutic compounds, and are 

thought to play a role in the drug resistance of non-small cell lung carcinoma (NSCLC) 

[3, 4].  Increased MRP1 levels have been reported to correlate with both increasing 

NSCLC cancer stage and invasiveness [5, 6]. MRP3 is the closest structural ABCC family 

member to MRP1 (~58% homology) [3]. MRP3 protein levels have been correlated with 

decreased sensitivity of lung cancer cell lines to doxorubicin, vincristine, etoposide, and 

cisplatin [4]. Additionally, MRP3 expression has been associated with increased 

resistance to methotrexate and doxorubicin in NSCLC cell lines and tumor samples [2, 

3].  

The lipid peroxidation product, 4-hydroxy-2-nonenal (HNE) is formed from 

polyunsaturated fatty acids in cell membranes by reaction with reactive oxygen and 

nitrogen species [7, 8]. Many classes of antineoplastic agents including frontline drugs in 

the of lung cancer treatment (anthracyclines, most alkylating agents, and platinum 

compounds) produce significant oxidative stress [9]. The reactive oxygen species 

generated by chemotherapy subsequently leads to lipid peroxidation resulting in products 

such as HNE. HNE was used as a surrogate for oxidative stress in this investigation and 

has been previously established to cause the activation of the Nrf2-EpRE signaling [10, 
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11]. We have previously demonstrated that HNE induced of MRP3 mRNA and protein 

levels in a Keap1 wt NSCLC cell line, but not in Keap1 mutant NSCLC cell lines. 

Nonetheless, the failure of HNE to increase MRP3 in the Keap 1 mutant NSCLC cell line 

was apparently due to constitutively active Nrf2 leading to high expression of MRP3. Our 

results also showed that MRP3 induction involves activation of the transcription factor, 

Nrf2, as MRP3 induction was inhibited using siRNA against Nrf2 [12]. This is consistant 

with what is known about MRP1 and MRP2 as both have been shown by others to be 

regulated by Nrf2. In addition, we also treated cells with the DNA damaging drug 

gemcitabine, a front line NSCLC chemotherapeutic, to investigate the effect on MRP3 

levels alone and in cells transfected with a p53 wt expression vector.  

The current accepted model for Nrf2 regulation is one in which two amino-

terminal motifs in the Neh2 domain, a weak binding DLG motif and a strong binding 

ETGE motif, act as binding sites for Keap1 and promote ubiquitination and rapid 

turnover; also known as the hinge and latch model [13]. We and others have 

demonstrated that inhibiting Nrf2 decreases resistance to chemotherapeutic agents. 

Furthermore, Shibata et al. found that Nrf2 mutations occurred in approximately 11% of 

their lung cancer samples, with a striking frequency in the Neh2 domain, and that these 

patients had a poor prognosis [13]. Keap1, the key functional repressor of Nrf2 is 

comprised of an N-terminal region (AA 1–60), a BTB domain (AA 61–179), a central 

IVR (AA 180–314), six Kelch motifs (AA 315–359, 361–410, 412–457, 459–504, 506–

551, and 553–598), and a C-terminal domain (AA 599–624) [14]. Singh et al. found that 

Keap1 loss-of-function mutations occurred in approximately 19% of NSCLC tumors and 

50% of NSCLC cell lines examined [14]. In NSCLC cell lines with mutant Keap1, Nrf2 
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was found to be constitutively active and MRP1&2 expression was elevated [14].  In 

addition to improved drug resistance, Keap1 mutants have also been demonstrated to 

possess rapid growth characteristics [15]. 

p53 is a critical component in the regulation of cell cycle progression, DNA 

repair, and induction of apoptosis. In response to DNA damage, p53 responds by 

arresting cell cycle progression to enable the initiation of DNA repair.  If the cell is 

beyond repair, p53 can initiate the apoptotic pathway [16]. Dysregulation of the p53 gene 

(mt or null) occurs in approximately 45% of NSCLC cases and is associated with poor 

prognosis [17]. The majority of mutations found in p53 appear to be missense mutations 

located within the DNA binding domain (exons 5-8), some of which can be pro-

oncogenic [18, 19].  

Functional p53 has been demonstrated to repress Nrf2-regulated expression of 

several phase II genes, suggesting cross talk between the p53 and Nrf2 pathways [20]. 

Studies have also demonstrated a negative link between p53 activation and MRP1 

expression, which has been reported to increase with NSCLC cancer stage and 

invasiveness [5, 6]. The correlation between high levels of MRP1 expression and p53 

mutation is supported by in vitro studies of MRP1 gene regulation that have shown wt 

p53 to be a strong suppressor of MRP1 transcription [21]. Additionally, the human 

papilloma E6 protein, which initiates the rapid degradation of p53, subsequently 

increased MRP1 levels in an HPV16-transformed cell line [6]. The mechanism by which 

this occurs could be an example of the indirect effect of transcription factors as described 

above as MRP1 does not contain a p53 response element in its promoter. MDR1, a well 

characterized drug transporter, but not MRP1 has been shown to be strongly up-regulated 



58 
 

 

by the addition of gain of function mutant p53 and its interaction with the transcription 

factor Ets-1 [22].  A more recent study using a p53 null osteosarcoma model found that a 

select p53 mutant caused an increase in baseline MRP1 levels [23].   Whether p53 is 

involved in the regulation of other MRP genes has not yet been determined. 
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Materials and Methods 

Chemicals and Reagents 

Unless otherwise noted, all chemicals were obtained from Sigma (St. Louis, MO). 

DNA-free reagents were obtained from Fermentas (Glen Burnie, MD). TaqMan Reverse 

Transcription Reagent and SYBR Green PCR Master Mix were obtained from Applied 

Biosystems (Foster City, CA). FuGENE 6 transfection reagent was purchased from 

Roche (Indianapolis, IN).  

Cell Culture and Treatments 

The NSCLC cell line H358 (p53 null/Keap1 wt), and H1666 (p53 wt/Keap1 wt) 

were maintained in RPMI 1640 (Biowhittacker, Walkersville, MD) supplemented with 

10% heat-inactivated FBS (Omega Scientific, Tarzana, CA) to which was added MEM 

Essential Vitamin Mix, Penicillin-Streptomycin, L-Glutamine. All cultures were grown at 

37°C in 5% CO2 atmosphere. Cells were plated on 10cm cell culture dishes at a density 

of 1,000,000 cells per dish. Cells were treated at approximately 70% confluence. Agents 

were diluted to appropriate concentrations in media before use.  

RT-PCR 

The content of MRP3 mRNA was determined with real-time RT-PCR method. 

RNA samples were treated with DNA-free RNase reagent and reverse transcribed by 

using the TaqMan reverse transcription system. Real-time PCR was performed with a 

BioRad iQ5 iCycler PCR machine (Hercules, CA), with β-actin used as an internal 

control. The primers are as follows: MRP3, forward 5’-CAGAGAAGGTGCAG 
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GTGACA-3’, reverse 5’-CTAAAGCAGCATAGACGCCC-3’; β-actin, forward 5’-

TGGGTGTGAACCATGAGAAG-3, reverse 5’-CCATCACGACACAGTTTCC-3.   

SSCP PCR 

Analysis was performed in 25 l reactions using 1x AmpliTaq Gold PCR Master 

Mix (Applied Biosystems, Foster City, CA), 10 M of primers, and one l of genomic 

DNA were used.  The primer sequences for p53 exons 5-8 are as follows; p53 exon 5: 

forward, 5’-TTCAACTCTGTCTCCTTCT-3’; reverse, 5’-CAGCCCTGTCGTCT 

CTCCAG-3’; p53 exon 6: forward, 5’-GCCTCTGATTCCTCACTGAT-3’; reverse, 5’-

TTAACCCCTCCTCCCAGAGA-3’; p53 exon 7; forward, 5’-CTTGCCACAGGTC 

TCCCCAA-3’; reverse, 5’-TGTGCAGGGTGGCAAGTGGC-3’; p53 exon 8: forward, 

5’-TTCCTTACTGCCTCTTGCTT-3’; reverse, 5’-CGCTTCTTGTCCTGCTTGCT-3’. 

PCR was performed in a BioRad PTC-200 DNA Engine Thermal Cycler (BioRad, 

Hercules, CA) for 35 cycles at 95oC for 15s, 55oC for 30s, and 68oC for 60s with a final 

extension at 68 oC for 10 min.  After PCR, 5 l of PCR products were checked by gel 

electrophoresis using ethidium bromide.    Subsequently, 3 l of PCR products were 

mixed with 3 l of SSCP loading buffer (95% formamide, 5% xylene, and 10 mg 

bromophenol blue), incubated at 95 C for 5 minutes, and immediately placed on ice.  

DNA samples were electrophoresed using the Gene Gel Excel 12.5/24 Kit (Amersham 

Pharmacia Biotech, Sweden) at 600 volts for 90 minutes.  Exons 5, 7, and 8 were run at 

18 oC while exon 6 was run at 10 oC.  The GenePhor Elecotrophoresis Unit (Amersham 

Pharmacia Biotech, Sweden) was used for all SSCP reactions.  DNA samples were 

visualized by silver stain.  Any exon fragments migrating abnormally in SSCP gels were 
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sequenced to define the base changes. The specific positions and types of nucleotide 

changes were recorded.  

Tumor Specimens 

NSCLC tumor tissues were acquired from the IRB-approved UC Davis Cancer 

Center Specimen Repository (CCSR).  Specimens were collected at time of surgery, 

pathologically reviewed and annotated.  Approval for specimen usage for this proposed 

project was obtained from Dr. Gandour-Edwards, CCSR Leader.  Tissue was stored at -

80oC until extraction of DNA, RNA, and protein, as described.   

Preparation of Frozen Tissue 

Genomic DNA was extracted from minced tissue using the QIAamp DNA 

extraction kit (Qiagen, Valencia, Ca) according to manufacturer’s protocol.  RNA was 

extracted using Qiagen RNeasy Kit (Qiagen, Valencia, CA). Quantity and quality of both 

RNA and DNA were determined using a ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE).  

Plasmid Cloning  

Plasmids were transformed into DH5α competent bacterial cells.  Cells grown 

overnight at 37°C on ampicillin/LB treated plates.  Colonies were selected, re-suspended 

in LB/Amp, and allowed to grow for 8hrs at 37°C while shaking at 270 rpm.  Half of the 

culture was used to prepare a glycerol stock of the p53 plasmids and half of the culture 

was used for a mimi-prep to isolate plasmid DNA (Qiagen mini-prep kit).  A double 

restriction digest was performed using EcoRI and BamHI to cut out the p53 fragment.  
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The sizes of both plasmids and their respective fragments were confirmed. The p53 mt 

plasmids (V143A, R175H, R248W, R273H) were acquired from Addgene (Cambridge, 

MA), and the wt p53 plasmid was a kindly gift from Dr. Ruth Vinall (UC Davis Cancer 

Center). 

Isolating plasmid DNA for Transfection 

Bacteria from the glycerol stock was streaked out onto fresh ampicillin/LB plates 

and allowed to grow overnight for colony selection.  Colonies were selected and grown in 

LB/Amp culture for 8 h at 37°C while shaking at 270 rpm.  These cultures were spun 

down and plasmid DNA was isolated using the Qiagen mini-prep kit.  Quantity and 

quality of plasmid DNA was determined using a ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE).  

Plasmid and siRNA Transfection 

Transient transfection of wt p53 plasmid was performed in H358 cells, at 

approximately 60-70% confluence. Appropriate amounts of wt p53, mt p53, or empty 

vector plasmids (stocks are 10 μM in RNase-free water) were mixed with transfection 

reagent FuGENE 6 in antibody-free RPMI 1640 medium and incubated for 20 min at 

room temperature. The mixture was then added to cells and incubated for 24 h and 

confirmed by Western Blotting.  H358 cells were plated in antibody-free RPMI 1640 

medium with 10% fetal bovine serum. The cells were transfected using FuGENE6 with 5 

μg of p53 expression vector DNA (or empty pcDNA3.1- DNA). Unless otherwise 

indicated, the cells were harvested 24 h following the application of plasmid DNA to the 

cells. 
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Western blotting 

Western blotting was performed as previously reported [24].  Briefly, soluble 

proteins were extracted with the addition of RIPA lysis solution (RIPA Buffer, 

Leupeptin, Aprotinin, PMSF, NaVO4 and DNase, Rnase-free).  The lysates were cleared 

by centrifugation at 12,000 rpm at 4°C for 15 minutes, and soluble protein extracts were 

stored frozen at -80°C.  Protein concentrations were quantitated from duplicate readings 

using a modified Bradford assay (Bio-Rad Laboratories, Hercules, CA).  Cell lysates 

were diluted with RIPA lysis buffer to either 20 or 30 μg/μl to facilitate equal loading of 

samples, and added to electrophoresis SDS sample buffer and boiled at 95°C for 5 

minutes.  Total cell extracts were separated by 10 or 15% SDS-PAGE gels using a mini-

gel system (Bio-Rad laboratories, Hercules, CA) for 120-150 min. Proteins were 

transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA) overnight 

at a constant 40 volts. Membranes were then blocked with a powdered milk solution.  

Mouse p53 antibody at 1:200 (sc-53394), rabbit Nrf2 antibodies at 1/200 (sc-722), and 

mouse β-actin antibody at 1:10,000 (A5441, Sigma) were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA). Blots were incubated at 4oC overnight with p53 or Nrf2 

(1:200) and mouse anti-β-actin antibody (1:10,000).  After washing, blots were incubated 

in horseradish peroxidase-conjugated antimouse IgG or antirabbit IgG secondary 

antibody (1:2500), (Promega) in TBS-T for 1 h, followed by incubation with 

chemiluminescent detection reagents (ECL, Fisher Scientific). Membranes were exposed 

to Kodak XAR film, the film developed and the results interpreted.   
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ChIP Assay 

ChIP assay was performed following the protocol provided with the kit from 

Millipore (Temecula, CA).  Briefly, cells were incubated with formaldehyde (final 

concentration is 1%) at room temperature for 10 min. Cell pellet was lysed on ice for 10 

min and sonicated using a Branson sonifier 150 (Branson, Danbury, CT) under conditions 

that cause DNA to be broken into 200- to 800-bp fragments (5 sets of 10-second pulses 

on wet ice with output power at 3). Sonicated cell lysate was precleared with 60 µl of 

protein G agarose, and the supernatant was used for immunoprecipitation with antibodies 

to specific transcription factors overnight at 4oC. The protein/DNA complex was 

collected with 60 ml of protein G agarose and then it was washed and eluted from 

agarose in elution buffer. Next the crosslink of DNA/protein was reversed by adding 5 M 

NaCl and incubating the mixture at 65oC for 5 h. The DNA was then extracted with a 

spin filter. GAPDH was used as the input control. The real time PCR was run for 50 

cycles under the conditions: 95oC 25 sec, 61oC 30 sec and 72oC 31 sec. Primers used for 

PCR in the ChIP assay were as follows; EpRE1 forward, 5’-AGCCAAGGAAGGAAAC 

ACCT-3’; reverse, 5’-ATCTCTCAATCCCGCTGTTG-3’; EpRE2 forward, 5’-

AGCCTTAGGAGGAGGACGAG-3’; reverse, 5’-GAATCTTCCTCCCAGGGTTC-3’; 

EpRE3 forward, 5’-AGTAGAGGCCCAGAGACGTG-3’; reverse, 5’-GGGTGTGTAC  

CCGTGAGG-3’; EpRE4 forward, 5’-CCAGTGGTCTCTGGAACCTG-3’; reverse, 5’-

GTTCCTCTCCGGAGGTCAGT-3’; GAPDH: forward, 5’-TACTAGCGGTTTTA 

CGGGCG-3’, reverse, 5’-TCGAACAGGAGGAGCAGAGAGCGA-3’. 
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DNA sequencing  

PCR Primers for Keap1 sequencing [25] are as follows; Keap1 exon 2F1, 5’-

TGGTGGTGTTGCTTATCTTCTGG-3’; Keap1 exon 2R1: 5’-TACCCTCAAT 

GGACACCACCTCC-3’; Keap1 exon 2F2: 5’-AAGGTGGTGCTGGCCTCATCCAG-

3’; Keap1 exon 2R2: 5’-AGACAGTGATGAGCACTCGTCCA-3’; Keap1 exon 3F1: 5’-

GGTGACTGGAGAGTCAGCCCGTC-3’; Keap1 exon 3R1: 5’-CTCCAGGTAGC 

TGAGCGACTGTC-3’; Keap1 exon 3F2: 5’-TGCACAAGCCCACGCAGGTGATG-3’; 

Keap1 exon 3R2: 5’-TTGGGACTTGCCAGGAGCAGGAC-3’; Keap1 exon 4F: 5’- 

CACGAAGGTCAGCTATAATGGCC-3’; Keap1 exon 4R: 5’-TCAGTTTCACCCC 

AGGATGGTAG-3’; Keap1 exon 5F: 5’-TCTCCCTCAAGGAGGTGATGGCT-3’; 

Keap1 exon 5R: 5’-GCAAAAGCAGTCCACAAAAGATG-3’; Keap1 exon 6F: 5’- 

GCTCTTGGATGTGGTGTGACAGG-3’*; Keap1 exon 6R: 5’-CAATGATACTCCC 

CATTGGACTG-3’. Primers for Nrf2 sequencing [13] are as follows; Nrf2 exon 2: 

forward, 5’-ACCATCAACAGTGGCATAATGTG-3’; reverse, 5’-GGCAAAGCTG 

GAACTCAAATCCAG-3’. All DNA sequencing was performed on an ABI 3730 

Capillary Electrophoresis Genetic Analyzer using ABI BigDye Terminator v3.1 Cycle 

Sequencing chemistry.  

Software 

Scion Image software was used in this study to quantitate protein levels of 

western blots, by deriving a ratio between absorbance values.  
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Statistics 

 The comparative ΔΔCT method was used for relative mRNA quantitation. 

Comparisons of variants between experimental groups were conducted using one-way 

analysis of variance (ANOVA).  All data is expressed as the mean ± standard error of the 

mean (SEM). In-Stat software was used for statistical analysis. Statistical significance 

was accepted when p < 0.05. The Tukey-Kramer Multiple comparisons test was used for 

comparison of mRNA levels. Fisher's Exact Test was used to determine  nonrandom 

associations. 
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Results 

ChIP assay detects DNA binding by Nrf2 in vitro. 

The genomic sequence of the human MRP3 gene (ABCC3) revealed four EpREs 

sequences in the promoter region from −11 bp through −1103 bp. Specifically located at 

sites −434, −628, −805, and −1049 bp. These findings led us to hypothesize that 

activation of Nrf2 could contribute to the induction of MRP3. As an extension of our 

previous work we sought to further establish the relationship of Nrf2 and MRP3 [12].  

The interaction between Nrf2 and MRP3 was elucidated by use of a chromatin 

immunoprecipitation assay (ChIP) of the Nrf2/DNA complex, and subsequently 

analyzing the bound DNA using PCR.  Nrf2 binding was increased at the -805 bp EpRE 

after exposure to HNE (Figure 1). These results demonstrate a direct interaction of Nrf2 

binding in the promoter region of MRP3. 

 

Sequence analysis of cell line and patient specimens for Keap1, Nrf2, and p53 

mutations reveals a correlation between Keap1 and p53 mutational status in patient 

samples.  

To determine whether mutations in Keap1, Nrf2, or p53 were present in our 

samples we amplified and sequenced the five protein coding exons of the Keap1 gene, 

exon 2 (Neh2) of the Nrf2 gene. In the patient specimens, p53 mutational status was 

determined using Single-Strand Conformation Polymorphism (SSCP) of exons 5-8, with 

positive samples confirmed by sequencing (in patients with lung cancer, p53 mutations 

are most common in exon 5-8) (Figure 2A and 2B). Sequencing of Keap1 in these cell 

lines confirmed the homozygous mutation at amino acid 333 found by Singh et al. in 
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A549, while all other cell lines evaluated were wild type for both Keap1 and Nrf2. In our 

patient cohort we identified four homozygous and one heterozygous Keap1 mutants. All 

mutations were missense mutations: three homozygous mutants were GT 

transversions, one homozygous mutant was a GA transition, and the hetrozygous 

mutant was a CT transition. Singh et al. found 18.5% of their patient samples had a 

mutation in Keap1, which is similar to our findings of 15%.  

Only one Nrf2 exon 2 mutant was found (~3%), which was a heterozygous GA 

transition, resulting in a missence mutation (Table 1). Shibata et al. found approximately 

11% of their patients analyzed were Nrf2 mutant; a possible explanation for the observed 

discrepancy may be that our sample size was lower, and/or that mutation frequencies may 

differ between different ethnic populations as their patient samples were Japanese. 

Additionally, they found a higher frequency of mutations in cancers of squamous cell 

histology, of which we only had seven. Finally, we found that eleven of our patient 

samples were mutant for p53 (33%), which were cross checked with the IARC TP53 data 

base (www-p53.iarc.fr), and are defined in Table 2. We found that in all five of our 

patient samples that were mutant for Keap1 were also mutant for p53. Using Fisher's 

Exact Test we found a very significant (p<0.0019) correlation of this not being a random 

event (Figure 2C). 
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MRP3 levels trend higher in mutant Keap1/Nrf2 cell line and NSCLC patient 

samples. 

Using quantitative RT-PCR we evaluated levels of MRP3 mRNA in four NSCLC 

cell lines, and one prostate cancer cell line, and thirty-three pre-treatment surgical 

specimens with varying genetic status for Keap1, Nrf2, and p53 (Figure 3A).  We found 

that H1650 (Keap1 wt, Nrf2 wt, p53 wt) and H358 (Keap1 wt, Nrf2 wt, p53 null) 

expressed relatively low levels of MRP3 mRNA, and that A549 (Keap1 mt, Nrf2 wt, p53 

wt) had high levels of MRP3 mRNA. However, we found that H1666  (Keap1 wt, Nrf2 

wt, p53 wt) also had high levels of MRP3 despite being wild-type for all three genes, we 

then evaluated the prostate cancer cell line DU-145 (Keap1 wt, p53 mt), as it has recently 

been demonstrated to produce  low  levels of Keap1 due to promoter methylation and 

differentially spliced Keap1 mRNA [26]. These cell lines were evaluated further by 

measuring their total Nrf2 protein levels via western blotting. Low levels of the predicted 

size Nrf2 was observed in H1650 and H358 cells, and higher levels of the Nrf2 were 

found in A549. While we found elevated levels of Nrf2 protein in H1666, it was the 100 

kD variant, which was also detected in DU-145 (Figure 3B). Relative levels of total Nrf2 

protein levels of our cell line model were quantified using Scion Image software.  We 

found that Nrf2 protein levels (H1650 had insufficient levels of Nrf2 by western blot to 

accurately measure) in our cell line model had very similar ratios to their MRP3 mRNA 

levels (Figure 3C).   When we compared MRP3 mRNA levels in Keap1/Nrf2 wt against 

Keap1/Nrf2 mt patient samples (only homozygous Keap1 mt samples were included in 

our evaluation) we found a statistically significant correlation between the Keap1/Nrf2 wt 
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(Mean ~2.6 fold vs. H358) and Keap1/Nrf2 mt (Mean ~5.6 fold vs. H358) patient 

samples (Figure 4). 

Mutant p53 expression in cell lines and patient samples correlates with higher basal 

MRP3 mRNA levels. 

In an effort to determine the effect of having either null, wt, or mt p53 on basal 

MRP3 levels we transiently transfected the NSCLC cell line H358 (p53 null) with either 

empty vector, wt p53, or one of four different mt p53 plasmids (V143A, R175H, R248W, 

R273H) (Figure 5A and 5B). We evaluated MRP3 mRNA levels 24 h post transfection, 

and found cells containing wt p53 had approximately 33% lower levels of MRP3 mRNA 

than when compared to the average level of the four p53 mt groups (Figure 5C).  We 

then compared the p53 wt/Keap1 wt vs. p53 mt/Keap1 wt patients, and found that while 

not statistically significant; the p53 wt group had 32% less MRP3 mRNA, which is 

consistent with our cell line data (Figure 5D). 

We then sought to evaluate MRP3 levels after exposure to cytotoxic stress caused 

by either HNE or gemcitabine, with or without the presence of wt p53.  Cells were treated 

24 h after transfection with either 15 M HNE or 25 M of gemcitabine for an additional 

24 h and relative MRP3 mRNA levels were determined by RT-PCR (Figure 6A). In p53 

wt cells, HNE and gemcitabine significantly increased the induction of MRP3 expression 

when compared to the EV. Tukey’s Multiple Comparison Test demonstrated a significant 

difference between the p53 with versus p53 with HNE or the gemcitabine treated groups 

(p < 0.05), while the EV versus EV treated with HNE or gemcitabine groups were not 

significantly different. To evaluate what effects HNE and gemcitabine were having on 
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p53 protein levels we conducted a western blot, and found that p53 levels increased in 

both treatment groups (Figure 6B). 
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Discussion   

The primary treatment for combating NSCLC often involves surgery, radiation, 

and the use of chemotherapy. Unfortunately, the majority of NSCLCs either acquire, or 

are inherently drug resistant. Multifactorial drug resistance is one contributing factor to 

the abysmal 5 year survival rate for metastatic NSCLC, which is just 2%. 

Chemoresistance is thought to be derived by two principle mechanisms: the first involves 

an improved capacity for DNA repair; the second involves up-regulation of the cellular 

detoxification pathways such as the super family of P-glycoproteins. Studies of clinical 

specimens and cell lines have shown an increased capacity for drug transport, and 

subsequent resistance, due to increased levels of the Multidrug resistance transporters 

(MDRs) and MRPs. The MRP (ABCC) family consists of nine different members [27]. 

Several MRPs are known to transport a wide range of chemotherapeutic compounds and 

thus reduce the cellular accumulation of anti-cancer agents [2]. MRP family members 

have been shown to be significant contributors to multidrug resistance in drug-resistant 

cell lines and have been found in numerous classes of cancer types [28, 29].  

MRP3 is a member of the ATP-binding cassette superfamily that facilitates 

detoxification by transporting toxic compounds, including chemotherapeutic drugs, out of 

cells. MRP3 is over-expressed in a variety of cancers including non-small cell lung 

carcinoma (NSCLC), and is suspected of playing a role in drug resistance. Given that not 

all NSCLCs express high levels of MRPs, such as MRP3, it would seem that some 

additional dysregulation must occur to acquire this trait. Our analysis of the human 

MRP3 gene revealed four putative Nrf2 binding sites (EpREs) in the tentative promoter 

region. This finding led us to hypothesize that activation of Nrf2 could contribute to the 
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induction of MRP3. ChIP analysis demonstrated increased Nrf2 binding to the -805bp 

EpRE after treatment with the Nrf2 activator, HNE. This data, in conjunction with our 

previous work involving Nrf2 and MRP3 regulation, would strongly implicate direct 

involvement of Nrf2 in the upregulation of MRP3 [12].   

We evaluated our cell line model for total basal levels of MRP3 mRNA and Nrf2 

protein, and found that knowing the mutational status of Keap1, Nrf2, and p53 alone was 

insufficient to predict MRP3 levels. Although the cell lines H1650, H358, and A549 had 

MRP3 levels that corresponded to our hypothesis based on their respective mutational 

status, the NSCLC cell line H1666 (Keap1 wt, Nrf2 wt, p53 wt) had levels of MRP3 that 

exceeded those of the Keap1 mt A549. Recent data from Johns Hopkins University 

demonstrated that hypermethylation of the promoter and aberrant splicing of Keap1 

mRNA occurred in the Keap1 wt cell line DU-145, causing low levels of Keap1, 

increased growth rates, and  upregulation of Nrf2 controlled genes [26].  We examined 

this cell line and found modest induction of MRP3.  Additionally, a roughly 100 kD band 

of Nrf2 was present in only DU-145 and H1666, this high weight variant of Nrf2 has 

been previously reported, and has been shown to be functionally active. What precisely is 

bound to Nrf2 is of much debate; some evidence points to polyubiquitination or actin 

[30].  When we quantitated both bands of Nrf2 protein as a ratio against β-actin using 

Scion Image software we discovered an almost identical pattern to the cell lines MRP3 

mRNA levels. The splicing errors in DU-145 occur in the DGR domain (kelch 1-6), 

which is the portion of Keap1 that interacts with actin [31]. It is tempting to speculate 

that cells which have atypical splicing of Keap1 may also have high levels of 100 kD 

Nrf2.  In light of this information it is possible that H1666 has a similar dysregulation in 
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Keap1 transcriptional and posttranscriptional processing. How prevalent 

hypermethylation of the promoter and aberrant splicing of Keap1 is in patient populations 

could be of clinical relevance in order to determine the appropriate populations for 

chemoresistance and proliferation. 

Sequencing of Keap1 and the Neh2 domain of Nrf2 in 33 primary tumors from 

lung cancer patients revealed missense mutations in a total of six tumors. All but one of 

these patient specimens, our only sample of neuroendocrine histology, expressed high 

levels of MRP3 when compared to the Keap1/Nrf2 homozygous wt cell line H358. All of 

the Keap1 mutations were found to occur in the kelch domains, and interestingly they 

were all mutant for p53.  It has been demonstrated that human lymphoblastoid cells that 

have mt p53 acquire new mutations at a higher frequency [32]. It would seem reasonable 

to expect that patients who have mt p53 will consequently have reduced ability to 

preserve genomic integrity; as such one would expect these patients to acquire new 

mutations at an increased rate over their p53 wt counterparts. Additionally, loss of Keap1 

has been demonstrated to increase growth rate in cell line models, and having an 

increased rate of growth would potentially be a selectable trait. Although not significant 

due to sample size, we had two metastatic patient samples in our study, both of which had 

Keap1 mutations. When taking into account our data demonstrating that cells lacking wt 

p53 do not upregulate MRP3 as effectively, losing Keap1 function would re-establish 

higher levels of MRP3 (Figure 5D).  However, as the patients in our study had not yet 

received treatment, acquiring a mutation in Keap1 due to selective pressure from 

chemotherapy would seem an inadequate explanation. 
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While our data demonstrates a role for p53 in suppression of baseline MRP3 

levels, it does not provide evidence by which p53 is accomplishing these observed 

effects. One possible mechanism of how p53 may be acting to suppress MRP3 may 

include direct binding of p53 to the MRP3 promoter to suppress its upregulation. 

Analysis of the MRP3 promoter sequence revealed the presence of a putative p53 binding 

site (RRRCA/T T/AGYYY) –285 bp from the transcriptional start site. In wt p53 

transfected cells, treatment with the electrophilic compound HNE and gemcitabine, 

caused a statistically significant increase in MRP3 mRNA and an increase in p53 protein 

levels when compared to the untreated and treated empty vector control groups. 

Cytotoxic compounds, such as high dose HNE or the chemotherapeutic drug 

gemcitabine, can initiate induction of phase II detoxification genes. These genes include 

the Nrf2 targets quinone oxidoreductase 2 (NQO2) and NAD(P)H quinone 

oxidoreductase 1 (NQO1). Subsequently, both NQO1 and NQO2 act to stabilize p53 

against 20S proteasomal degradation [33]. A potential model of MRP3 regulation after 

cytotoxic stress may involve p53, p21 WAF, and c-myc. The consequence of increased 

levels of p53 would be the upregulation of p21 [34]. Recent data has shown that p21, 

which is directly upregulated by p53 and is known to be involved in an antioxidant 

capacity, and that it has the capacity to binds to Nrf2 directly interfering with Keap1 

mediated degradation  [35].  We recently demonstrated that the oncogenic transcription 

factor c-myc has the ability to negatively regulate Nrf2 driven genes by two distinct 

mechanisms; it directly competes with Nrf2 for binding to EpRE sites, and through 

increased rate of Nrf2 degradation [36].  In addition to being able to reduce Nrf2 related 

induction, c-myc has been well established to suppress p21 [37]. Cytotoxic induced 
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stabilization of p53 could act to increase levels of MRP3, as it has been demonstrated to 

repress c-myc production through histone deacetylation (Figure 7) [38].  

Cells exposed to cytotoxic compounds will attempt to survive, in part by effluxing 

the causative agent. We propose a system of regulation for the transport protein, MRP3, 

in which either through mutation or cytotoxic insult, will facilitate the release and 

activation of the transcription factor Nrf2 from its repressor Keap1 causing the 

subsequent up-regulation Nrf2 regulated genes such as MRP3. Furthermore cells with wt 

p53 are able to achieve higher levels of MRP3 after cytotoxic stress than those lacking 

functional p53. Therefore, better understanding of the interplay between the mutational 

status of Nrf2 and p53 in MRP3 regulation could lead to improved therapeutic decision-

making for NSCLC. 
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Tables 

Table 1. Keap1 and Nrf2 mutational status in cell line and patient samples. 

 

 

 

 

 

 

 

 

 

 

 

Table 2.  p53 mutational status in patient samples. 
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Figure 1. EpRE binding sites are located −434, −628, −805, and −1049 bp. Nrf2 binding 

was increased ~2.8 fold vs. control at the -805 bp EpRE after 3 h exposure to 15µM 

HNE. 
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Figure 2. A, PCR amplification of p53.  Exons 5-8 were successfully amplified in patient 

samples. B, Single-Strand Conformation Polymorphism (SSCP).  Mutations were found 

in eleven of thirty-three samples, and confirmed by sequencing. C, The left column 

represents the number of p53 wt patient samples in our cohort (22/33), the right column is 

the number of p53 mt patient samples (11/33). All five Keap1 mutations occurred in 

conjunction with a p53 mutation; Fisher’s Exact Test= two-sided P value is 0.0019. 
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Figure 3. A, Cell lines H1650, H358, H1666, A549, and DU-145. Levels of MRP3 

mRNA of our cell line model are compared. B, Western blot of standard and ~100 kD 

Nrf2 in our cell line model. C, Scion Image absorbance measurements. Levels of total 

standard and ~100 kD Nrf2 as a ratio to respective β-actin levels. Legend: Horizontal 

lines= p53 wt, Grid= p53 mt, Empty= p53 null, Green= Keap1 mt, Green border= 

splicing errors. Results are expressed as means ± SEM (n= 3). 
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Figure 4. MRP3 mRNA levels were normalized to H358. Keap1/Nrf2 wt (Mean ~2.6 

fold) and Keap1/Nrf2 mt (Mean ~5.6 fold) were significantly higher in patient samples 

(p<0.05). Results are expressed as means ± SEM. 
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Figure 5. A, Lane 1 contains empty pcDNA3.1- (5427 bp), lane 2 contains pcDNA3.1+ 

(5428bp) with the wild-type p53 insert (~1800 bp). B, Transient transfection of the p53 

null NSCLC cell line H358 (lane 1) with the pcDNA3.1+ p53 wt insert (lane 2), and 

subsequent p53 expression (24 h) was confirmed using western blot analysis. C, Cells 

transfected with wt p53 had an approximately 33% lower average level of MRP3 mRNA 

than when compared to the four p53 mt groups. p53 wt was significantly lower (p<0.05) 

than the R248W and R273H mutants, results are expressed as means ± SEM (n= 3). D, 

Scatter plot of patient MRP3 mRNA levels, bar represents the mean.                  

 

 

 



89 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. A, Tukey’s Multiple Comparison Test demonstrated a significant difference 

between the p53 wt vs. p53 with HNE or the gemcitabine treated groups (p < 0.05), while 

the EV vs. EV treated with HNE or gemcitabine groups were not significantly different. 

Results are expressed as means ± SEM (n= 3). 
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Figure 7. Green lines=activation/stabilization; Red lines=Inhibition 
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Section II 

 
Chapter B 

 
 

Keap1 Exon 4 cSNP Associated with Elevated MRP3 Levels in 

Keap1 wt NSCLC Cell Lines and Tumor Specimens 
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Introduction 

It is well known that point mutations in the coding regions of genes can disrupt 

normal protein function by changing the native amino acid.  However, what is becoming 

evident is that translationally silent coding-region mutations can alter normal protein 

formation by affecting exon splicing sites, resulting in mRNA splicing errors [1]. One 

such class of sites is known as exonic splicing enhancers (ESEs). ESEs are short 

oligonucleotide sequences that enhance exon recognition by the splicing machinery [2]. 

ESEs interact with members of the SR protein family, which bind to ESEs and recruit 

members of the core splicing machinery [3]. Several diseases have now been associated 

with splicing errors affecting ESEs, as of 2002 there were at least twenty-three known 

silent mutations which caused exon skipping [1].  For example, Colapietro et al. 

demonstrated that exon skipping was occurring in the NF1 (neurofibromatosis) gene, in 

part due to reduced binding efficiency of the SR protein SC35 to an ESEs due to a silent 

mutation, contributing to the production of a truncated protein [4].   
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Results 

While the presence of a Keap1 or Nrf2 mutation was shown to be significantly 

associated with increased levels of MRP3 mRNA in our patient specimens, we found 

instances where MRP3 levels were high when wild-type for these genes. During the 

course of sequencing Keap1, a known coding single-nucleotide polymorphism (cSNP) in 

exon 4 (NCBI; rs1048290), which has a synonymous codon change of CTCCTG 

(L471L) was identified in multiple high expressers of MRP3. This is a prevalent cSNP in 

the human genome with a homozygous frequency ranging from approximately 7% in 

Europeans, to 60% in Sub-Saharan African populations (HapMap). In our patient cohort, 

whose ethnic composition is unknown to us, we found a homozygous frequency of 

approximately 12% (Figure 1). Pupasuite 3 (http://pupasuite.bioinfo.cipf.es/), an online 

database cataloging and characterizing functional properties of SNPs, predicted this 

cSNP as a potential ESEs site. Members of the SR protein family that were predicted to 

interact with this site include SC35 and SRp40. Using the ESEs analysis program 

ESEfinder we found that this cSNP reduce the binding efficiency score of SC35 at this 

site from 3.31 to 2.41 [5, 6].  

Using methods described in the previous chapter of this dissertation we examined 

Keap1 exon 4 and found the homozygous cSNP in the NSCLC cell line H1666 (Keap1 

wt) and the prostate cell line DU-145 (Keap1 wt).  Recently, DU-145 was shown to have 

splicing errors in Keap1 mRNA, low levels of functional Keap1, and high levels of Nrf2 

related genes including MRP1 and MRP2 [7]. Both H1666 and DU-145 had high levels 

of MRP3 when compared to Keap1/cSNP wt cell lines (Figure 2). When we compared 
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MRP3 levels of our patient specimens with regard to Keap1 mt and cSNP status, we 

found that wild-type and Keap1/cSNP heterozygous mutants were not significantly 

different, and that Keap1/cSNP homozygous mutants were significantly higher than 

either the wt group (p<0.01) or the heterozygous mt group (p<0.05) (Figure 3). 
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Discussion 

Constitutive activation of Nrf2 has been demonstrated to be involved in the 

upregulation of a number of genes associated with cellular detoxification, including the 

drug transporter MRP3. Further studies are needed to determine the prevalence of Keap1 

inactivation in the patient population due to transcriptional and posttranscriptional 

mechanisms such as splicing errors. Future directions of this work could lead to: a) 

identification and development of tools for screening of tumor profiles that place NSCLC 

patients at increased risk for chemoresistance and metastasis, making this a prognostic as 

well as a predictive marker; b) understanding the molecular mechanisms that lead to 

clinically significant lung cancer could lead to improved therapies. For example, NSCLC 

patients harboring a loss of either wt Keap1 or Nrf2 could have improved benefit from 

chemotherapy or radiotherapy when given in combination with compounds designed to 

inhibit the Nrf2 pathway. This research could lead to improved understanding of tumor 

genetic interactions on NSCLC treatment efficacy, and further, provide the proof-of-

principle required for expanded basic, translation and clinical research that will have 

direct impact on patient care.  
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Figures 

 

 

Figure 1.  MRP3 mRNA levels of patient specimens. 

 

 

 

 

 

 



98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cell lines H1650, H358, H1666, A549, and DU-145. Levels of MRP3 mRNA 

of our cell line model are compared. Legend: Horizontal lines= p53 wt, Grid= p53 mt, 

Empty= p53 null, Green= Keap1 mt, Green border= Homozygous cSNP. Results are 

expressed as Mean ± SEM (n= 3). 
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Figure 3.  Patient levels were normalized to the Keap1/cSNP wt cell line H358. 

Keap1/cSNP wt (Mean ~1.8 fold), Keap1/cSNP heterozygous mt (Mean ~2.7 fold), and 

Keap1/cSNP homozygous mt (Mean ~6.2 fold). Homozygous mt patient samples were 

significantly higher than wild-type patient samples (p<0.01), and heterozygous mt patient 

samples for MRP3 mRNA levels (p<0.05). Results are expressed as Mean ± SEM. 
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