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Abstract 

The ATP-binding cassette (ABC) transporter ABCG2 has been implicated to play a significant 

role in the response of patients to medication and/or the risk of diseases.  To clarify the 

possible physiological or pathological relevance of ABCG2 polymorphisms, we have 

functionally validated single nucleotide polymorphisms (SNP) of ABCG2.  In the present 

study, based on the currently available data on SNPs and acquired mutations, we have created 

a total of 18 variant forms of ABCG2 (V12M, G51C, Q126stop, Q141K, T153M, Q166E, 

I206L, F208S, S248P, E334stop, F431L, S441N, R482G, R482T, F489L, F571I, N590Y, 

D620N) by site-directed mutagenesis and expressed them in insect cells.  Since porphyrins 

are considered to be endogenous substrates for ABCG2, we have investigated the porphyrin 

transport activity of those variant forms in vitro.  We herein provide evidence that the 

variants Q126stop, F208S, S248P, E334stop, and S441N are defective in porphyrin transport, 

whereas F489L exhibited impaired transport, about 10% of the activity observed for the wild 

type.  Furthermore, Flp-In-293 cells expressing those variants were photo-sensitive.  Thus, 

among those genetic polymorphisms of ABCG2, at least the hitherto validated alleles of 

Q126stop, S441N, and F489L are suggested to be of clinical importance related to the 

potential risk of phorphyria.
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Introduction 

ATP-binding cassette (ABC) transporters form one of the largest protein families encoded 

in the human genome, and more than 48 human ABC protein genes have been identified  

(Klein et al., 1999).  It has been reported that mutations of certain ABC protein genes are 

causative for several genetic disorders in humans (Borst and Elferink, 2002; Dean et al., 2001; 

Gottesman et al., 2002; Ishikawa, 2003; Varadi et al., 2003).   

Human ABCG2 is a member of the ABC transporter family (Allikmets et al., 1998; Doyle 

et al., 1998; Miyake et al., 1999).  The ABCG2 gene is located on chromosome 4q22, spans 

over 66 kb, and consists of 16 exons ranging from 60 to 532 bp (Bailey-Dell et al., 2001).   

ABCG2 extrudes xenobiotics and certain drugs from cells, thereby mediating drug resistance 

and affecting the pharmacological behavior of many compounds.   

Furthermore, ABCG2 is expressed in a wide variety of stem cells, and its potential role in 

the regulation of hematopoietic development is suggested (Zhou et al., 2001).  Expression of 

Abcg2, a murine orthologue of human ABCG2, is a conserved feature of murine stem cells 

from different sources including the bone marrow, skeletal muscle, and embryonic stem cells 

(Zhou et al., 2001).  Abcg2 mRNA is expressed at high levels in primitive murine 

hematopoietic stem cells and is sharply downregulated with differentiation.  Enforced 

expression of the human ABCG2 cDNA directly conferred the side population phenotype to 

bone-marrow cells.  Loss of the Abcg2 gene led to a reduction in the number of side 

population cells in the bone marrow and skeletal muscle (Zhou et al., 2002).  Abcg2 null 

hematopoietic cells were significantly more sensitive than normal hematopoietic cells to 

mitoxantrone in drug-treated transplanted mice.  Mice lacking Abcg2 displayed a previously 

unknown type of protoporphyria, where erythrocyte levels of protoporphyrin IX were 

increased 10-fold (Jonker et al., 2002).  It has recently been demonstrated that under hypoxic 

conditions heme molecules and/or porphyrins are detrimental to Abcg2 (-/-) progenitor cells 

(Krishnamurthy et al., 2004).  Abcg2 specifically binds heme, and cells lacking Abcg2 

accumulate porphyrins.  In addition, Abcg2 expression is upregulated by hypoxia, where the 

hypoxia-inducible transcription factor complex HIF-1 is involved.  These findings suggest 
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that Abcg2 confers a strong survival advantage for stem cells under hypoxic conditions.  

Furthermore, erythroid cells engineered to express Abcg2 had significantly lower intracellular 

levels of protoporphyrin IX, suggesting that the protoporphyrin IX level is modulated by 

human ABCG2(Latunde-Dada et al., 2006; Zhou et al., 2005).  

Single nucleotide polymorphisms (SNP) of ABC transporters have been reported to play a 

significant role in the patients’ responses to medication and/or the risk of diseases (Kalow et al., 

2001).  Sequencing of the ABCG2 gene from human samples has revealed over 80 different, 

naturally occurring sequence variations (Backstrom et al., 2003; Bosch et al., 2005; de Jong et 

al., 2004; Honjo et al., 2002; Iida et al., 2002; Imai et al., 2002; Itoda et al., 2003; Kobayashi et 

al., 2005; Mizuarai et al., 2004; Zamber et al., 2003).  The analysis and validation of those 

SNPs occurring in the ABCG2 gene are of clinical importance.   

To clarify the possible physiological or pathological relevance of the ABCG2 polymorphism, 

we have attempted to functionally characterize the variants.  By using plasma membrane 

vesicles, we have recently developed a high-speed screening system to precisely evaluate 

functional changes associated with such genetic polymorphisms in vitro (Ishikawa et al., 2005a).   

Since porphyrins are considered to be endogenous substrates for ABCG2, we have investigated 

the transport of porphyrins with a total of 18 variant forms of human ABCG2 in the plasma 

membrane vesicle system.  We herein provide evidence that the variants Q126stop, F208S, 

S248P, E334stop, S441N, and F489L are defective or impaired in the transport of porphyrins, 

suggesting that those genetic polymorphisms in the ABCG2 gene may be related to the risk of 

certain diseases resulting from disruption of porphyrin homeostasis. 
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Materials and Methods 

Chemicals and biological reagents. 

The following compounds and therapeutic drugs were purchased from the commercial 

sources indicated in parentheses: ATP, hematoporphyrin, and protoporphyrin IX 

(SIGMA-ALDRICH, St. Louis, MO, USA); pheophorbide a (Frontier Scientific, Inc., Utah, 

USA); methotrexate and L-glutamine (Wako Pure Chemical Industries, Ltd., Osaka, Japan); 

creatine kinase, creatine phosphate, EGTA, EDTA, Tris, HEPES, and high-glucose Dulbecco’s 

modified Eagle’s medium (D-MEM) (Nacalai Tesque, Inc., Kyoto, Japan); fetal calf serum 

(FCS) (Dainippon Pharmaceuticals, Osaka, Japan); and antibiotic-antimycotic cocktail solution 

and hygromycin B (Invitrogen, Carlsbad, CA, USA).  All other chemicals used were of 

analytical grade.  

 

SNP data on nonsynonymous polymorphisms of human ABCG2 gene. 

SNP data on the polymorphisms of ABCG2 were obtained from the NCBI dbSNP 

database and recent publications (Backstrom et al., 2003; Bosch et al., 2005; de Jong et al., 

2004; Honjo et al., 2002; Iida et al., 2002; Imai et al., 2002; Itoda et al., 2003; Kobayashi et 

al., 2005; Mizuarai et al., 2004; Zamber et al., 2003).  Fig. 1 illustrates the positions of the 

nonsynonymous polymorphisms of ABCG2 that were functionally analyzed in the present 

study. 

 

Preparation of plasmids carrying ABCG2 variant cDNA. 

Wild-type (WT) ABCG2 cDNA was inserted into the pFastBac1 plasmid as described 

previously (Ishikawa et al., 2003).  Nonsynonymous SNP variants were generated by using 

the QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA).  

Polymerase chain reaction (PCR) was carried out in an iCycler (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) by using PfuTurbo® DNA polymerase, the ABCG2-pFastBac1 plasmid, 

and specific primers.  Table 1 summarizes primer sequences, %GC, and melting temperature 

(Tm).  The PCR was initiated by incubation at 95˚C for 30 seconds and then followed by 12 
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cycles of reactions at 95˚C for 30 seconds, at Tm for 1 minute, and at 68˚C for 14 minutes.  

After the PCR, the reaction mixture was incubated with Dpn I endonuclease at 37˚C for 1 

hour to digest the original template plasmid.  Each variant cDNA generated in the pFastBac1 

plasmid was subjected to nucleotide sequence analysis (Hitachi, Ltd., Tokyo, Japan). 

 

Expression of ABCG2 variants in Sf9 cells.  

Competent DH10Bac E. coli cells were transformed by the variant ABCG2 plasmids.  

Then, the variant ABCG2 cDNA was transposed into a bacmid, which is a baculovirus shuttle 

vector carrying the baculovirus genome, in DH10Bac cells with the help of a helper plasmid.  

The recombinant bacmid was isolated and purified. 

Insect Spodoptera frugiperda Sf9 cells were grown in EX-CELLTM 420 Insect serum-free 

medium (JRH Biosciences, Inc., Lenexa, KZ, USA) supplemented with 1% (v/v) 

heat-inactivated fetal calf serum (FCS), penicillin (100 U/ml), and streptomycin (100 µg/ml) 

(Invitrogen Co., Carlsbad, CA, USA) with gentle shaking at 27˚C.  Sf9 cells were then 

transfected with the ABCG2-recombinant bacmid in the presence of Cellfectin® reagent 

(Invitrogen Co., Carlsbad, CA, USA) according to the manufacturer’s protocol.  Ninety-six 

hours after the transfection, the culture medium containing the recombinant baculovirus was 

harvested by centrifugation.  To amplify recombinant baculovirus, Sf9 cells were further 

infected with the harvested virus and maintained at 27˚C for 72 hours.  After the incubation, 

the culture medium was harvested by centrifugation.  This process was repeated two times.   

Sf9 cells (1 x 106 cells/ml) were infected with the amplified recombinant baculoviruses 

and cultured in EX-CELLTM 420 Insect serum-free medium at 27˚C with gentle shaking.   

Three days after the infection, cells were harvested by centrifugation.  Cells were 

subsequently washed with phosphate-buffered saline (PBS) at 4˚C, collected by centrifugation, 

and stored at –80˚C until used. 

 

Preparation of the plasma membrane vesicles from Sf9 cells. 

Plasma membrane vesicles were prepared from ABCG2-expressing Sf9 cells as described 
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previously (Ishikawa et al., 2005a).  The frozen cell pellet was thawed quickly, diluted 

40-fold with a hypotonic buffer (0.5 mM Tris/HEPES, pH 7.4, 0.1 mM EGTA), and then 

homogenized with a Potter-Elvehjem homogenizer.  After centrifugation at 2,000 x g, the 

supernatant was further centrifuged at 100,000 x g for 30 min.  The resulting pellet was 

suspended in 0.25 M sucrose containing 10 mM Tris/HEPES, pH 7.4.  The crude membrane 

fraction was layered over 40% (w/v) sucrose solution and centrifuged at 100,000 x g for 30 

min.  The turbid layer at the interface was collected, suspended in 0.25 M sucrose containing 

10 mM Tris/HEPES, pH 7.4, and centrifuged at 100,000 x g for 30 min.  The membrane 

fraction was collected and resuspended in a small volume (150 to 250 µl) of 0.25 M sucrose 

containing 10 mM Tris/HEPES, pH 7.4.  After the protein concentration was measured by 

the BCA Protein Assay Kit (PIERCE, Rockford, IL, USA), the membrane solution was stored 

at – 80 ˚C until used. 

 

Immunological detection of ABCG2 expression in plasma membrane. 

Expression of ABCG2 in cell membranes was determined by immunoblotting with 

BXP-21 (SIGNET, Dedham, MA, USA), a specific antibody to human ABCG2.  Briefly, 

proteins of the isolated plasma membrane were separated by electrophoresis on 7.5% sodium 

dodecyl sulfate (SDS) polyacrylamide slab gels, and the proteins were electroblotted onto 

Hy-bond ECL nitrocellulose membranes (Amersham, Buckinghamshire, UK).  

Immunoblotting was performed by using BXP-21 (1:500 dilution) as the first antibody and an 

anti-mouse IgG-horseradish peroxidase (HRP)-conjugate (Cell Signaling Technology, 

Beverly, MA, USA) (1:3000 dilution) as the secondary antibody.  HRP-dependent 

luminescence was developed by using Western Lighting Chemiluminescent Reagent Plus 

(PerkinElmer Life Sciences, Boston, MA, USA) and detected by Lumino Imaging Analyzer 

FAS-1000 (TOYOBO, Osaka, Japan). 

 

Detection of ATP-dependent transport of hematoporphyrin. 

The frozen stocked membrane was thawed quickly at 4˚C.  Plasma membrane vesicles 
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(50 µg of protein) were incubated with 20 or 100 µM hematoporphyrin in the presence or 

absence of 1 mM ATP in 100 µl of the standard incubation medium (0.25 M sucrose and 10 

mM Tris/HEPES, pH 7.4, 10 mM creatine phosphate, 100 µg/ml creatine kinase, 10 mM 

MgCl2) at 37˚C.  After a specified incubation period, the reaction mixture was mixed with 

220 µl of ice-cold stop solution (10 mM EDTA, 0.25 M sucrose and 10 mM Tris/HEPES, pH 

7.4); and then 100 µl of the resulting solution was loaded onto a Sephadex G-25 spin-column 

(volume of 1 ml) equilibrated with 0.25 M sucrose and 10 mM Tris/HEPES, pH 7.4.  The 

column was immediately centrifuged in a swing-type rotor at 1,600 x g for 5 min, whereby 

the eluate was collected in a microcentrifuge tube.  A portion (50 µl) of the eluate was mixed 

with 950 µl of 10 mM NaOH solution to dissolve plasma membrane vesicles.  

Hematoporphyrin in the resulting solution was quantitatively analyzed by measuring its 

fluorescence in a Hitachi Fluorescence Spectrophotometer Type F2000 (excitation at 400 nm; 

emission at 613 nm).  The fluorescence spectrum of hematoporphyrin was recorded with a 

Horiba SPX FluoroMax-2 fluorescence spectrophotometer. 

 

Detection of ATP-dependent transport of methotrexate. 

The incubation medium contained plasma membrane vesicles (50 µg of protein), 200 µM 

[3’,5’,7’-3H]methotrexate (MTX) (Amersham, Buckinghamshire, UK), 0.25 M sucrose, 10 

mM Tris/HEPES, pH 7.4, 10 mM MgCl2, 1 mM ATP, 10 mM creatine phosphate, and 100 

µg/ml creatine kinase in a final volume of 100 µl.  The reaction was started by adding 

[3H]methotrexate to the incubation medium.  The reaction was carried out at 37˚C, and the 

amount of [3H]methotrexate incorporated into the vesicles was measured by a rapid filtration 

technique as previously described (Ishikawa et al., 2005a). 

 

Expression of ABCG2 and its variants in Flp-InTM-293 cells. 

Flp-InTM-293 cells (Invitrogen) were maintained in high-glucose Dulbecco’s modified 

Eagle’s medium (D-MEM) supplemented with 10% (v/v) heat-inactivated FCS, 2 mM 

L-glutamine, penicillin (100 U/ml), and streptomycin (100 µg/ml) in a humidified atmosphere 
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of 5% CO2 in air.  The number of viable cells was determined in a hemocytometer by Trypan 

Blue dye exclusion. 

Flp-In-293 cells were transfected with the ABCG2-pcDNA5/FRT vector, the Flp 

recombinase expression plasmid pOG44, and LipofectAmineTM-2000 (Invitrogen, Carlsbad, CA, 

USA) as described previously (Wakabayashi et al., 2006).  Single colonies resistant to 

hygromycin B (Invitrogen, Carlsbad, CA, USA) were picked and sub-cultured.  Selection of 

positive colonies was performed by immunoblotting, as described below.  The resulting cells 

are described hereinafter as Flp-In-293/ABCG2 cells.  Mock cells (Flp-In-293/Mock) were 

prepared by transfecting Flp-In-293 cells with pcDNA5/FRT and pOG44 vectors in the same 

manner as described above. 

 

Photo-sensitivity assay.  

The effect of pheophorbide a on the photo-sensitivity of mock or ABCG2-expressing 

Flp-In-293 cells was measured as described by Robey et al. (Robey et al., 2005).  Briefly, cells 

were seeded in 96-well plates (15,000 cell/well) and cultured at 37˚C for 24 hours.  

Pheophorbide a was added to the culture medium at increasing concentrations and then 

incubation was continued in the dark for 4 hours.  Subsequently, the culture medium was 

replaced with fresh medium.  Cells were then exposed to light for 90 min in the cell culture 

chamber, where 96-well plates were placed on a light viewer (Hakuba Model 5700).   

Thereafter, cells were incubated in the dark for 24 hours, and cell viability was measured by the 

MTT assay as described previously (Mitomo et al., 2003). 

 

Profiling of drug resistance of ABCG2-expressing Flp-In-293 cells 

A growth inhibition (IC50) assay was performed by seeding Flp-In-293 cells at a density of 

2,000 cells per well in 96-well plates containing the culture medium.  After 24 h, a test drug 

(SN-38, mitoxantrone, doxorubicin, or daunorubicin) was added to the culture medium at 

different concentrations, and cells were further incubated with the drug in a humidified 

tissue-culture chamber (37˚C, 5% CO2) for 72 h.  Surviving cells were detected by the MTT 
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assay (Mitomo et al., 2003) with modifications.  Briefly, 10 µl of MTT solution (5 mg/ml) 

was added to the culture medium, and cells were incubated for 4 h at 37˚C.  Thereafter, 100 

µl of 10% (w/v) SDS in PBS was added to the culture medium, and the mixture was incubated 

at 37˚C overnight.  The absorbance of formazan, a metabolite of MTT, in the resulting 

solution was photometrically measured at a test wavelength of 570 nm and at a reference 

wavelength of 630 nm in a Multiskan JX system (Dainippon Pharmaceuticals Co., Osaka, 

Japan).  IC50 values were calculated from dose-response curves (i.e., cell survival vs. drug 

concentration) obtained in duplicated experiments.   
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Results  

Detection of ATP-dependent porphyrin transport in the membrane vesicle system.  

In the present study, we first established an assay method to accurately measure 

ABCG2-mediated transport of hematoporphyrin in vitro.  For this purpose, the wild type of 

human ABCG2 was expressed in Sf9 insect cells, and plasma membrane vesicles were prepared 

as described previously.  Hematoporphyrin was chosen as a model compound for porphyrins, 

since it is hydrophilic and its solubility in aqueous solutions is higher than those of 

protoporphirin IX and pheophorbide a.  

Membrane vesicles prepared from Sf9 cells were incubated with 100 µM hematoporphyrin 

in the presence or absence of ATP to measure ATP-dependent transport of hematoporphyrin.  

However, the rapid filtration method widely used for the transport assay was not applicable to 

this prophyrin transport assay.  Since hematoporphyrin was bound to the filter membrane 

surface, it caused high background levels in the transport measurements.  Therefore, we 

undertook an alternative method.  Namely, after the incubation, we separated the membrane 

vesicles from the incubation mixture by means of a spin column (1 ml of bed volume) packed 

with Sephadex G-25 (Fig. 2A).  Eluate fractions from the column were treated with 10 mM 

NaOH to dissolve the plasma membrane, and then the fluorescence of hematoporphyrin was 

measured (Fig. 2A).  As demonstrated in Fig. 2A, hematoporphyrin was transported into 

membrane vesicles in the presence of ATP.  This hemtoporphyrin transported into membrane 

vesicles appeared to be recovered in the fraction 1.  On the other hand, excess 

hematoporphyrin remaining in the incubation mixture was trapped in the Sephadex G-25 

column, and it was not eluted out under the present experimental conditions.  ABCG2 

expressed in the plasma membrane was also detected in the fraction 1 by immunoblotting, 

whereas no trace amount of ABCG2 was detected in the following fractions (Fig. 2A).   

Fig. 2 shows the fluorescence spectra of hematoporphyrin at different concentrations.  

There was a linear correlation between the fluorescence intensity at 613 nm (excitation at 400 

nm) and its concentration (data not shown).  The fluorescence spectrum of the eluate (Fig. 2B 

lower panel) was the same as that of the hematoporphyrin standard.  Thus, based on the 
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fluorescence inensity at 613 nm in fraction 1, we could determine the amount of 

hematoporhyrin incorporated into plasma membrane vesicles.  When the medium osmolarity 

was increased by enhancing sucrose concentrations up to 1 M, the amount of hematoporhyrin 

taken up by plasma membrane vesicles markedly decreased (data not shown).  Furthermore, 1 

mM ortho-vanadate inhibited the uptake almost completely.  Thus, these observations reflect 

transmembrane movement of hematoporphyrin rather than binding at the membrane surface. 

 

Kinetic properties in ABCG2-mediated hematoporphyrin transport. 

Figs. 3A and B show the time courses for hematoporphyrin transported into membrane 

vesicles in the presence or absence of ATP.  As compared with the mock-infected cells (Fig. 

3A), ATP-dependent hematoporphyrin was pronounced in plasma membrane vesicles prepared 

from ABCG2-expressing Sf9 cells (Fig. 3B).  The results provide evidence that ABCG2 indeed 

transports hematoporphyrin in an ATP-dependent manner.  Fig. 3C depicts the effect of 

hematoporphyrin concentration on the rate of hematoporphyrin transport observed in the 

presence or absence of ATP.  The ATP-dependent transport exhibited saturation kinetics with 

respect to hematoporphyrin concentration.  Based on the Lineweaver-Burk plot (Fig. 3B inset), 

the apparent Km value was estimated to be 17.8 µM for hematoporphyrin. 

 

Human ABCG2 and its variants expressed in plasma membrane of Sf9 cells. 

As one of the specific aims in this study, we intended to examine the porphyrin transport 

activity of variant forms of ABCG2.  For this purpose, based on the currently available data on 

SNPs and acquired mutations, we generated variant forms (i.e., V12M, G51C, Q126stop, 

Q141K, T153M, Q166E, I206L, F208S, S248P, E334stop, F431L, S441N, R482G, R482T, 

F489L, F571I, N590Y, and D620N) by site-directed mutagenesis.  The variant forms as well as 

the WT of ABCG2 were then expressed in Sf9 cells by using the pFastBac1 vector and 

recombinant baculoviruses.  Fig. 4A shows the protein levels of those ABCG2 variants and the 

WT as detected by immunoblotting.  Since those samples were treated with mercaptoethanol, 

ABCG2 was detected as a monomer with a molecular weight of 65,000.  In the case of 
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Q126stop and E334stop, however, that treatment created truncated proteins (Fig. 4A).  In 

addition, the expression level of F208S was found to be extremely low. 

To quantitatively analyze the expression levels of ABCG2 variants, we analyzed the 

immunoblotting intensities vs. protein levels.  Fig. 4B clearly demonstrates a linear 

relationship between the signal intensity of immunoblotting and the logarithmic value of the 

amount of protein applied to the electrophoresis.  Based on the linear relationship, the 

expression levels of ABCG2 and its variants in different plasma membrane preparations were 

quantitatively estimated and normalized (Fig. 4A lower panel). 

 

Functional validation of ABCG2 variants: transport of hematoporphyrin and methotrexate. 

Fig. 5 demonstrates ATP-dependent transport of hematoporphyrin (A) and methotrexate (B) 

mediated by ABCG2 and its variants.  Plasma membrane vesicles (50 µg of protein) 

expressing ABCG2 and its variants were incubated with 20 µM hematoporphyrin or 200 µM 

[3H]methotrexate in the presence of 1 mM ATP.  Each transport activity was calculated by 

considering the normalized expression levels as described above (Fig. 4A lower panel).  It is 

important to note that the variants Q126stop, F208S, S248P, E334stop, and S441N substantially 

lack transport activity for both hematoporphyrin and methotrexate.  On the other hand, the 

F489L variant, that did not transport methotrexate, exhibited impaired hematoporphyrin 

transport (Vmax = 0.058 nmol/min/mg protein, Km = 8.6 µM for F489L vs. Vmax = 0.654 

nmol/min/mg protein, Km = 17.8 µM for WT).  The F431L variant as well as the acquired 

mutants R482G and R482T transported hematoporphyrin (Fig. 5 upper panel), although they did 

not transport methotrexate (Fig. 5 lower panel). 

 

Involvement of ABCG2 variants in photo-sensitivity. 

To examine the potential link of nonsynonymous poymorphisms of ABCG2 with 

photo-sensitivity, ABCG2 WT as well as the variants F208S, S248P, S441N, F431L, and F489L 

were expressed in Flp-InTM 293 cells.  When mock and ABCG2 WT-expressing cells were 

treated with pheophorbide a, the mock cells were more sensitive to light at low concentrations 
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of pheophorbide a than were the ABCG2 WT-expressing cells (Fig. 6).  Flp-In-293 cells 

expressing S441N were photo-sensitive (Fig. 6), suggesting that the S441N variant could not 

extrude pheophorbide a from cells, which lead them to become photo-sensitive.  Similar 

results were observed with the variants of F208S and S248P (data not shown).  Flp-In-293 

cells expressing F489L were moderately sensitive to light (Fig. 6), which is consistent with the 

impaired activity of hematoporphyrin transport by this variant (Fig. 5).  The F431L variant that 

was active in porphyrin transport conferred Flp-In-293 cells resistance to light as did the 

ABCG2 WT (Fig. 6). 

 

Drug resistance profiles of Flp-In-293 cells expressing ABCG2 WT and variants 

To gain more insight into the association of ABCG2 variants with cellular resistance to 

anticancer drugs, we incubated Flp-In-293 cells expressing ABCG2 WT, F431L, S441N, or 

F489L, in the presence of SN-38, mitoxantrone, doxorubicin, or daunorubicin at different 

concentrations as described in Materials and Methods.  Table 3 summarizes the drug 

resistance profile of those variants-expressing cells.  Both Flp-In-293/ABCG2 (WT) and 

Flp-In-293/ABCG2 (F431L) cells were resistant toward SN-38 and mitoxantrone, whereas the 

resistance ratio of Flp-In-293/ABCG2 (S441N) and Flp-In-293/ABCG2 (F489L) cells were 

much lower, being close to that of Flp-In-293/Mock cells.  None of the SNP variants of 

F431L, S441N, and F489L conferred Flp-In-293 cells resistance to doxorubicin or 

daunorubicin (Table 3), being different from the acquired mutants of R482G and R482T 

(Yoshikawa et al., 2004). 
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Discussion 

Transport of porphyrins by ABCG2. 

In the present study, we have developed a simple method to quantitatively measure the 

ABCG2-mediated transport of porphyrins (Fig. 2).  Our results show that the apparent Km 

value of ABCG2 WT toward hematoporphyrin was estimated to be 17.8 µM (Fig. 3C).  We 

have recently performed QSAR analysis to study the substrate specificity of ABCG2 (Saito et 

al., 2006) and showed that human ABCG2 has high affinities toward protoporphyrin IX, 

hematoporphyrin, and pheophorbide a.  This suggests that the tetrapyrrole structure is an 

important molecular feature in the interaction with human ABCG2. 

The importance of human ABCG2 in the transport of protoporphyrin IX and pheophorbide 

a was implicated by Jonker et al. (2002) in experiments with Abcg2-knockout mice.  These 

animals developed a skin phototoxicity that was associated with an accidental increase in 

dietary chlorophyll that produced an accumulation of pheophorbide a.  Furthermore, 

erythrocyte levels of protoporphyrin IX were increased 10-fold in the Abcg2-knockout mice.  

Since protoporphyrin IX structurally resembles pheophorbide a, it is suggested that Abcg2 is 

involved in the excretion of these porphyrin compounds.  Robey et al. (2005) have recently 

demonstrated that photosensitizers, such as pheophorbide a, chlorin e6, protoporphyrin IX, 

and hematoporphyrin, are substrates for ABCG2.  Acquired mutations (R482G and R482T) 

at amino acid 482 did not affect the transport of those photosensitizers, being consistent with 

our findings (Fig. 5).  Kato et al. (2003) have reported that some patients displayed extended 

photosensitivity after intravenous administration of the chlorin e6 derivative mono-L-aspartyl 

chlorin e6.  Extended photosensitivity may be associated with naturally occurring 

polymorphisms of ABCG2.   

In humans, pheophorbide a-induced phototoxicity has been reported after the ingestion of 

chlorella tablets (Jitsukawa et al., 1984), a dried algae preparation taken as a natural health 

supplement.  Several pickled vegetables also contain substantial amounts of pheophorbide a 

and have been shown to cause phototoxicity in rats (Jitsukawa et al., 1984).  In the human 

population, there are many incompletely understood incidences of idiosyncratic food and drug 
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hypersensitivities, including phototoxicity (Bowers, 1999; Millard and Hawk, 2002; Millard 

et al., 2004).  In this context, it would be of great interest to investigate whether part of these 

hyper-sensitivities are related to deficiencies in the function of human ABCG2. 

 

Genetic polymorphisms of ABCG2 and photo-sensitivity. 

Genetic polymorphic mutations of ABC transporters have been proposed to play a 

significant role in the patients’ responses to medication and/or the risk of diseases (Kalow et 

al., 2001).  To clarify the possible physiological or pathological relevance of ABCG2 

polymorphisms, we have been functionally validating polymorphisms of ABCG2 (Ishikawa et 

al., 2005b).  In the present study, based on the currently available data on SNPs and acquired 

mutations, we have created a total of 18 variant forms of ABCG2 (V12M, G51C, Q126stop, 

Q141K, T153M, Q166E, I206L, F208S, S248P, E334stop, F431L, S441N, R482G, R482T, 

F489L, F571I, N590Y, and D620N) by site-directed mutagenesis and expressed them in insect 

cells.  We provide evidence that the variants Q126stop, F208S, S248P, E334stop, and S441N 

are defective in the transport of hematoporphyrin (Fig. 5).  The F489L variant showed 

impaired transport activity (Fig. 5).  Flp-In-293 cells expressing the F208S, S248P, S441N, 

and F489L variants were sensitive to light when cells were treated with pheophorbide a.  

Thus, it is likely that humans with these alleles may be more susceptible to porphyrin-induced 

phototoxicity.   

Table 2 summarizes data on the present study and non-synonymous polymorphisms 

hitherto reported.  The frequencies of the Q126stop, S441N, and F489L alleles are relatively 

low (less than 2%) compared with those of the V12M and Q141K alleles.  The variant 

Q126stop was consistently observed in certain Japanese cohorts; however, it was absent in 

two different Caucasian and African-American groups (Imai et al., 2002; Itoda et al., 2003; 

Kobayashi et al., 2005; Mizuarai et al., 2004); see Ishikawa et al. (2005) for recent review.  

Likewise, to date, the F489L allele was found only in the Japanese population (Itoda et al., 

2003).  On the other hand, F208S, S248P and E334stop alleles are registered in the NCBI 

dbSNP database, but their allele frequencies are not available.  The most recent version of 
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NCBI dbSNP does not appear to have validation for Q166E, F208S, S248P, and E334stop 

(Table 2) as bona fide SNPs.  Thus, the clinical significance of F208S, S248P and E334stop 

alleles in porphyrin-induced phototoxicity remains to be elucidated. 

ABCG2 plays a physiologically important role in the handling of exogenous and 

endogenous porphyrins, and its role is even more emphasized in the case of phototoxicity 

(Jonker et al., 2002).  In addition, ABCG2 reportedly contributes to porphyrin homeostasis 

and regulates survival of stem cells under low oxygen conditions (Krishnamurthy et al., 2004).  

Therefore, at least, the validated alleles such as Q126stop, S441N, and F489L with a loss of 

porphyrin transport activity are at potential risk of diseases.  It is assumed that their allele 

frequencies have been maintained at minimal levels throughout the history of Homo sapiens.  

 

Concluding remarks: pharmacological relevance 

Since a large number of SNP data are presently available for a variety of drug transporters, 

it will become increasingly important to accurately determine which polymorphisms influence 

the substrate specificity of drug transporters.  As exemplified by the S441N variant of 

ABCG2, amino acid substitution at the 441 site caused dramatic changes in the substrate 

specificity of ABCG2 (Fig. 5).  Namely, the S441N variant completely lost transport activity 

for both hematoporphrin and methotrexate (Fig. 5).  The F431L variant lacks the activity of 

methotrexate transport; however, it appears to be normal in terms of hematoporphyrin 

transport (Fig. 5).  While the F489L variant lacks the activity of methotrexate transport (Fig. 

5), it maintains the activity of hematoporphyrin transport at the level of 10% as compared 

with that of WT.  As demonstrated in Table 3, the drug resistance profile of ABCG2 was 

greatly affected by these nonsynonymous polymorphisms.  The amino acids at positions of 

431, 441, and 489 located in transmembrane domains (Fig. 1) appear to be critically involved 

in substrate recognition and/or transport of drugs.   

One should keep it in mind that the effect of SNPs on transport activity depends on the 

drugs tested, and therefore the functional analysis of SNPs using a wide variety of drugs is of 

great importance.  In this context, we have recently developed a new method of quantitative 
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structure-activity relationship (QSAR) analysis (Saito et al., 2006) to facilitate our 

understanding of the impact of SNPs on the pharmacological function of ABCG2.  Relevant 

studies are ongoing in our laboratory (Tamura et al., manuscript in preparation).

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 11, 2006 as DOI: 10.1124/mol.106.023556

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#23556 

 20

References 

Allikmets R, Schriml LM, Hutchinson A, Romano-Spica V and Dean M (1998) A human 

placenta-specific ATP-binding cassette gene (ABCP) on chromosome 4q22 that is 

involved in multidrug resistance. Cancer Res 58(23):5337-5339. 

Backstrom G, Taipalensuu J, Melhus H, Brandstrom H, Svensson AC, Artursson P and 

Kindmark A (2003) Genetic variation in the ATP-binding cassette transporter gene 

ABCG2 (BCRP) in a Swedish population. Eur J Pharm Sci 18(5):359-364. 

Bailey-Dell KJ, Hassel B, Doyle LA and Ross DD (2001) Promoter characterization and 

genomic organization of the human breast cancer resistance protein (ATP-binding 

cassette transporter G2) gene. Biochim Biophys Acta 1520(3):234-241. 

Borst P and Elferink RO (2002) Mammalian ABC transporters in health and disease. Annu 

Rev Biochem 71:537-592. 

Bosch TM, Kjellberg LM, Bouwers A, Koeleman BP, Schellens JH, Beijnen JH, Smits PH 

and Meijerman I (2005) Detection of single nucleotide polymorphisms in the ABCG2 

gene in a Dutch population. Am J Pharmacogenomics 5(2):123-131. 

Bowers AG (1999) Phytophotodermatitis. Am J Contact Dermat 10(2):89-93. 

de Jong FA, Marsh S, Mathijssen RH, King C, Verweij J, Sparreboom A and McLeod HL 

(2004) ABCG2 pharmacogenetics: ethnic differences in allele frequency and 

assessment of influence on irinotecan disposition. Clin Cancer Res 10(17):5889-5894. 

Dean M, Rzhetsky A and Allikmets R (2001) The human ATP-binding cassette (ABC) 

transporter superfamily. Genome Res 11(7):1156-1166. 

Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi AK and Ross DD (1998) A 

multidrug resistance transporter from human MCF-7 breast cancer cells. Proc Natl 

Acad Sci U S A 95(26):15665-15670. 

Gottesman MM, Fojo T and Bates SE (2002) Multidrug resistance in cancer: role of 

ATP-dependent transporters. Nat Rev Cancer 2(1):48-58. 

Honjo Y, Morisaki K, Huff LM, Robey RW, Hung J, Dean M and Bates SE (2002) 

Single-nucleotide polymorphism (SNP) analysis in the ABC half-transporter ABCG2 

(MXR/BCRP/ABCP1). Cancer Biol Ther 1(6):696-702. 

Iida A, Saito S, Sekine A, Mishima C, Kitamura Y, Kondo K, Harigae S, Osawa S and 

Nakamura Y (2002) Catalog of 605 single-nucleotide polymorphisms (SNPs) among 

13 genes encoding human ATP-binding cassette transporters: ABCA4, ABCA7, 

ABCA8, ABCD1, ABCD3, ABCD4, ABCE1, ABCF1, ABCG1, ABCG2, ABCG4, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 11, 2006 as DOI: 10.1124/mol.106.023556

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#23556 

 21

ABCG5, and ABCG8. J Hum Genet 47(6):285-310. 

Imai Y, Nakane M, Kage K, Tsukahara S, Ishikawa E, Tsuruo T, Miki Y and Sugimoto Y 

(2002) C421A polymorphism in the human breast cancer resistance protein gene is 

associated with low expression of Q141K protein and low-level drug resistance. Mol 

Cancer Ther 1(8):611-616. 

Ishikawa T (2003) Multidrug Resistance in Cancer: Genetics of ABC transporters., in Nature 

Encyclopedia of the Human Genome (Cooper D ed) pp 154-160, Nature Publishing 

Group, London. 

Ishikawa T, Kasamatsu S, Hagiwara Y, Mitomo H, Kato R and Sumino Y (2003) Expression 

and functional characterization of human ABC transporter ABCG2 variants in insect 

cells. Drug Metab Pharmacokinet 18(3):194-202. 

Ishikawa T, Sakurai A, Kanamori Y, Nagakura M, Hirano H, Takarada Y, Yamada K, 

Fukushima K and Kitajima M (2005a) High-speed screening of human ATP-binding 

cassette transporter function and genetic polymorphisms: new strategies in 

pharmacogenomics. Methods Enzymol 400:485-510. 

Ishikawa T, Tamura A, Saito H, Wakabayashi K and Nakagawa H (2005b) Pharmacogenomics 

of the human ABC transporter ABCG2: from functional evaluation to drug molecular 

design. Naturwissenschaften 92(10):451-463. 

Itoda M, Saito Y, Shirao K, Minami H, Ohtsu A, Yoshida T, Saijo N, Suzuki H, Sugiyama Y, 

Ozawa S and Sawada J (2003) Eight novel single nucleotide polymorphisms in 

ABCG2/BCRP in Japanese cancer patients administered irinotacan. Drug Metab 

Pharmacokinet 18(3):212-217. 

Jitsukawa K, Suizu R and Hidano A (1984) Chlorella photosensitization. New 

phytophotodermatosis. Int J Dermatol 23(4):263-268. 

Jonker JW, Buitelaar M, Wagenaar E, Van Der Valk MA, Scheffer GL, Scheper RJ, Plosch T, 

Kuipers F, Elferink RP, Rosing H, Beijnen JH and Schinkel AH (2002) The breast 

cancer resistance protein protects against a major chlorophyll-derived dietary 

phototoxin and protoporphyria. Proc Natl Acad Sci U S A 99(24):15649-15654. 

Kalow W, Meyer U and Tyndale R (2001) Pharmacogenomics. Marcel Dekker, New York. 

Kato H, Furukawa K, Sato M, Okunaka T, Kusunoki Y, Kawahara M, Fukuoka M, Miyazawa 

T, Yana T, Matsui K, Shiraishi T and Horinouchi H (2003) Phase II clinical study of 

photodynamic therapy using mono-L-aspartyl chlorin e6 and diode laser for early 

superficial squamous cell carcinoma of the lung. Lung Cancer 42(1):103-111. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 11, 2006 as DOI: 10.1124/mol.106.023556

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#23556 

 22

Klein I, Sarkadi B and Varadi A (1999) An inventory of the human ABC proteins. Biochim 

Biophys Acta 1461(2):237-262. 

Kobayashi D, Ieiri I, Hirota T, Takane H, Maegawa S, Kigawa J, Suzuki H, Nanba E, 

Oshimura M, Terakawa N, Otsubo K, Mine K and Sugiyama Y (2005) Functional 

assessment of ABCG2 (BCRP) gene polymorphisms to protein expression in human 

placenta. Drug Metab Dispos 33(1):94-101. 

Krishnamurthy P, Ross DD, Nakanishi T, Bailey-Dell K, Zhou S, Mercer KE, Sarkadi B, 

Sorrentino BP and Schuetz JD (2004) The stem cell marker Bcrp/ABCG2 enhances 

hypoxic cell survival through interactions with heme. J Biol Chem 

279(23):24218-24225. 

Latunde-Dada GO, Simpson RJ and McKie AT (2006) Recent advances in mammalian haem 

transport. Trends Biochem Sci 31(3):182-188. 

Millard TP and Hawk JL (2002) Photosensitivity disorders: cause, effect and management. 

Am J Clin Dermatol 3(4):239-246. 

Millard TP, Kirk A and Ratnavel R (2004) Cutaneous hyperpigmentation during therapy with 

hydroxychloroquine. Clin Exp Dermatol 29(1):92-93. 

Mitomo H, Kato R, Ito A, Kasamatsu S, Ikegami Y, Kii I, Kudo A, Kobatake E, Sumino Y and 

Ishikawa T (2003) A functional study on polymorphism of the ATP-binding cassette 

transporter ABCG2: critical role of arginine-482 in methotrexate transport. Biochem J 

373(Pt 3):767-774. 

Miyake K, Mickley L, Litman T, Zhan Z, Robey R, Cristensen B, Brangi M, Greenberger L, 

Dean M, Fojo T and Bates SE (1999) Molecular cloning of cDNAs which are highly 

overexpressed in mitoxantrone-resistant cells: demonstration of homology to ABC 

transport genes. Cancer Res 59(1):8-13. 

Mizuarai S, Aozasa N and Kotani H (2004) Single nucleotide polymorphisms result in 

impaired membrane localization and reduced atpase activity in multidrug transporter 

ABCG2. Int J Cancer 109(2):238-246. 

Robey RW, Steadman K, Polgar O and Bates SE (2005) ABCG2-mediated transport of 

photosensitizers: potential impact on photodynamic therapy. Cancer Biol Ther 

4(2):187-194. 

Saito H, Hirano H, Nakagawa H, Fukami T, Oosumi K, Murakami K, Kimura H, Kouchi T, 

Konomi M, Tao E, Tsujikawa N, Tarui S, Nagakura M, Osumi M and Ishikawa T 

(2006) A New Strategy of High-Speed Screening and Quantitative SAR Analysis To 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 11, 2006 as DOI: 10.1124/mol.106.023556

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#23556 

 23

Evaluate Human ABC Transporter ABCG2-Drug Interactions. J Pharmacol Exp Ther: 

in press. 

Varadi A, Tusnady G and Sarkadi B (2003) Membrane Topology of the Human ABC 

Transporter Proteins. Academic Press, Amsterdam. 

Wakabayashi K, Nakagawa H, Adachi T, Kii I, Kobatake E, Kudo A and Ishikawa T (2006) 

Identification of cysteine residues critically involved in homodimer formation and 

protein expression of human ATP-binding cassette transporter ABCG2: a new 

approach using the flp recombinase system. J Exp Ther Oncol 5(3):205-222. 

Yoshikawa M, Ikegami Y, Sano K, Yoshida H, Mitomo H, Sawada S and Ishikawa T (2004) 

Transport of SN-38 by the wild type of human ABC transporter ABCG2 and its 

inhibition by quercetin, a natural flavonoid. J Exp Ther Oncol 4(1):25-35. 

Zamber CP, Lamba JK, Yasuda K, Farnum J, Thummel K, Schuetz JD and Schuetz EG (2003) 

Natural allelic variants of breast cancer resistance protein (BCRP) and their 

relationship to BCRP expression in human intestine. Pharmacogenetics 13(1):19-28. 

Zhou S, Morris JJ, Barnes Y, Lan L, Schuetz JD and Sorrentino BP (2002) Bcrp1 gene 

expression is required for normal numbers of side population stem cells in mice, and 

confers relative protection to mitoxantrone in hematopoietic cells in vivo. Proc Natl 

Acad Sci U S A 99(19):12339-12344. 

Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, Morris JJ, Lagutina I, Grosveld 

GC, Osawa M, Nakauchi H and Sorrentino BP (2001) The ABC transporter 

Bcrp1/ABCG2 is expressed in a wide variety of stem cells and is a molecular 

determinant of the side-population phenotype. Nat Med 7(9):1028-1034. 

Zhou S, Zong Y, Ney PA, Nair G, Stewart CF and Sorrentino BP (2005) Increased expression 

of the Abcg2 transporter during erythroid maturation plays a role in decreasing cellular 

protoporphyrin IX levels. Blood 105(6):2571-2576. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 11, 2006 as DOI: 10.1124/mol.106.023556

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#23556 

 24

Footnotes 

* This study was supported, in part, by the NEDO International Joint Research Grant program 

“International standardization of functional analysis technology for genetic polymorphisms of 

drug transporters” and a research grant (No. 14370754) from the Japanese Society for the 

Promotion of Science.

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 11, 2006 as DOI: 10.1124/mol.106.023556

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#23556 

 25

Legends for figures 

Fig. 1.  Schematic illustration of human ABCG and its non-synonymous 

polymorphisms.  SNP data on the polymorphisms of ABCG2 were obtained from the NCBI 

dbSNP database and recent publications (Backstrom et al., 2003; Bosch et al., 2005; de Jong 

et al., 2004; Honjo et al., 2002; Iida et al., 2002; Imai et al., 2002; Itoda et al., 2003; 

Kobayashi et al., 2005; Mizuarai et al., 2004; Zamber et al., 2003).  The variants R482G and 

R482T are acquired mutations.  A, B, and C indicate the motifs of Walker A (amino acid #80 

- 86), Walker B (amino acid #205 - 210), and signature C (amino acid #186 - 200). 

 

Fig. 2.  Detection of ATP-dependent hematoporphyrin transport into plasma 

membrane vesicles by using a spin-column.  Detection of hematoporphyrin and ABCG2 in 

fractions eluted from the spin-column (A) and fluorescence spectra of hematoporphyrin (B).  

Control and ABCG2-expressing plasma membrane vesicles (50 µg of protein) were incubated 

with 100 µM hematoporphyrin in the presence or absence of 1 mM ATP in the standard 

incubation medium (0.25 M sucrose and 10 mM Tris/HEPES, pH 7.4, 10 mM creatine 

phosphate, 100 µg/ml creatine kinase, 10 mM MgCl2) at 37˚C for 20 min.  The reaction 

mixture was mixed with the stop solution and then loaded onto the top of a Sephadex G-25 

spin-column equilibrated with 0.25 M sucrose and 10 mM Tris/HEPES, pH 7.4.  The column 

was immediately centrifuged in a swing-type rotor at 1,600 x g for 5 min, whereby the eluate 

was collected in a microfuge tube.  A portion (50 µl) was taken from each eluate fraction and 

mixed with 950 µl of 10 mM NaOH solution.  The fluorescence spectrum of eluate fraction 

1 was observed with a Horiba SPX FluoroMax-2 fluorescence spectrophotometer.  For 

immunoblotting, 10 µl of the eluate was subjected to SDS-PAGE, and ABCG2 was detected 

as described in Materials and Methods. 

 

Fig. 3.  Time courses of ATP-dependent transport of hematoporphyrin into plasma 

membrane vesicles prepared from mock (A) and ABCG2-expressing Sf9 cells (B).  

Plasma membrane vesicles (50 µg of protein) were incubated with 100 µM hematoporphyrin 
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in the presence or absence of 1 mM ATP in the standard incubation medium at 37˚C for 

different periods as indicated.  The amount of hematoporphyrin transported into membrane 

vesicles was detected as described in Materials and Methods.  Effect of hematoporphyrin 

concentration on the rate of ATP-dependent transport of hematoporphyrin into plasma 

membrane vesicles (C) and Lineweaver-Burk plot (inset).  ABCG2-expressing plasma 

membrane vesicles (50 µg of protein) were incubated with hematoporphyrin at different 

concentrations (0, 10, 20, 50, 100, and 200 µM) in the presence or absence of 1 mM ATP in 

the standard incubation medium at 37˚C for 10 min.  The amount of hematoporphyrin 

transported into membrane vesicles was spectrophotometrically detected. 

 

Fig. 4.  Immunological detection of ABCG2 and its variant forms expressed in plasma 

membrane vesicles prepared from Sf9 cells (A) and relationship between the relative 

intensity of ABCG2-immunoreactivity and the amount of membrane proteins (B).   

 

Fig. 5.  ATP-dependent transport of hematoporphyrin (A) and methotrexate (B) by 

ABCG2 and its variants.  Plasma membrane vesicles (50 µg of protein) were incubated 

with 20 µM hematoporphyrin or 200 µM [3H]methotrexate (MTX) in the presence or absence 

of 1 mM ATP in the standard incubation medium at 37˚C for 10 min (hematoporphyrin) or 20 

min (MTX).  The ATP-dependent transport of hematoporphyrin or MTX is normalized for 

the amount of ABCG2 protein detected in Fig.4. 

 

Fig. 6.  Photo-sensitivity of Flp-In-293 cells expressing ABCG2 WT, F431L, S441N, or 

F489L.  The effect of pheophorbide a on the photo-sensitivity of those cells was measured 

as described in Materials and Methods.  Cells were incubated with pheophobide a at 

different concentrations (0, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, 1.25, 2.5, 5, and 10 µM) for 4 

hours at 37˚C.  Subsequently, the culture medium was replaced with fresh medium.  Cells 

were then exposed to light for 90 min in the cell culture chamber, where 96-well plates were 

placed on a light viewer (Hakuba Model 5700). 
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Table 1  PCR primers and conditions for site-directed mutagenesis to create variants of ABCG2 

 

Variant 
Forward/Reverse 

(F/R) primers 
Primer sequence (5'→3') 

Primer 

length    

(bases) 

% GC Tm (℃) 

F CGAAGTTTTTATCCCAATGTCACAAGGAAACAC 
V12M 

R GTGTTTCCTTGTGACATTGGGATAAAAACTTCG 
33 39 55 

F ATCGAGTAAAACTGAAGAGTTGCTTTCTACCTTGTAGAAAAC 
G51C 

R GTTTTCGACAAGGTAGAAAGCAACTCTTCAGTTTTACTCGAT 
42 35 59 

F GTAATTCAGGTTACGTGGTATAAGATGATGTTGTGATGGG 
Q126stop 

R CCCATCACAACATCATCTTATACCACGTAACCTGAATTAC 
40 40 62 

F CGGTGAGAGAAAACTTAAAGTTCTCAGCAGCTCTT 
Q141K 

R AAGAGCTGCTGAGAACTTTAAGTTTTCTCTCACCG 
35 42 55 

F CGGCTTGCAACAACTATGATGAATCATGAAAAAAACGAACGG 
T153M 

R CCGTTCGTTTTTTTCATGATTCATCATAGTTGTTGCAAGCCG 
42 40 60 

F GGATTAACAGGGTCATTGAAGAGTTAGGTCTGGAT 
Q166E 

R ATCCAGACCTAACTCTTCAATGACCCTGTTAATCC 
35 42 55 

F CTTATCACTGATCCTTCCCTCTTGTTCTTGGATGAG 
I206L 

R CTCATCCAAGAACAAGAGGGAAGGATCAGTGATAAG 
36 44 59 

F TGATCCTTCCATCTTGTCCTTGGATGAGCCTACAA 
F208S 

R TTGTAGGCTCATCCAAGGACAAGATGGAAGGATCA 
35 45 55 

F TTCATCAGCCTCGATATCCCATCTTCAAGTTGTTT 
S248P 

R AAACAACTTGAAGATGGGATATCGAGGCTGATGAA 
35 40 55 
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F TCATAGAAAAATTAGCGTAGATTTATGTCAACTCC 
E334stop 

R GGAGTTGACATAAATCTACGCTAATTTTTCTATGA 
35 31 55 

F AGCTGGGGTTCTCCTCTTCCTGACGACC 
F431L 

R GGTCGTCAGGAAGAGGAGAACCCCAGCT 
28 60 62 

F AACCAGTGTTTCAGCAATGTTTCAGCCGTGGAAC 
S441N 

R GTTCCACGGCTGAAACATTGCTGAAACACTGGTT 
34 47 59 

F GAGGATGTTACCAAGTATTATACTTACCTGTATAGTGTACTTCATG 
F489L 

R CATGAAGTACACTATACAGGTAAGTATAATACTTGGTAACATCCTC 
46 34 62 

F GTCATGGCTTCAGTACATCAGCATTCCACGATATGG 
F571I 

R CCATATCGTGGAATGCTGATGTACTGAAGCCATGAC 
36 47 61 

F CATAATGAATTTTTGGGACAATACTTCTGCCCAGGACTCAAT 
N590Y 

R ATTGAGTCCTGGGCAGAAGTATTGTCCCAAAAATTCATTATG 
42 38 62 

F GGTAAAGCAGGGCATCAATCTCTCACCCTGGG 
D620N 

R CCCAGGGTGAGAGATTGATGCCCTGCTTTACC 
32 56 62 

 

Sites of mutagenesis are indicated by underbars.  The % GC indicates the percentage of guanine and cytosine contents in 

the PCR primer set.  Tm shows the melting temperature for each PCR primer set. 
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Table 2  Porphyrin transport and non-synonymous polymorphisms of ABCG2 

 

Transport* Potential 

risk 
Amino acid 

Hemato MTX 

Allele frequency 

(%)# 

cDNA 

position 
Location 

Wild-type 

allele 

Variant 

alllele 
Data source¶ 

 V12M ++ ++ 2.0 － 90.0 34 exon 2 G A 1, 2, 4, 5, 7, 8 

★★ Q126stop - - 0.0 － 1.7 376 exon 4 C T 1, 3, 5, 7 

 Q141K ++ ++ 0.0 － 35.5 421 exon 5 C A 1, 2, 4, 5, 6, 7, 8 

 T153M ++ ++ 3.3 458 exon 5 C T 5 

 R160Q N.D. N.D. 0.5 479 exon 5 G A 8 

 Q166E ++ ++ N.D. 496 exon 5 C G NCBI dbSNP rs1061017 

 I206L ++ ++ 10.0 616 exon 6 A C 2 

★★ F208S - - N.D. 623 exon 6 T C NCBI dbSNP rs1061018 

★★ S248P - - N.D. 742 exon 7 T C NCBI dbSNP rs3116448 

★★ E334stop - - N.D. 1000 exon 9 G T NCBI dbSNP rs3201997 

 F431L ++ - 0.8 1291 exon 11 T C 3 

★★ S441N - - 0.5 1322 exon 11 G A 7 

★ F489L + - 0.5 － 0.8 1465 exon 12 T C 3, 7 

 F571L ++ ++ 0.5 1711 exon 14 T A NCBI dbSNP rs9282571 

(★★) R575stop N.D. N.D. 0.5 1723 exon 14 C T 8 

 N590Y ++ ++ 0.0 － 1.0 1768 exon 15 A T 2, 5 

  D620N ++ ++ 0.5 1858 exon 16 G A 8 
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★ Risk of porphyria.  (★), potential risk is assumed as the lack of transport activity being due to a truncated protein. 

 

* Transport of hematoporphyrin (Hemato) and methotorexate (MTX) is indicated by either “+” (positive) or “-” (negative). 

N.D.：Not determined 

 

# Allele frequencies are summarized from hitherto reported SNP data on human ABCG2.  There are differences in the 

allele frequency of the polymorphisms among different ethnic groups. 

 

¶ Genetic data were acquired from the following references: 

1.  Imai et al., 2002 

2.  Zamber et al., 2003 

3.  Itoda et al., 2003 

4.  Backstrom et al., 2003 

5.  Mizuarai et al., 2004 

6.  de Jong et al., 2004 

7.  Kobayashi et al., 2005 

8.  Bosch et al., 2005 
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Table 3  Drug resistance profiles of ABCG2 WT and variants 

 

IC50 (nM) and drug resistance ratio [fold] 
Anticancer drug 

Mock WT F431L S441N F489L 

SN-38    0.9+0.1 [1.0] 42.1+3.1 [46.8]* 11.5+0.9 [12.7]* 0.7+0.1 [0.8] 3.1+0.3 [3.4] 

Mitoxantorone    5.2+0.3 [1.0] 99.8+4.5 [19.2]* 20.3+1.9 [4.4]* 4.6+0.5 [0.9] 11.5+0.4 [2.2] 

Doxorubicin   32.0+0.6 [1.0] 48.1+2.0 [1.5] 39.0+3.5 [1.2] 20.3+1.9 [0.6] 44.6+3.9 [1.4] 

Daunorubicin  9.5+1.2 [1.0] 17.8+3.9 [1.8] 14.1+0.5 [1.5] 12.1+0.2 [1.3] 16.3+0.9 [1.7] 

 

The drug resistance profiles of ABCG2 WT and variants were obtained by incubating Flp-In-293/ABCG2 WT, F431L, S441N, or F489L 

cells in the presence of SN-38, mitoxantrone, doxorubicin, or daunorubicin at different concentrations (0 to 100 µM) as described in 

Materials and Methods.  IC50 values were calculated from dose-response curves (i.e., cell survival vs. drug concentration).  Drug 

resistance ratio = (IC50 value for cells expressing ABCG2 WT or variant)/(IC50 value for mock cells).  Data are expressed as mean 

values + S.D. (n = 3).  Statistical analyses were performed by using Microsoft Excel 2003 software (Microsoft Co., Redmond, WA, 

USA).  The statistical significance was determined according to the two-sided Student’s t-test. *P < 0.01. 
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