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Abstract
Purpose—Single nucleotide polymorphisms (SNPs) of the ATP-binding cassette (ABC)
transporter ABCG2 gene have been suggested to be a significant factor in patients’ responses to
medication and/or the risk of diseases. We aimed to evaluate the impact of the major non-synonymous
SNP Q141K on lysosomal and proteasomal degradations.

Methods—ABCG2 WT and the Q141K variant were expressed in Flp-In-293 cells by using the Flp
recombinase system. Their expression levels and cellular localization was measured by
immunoblotting and immunofluorescence microscopy, respectively.

Results—The protein level of the Q141K variant expressed in Flp-In-293 cells was about half that
of ABCG2 WT, while their mRNA levels were equal. The protein expression level of the Q141K
variant increased about two-fold when Flp-In-293 cells were treated with MG132. In contrast, the
protein level of ABCG2 WT was little affected by the same treatment. After treatment with
bafilomycin A1, the protein levels of ABCG2 WT and Q141K increased 5- and 2-fold in Flp-In-293
cells, respectively.

Conclusions—The results strongly suggest that the major non-synonymous SNP Q141K affects
the stability of the ABCG2 protein in the endoplasmic reticulum and enhances its susceptibility to
ubiquitin-mediated proteasomal degradation.
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Introduction
Pharmacogenomics dealing with heredity and response to drugs is the part of science that
attempts to explain patient to patient variability of drug responses and seeks for the genetic
basis of such variations or differences (1). As a means to implementing personalized medicine,
it is critically important to understand the molecular mechanisms underlying inter-individual
differences in the drug response, namely, pharmacological effects vs. side effects. The genetic
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polymorphisms of drug transporters are currently being studied in several laboratories
worldwide. It is expected that efforts to discover and characterize drug transporter gene
polymorphisms may lead to diagnostic tests for discriminating between different gene alleles
and better strategies for the molecular design of new drugs.

Clinical relevance is implicated between the genetic polymorphisms of the ATP-binding
cassette (ABC) transporter ABCG2 and individual differences in drug response (2–7).
Sequencing of the ABCG2 gene from human samples has revealed over 80 different, naturally
occurring sequence variations (5–16). The most extensively studied of those SNPs with
potential clinical relevance is 421 C>A, which results in a glutamine to lysine substitution
(Q141K) in the ABCG2 protein. The Q141K SNP was identified with varying frequencies in
different ethnic groups and was found to be the most prevalent in Japanese and Chinese
populations (approximately 30% in allele frequency) (2). Q141K has been associated with
lower levels of protein expression and impaired transport in vitro; however, some controversies
exist in the publications characterizing this SNP (12–18). The polymorphism has been studied
in vivo; patients carrying the SNP were found to have elevated plasma levels of gefitinib and
diflomotecan as well as increased bioavailability of oral topotecan (19–21). Furthermore, the
Q141K SNP was reportedly associated with a higher incidence of diarrhea in non-small cell
lung cancer patients treated with gefitinib (22).

Human ABCG2 (BCRP/MXR1/ABCP) (23–25) is a so-called “half ABC transporter” bearing
a single ATP-binding fold at the NH2-terminus and six transmembrane domains. Human
ABCG2 exists in the plasma membrane as a homodimer bound through disulfide-bonded
cysteine residues (26–30). The expression level of ABCG2 is regulated by both synthesis and
degradation of the protein. Recently, our group has demonstrated that the formation of an
intramolecular disulfide bond between Cys592 and Cys608 (Fig. 1) and the N-glycosylation
at Asn596 are critical check points for the stability and degradation of the de novo synthesized
ABCG2 protein (31). Furthermore, certain SNPs, such as F208S and S441N, were found to
greatly affect the stability of ABCG2 in the endoplasmic reticulum (ER) and to enhance the
protein degradation rate via ubiquitination and proteasomal proteolysis (32). In this context, it
has been hypothesized that the reduced expression levels of the Q141K variant may be due to
the ubiquitin-mediated proteasomal degradation.

The ER system is the site where newly synthesized secretory and membrane proteins are folded
and assembled under a stringent quality control system (33,34). Efficient quality control
systems have evolved to prevent incompletely folded molecules from moving along the
secretory pathway (35–38). Accumulation of misfolded proteins in the ER would detrimentally
affect cellular functions. It is likely that misfolded ABCG2 proteins are removed from the ER
by retrotranslocation to the cytosol compartment and degradation by the ubiquitin-proteasome
system (39). This process is known as endoplasmic reticulum associated degradation (ERAD).
In the present study, we examined the potential link between the nonsynonymous SNP and the
stability of ABCG2 protein. We here provide evidence that the major nonsynonymous SNP
variant Q141K undergoes both ubiquitin-mediated protein degradation in proteasomes and
lysosomal proteolysis and that the protein level of the Q141K variant is thereby significantly
reduced.

Materials and Methods
Chemicals and biological reagents

The following reagents and drugs were purchased from the commercial sources indicated in
parentheses: L-glutamine (Wako Pure Chemical Industries, Ltd., Osaka, Japan); Tris and high-
glucose Dulbecco’s modified Eagle’s medium (D-MEM) (Nacalai Tesque, Inc., Kyoto, Japan);
fetal calf serum (FCS) (ICN Biomedicals, Inc., Aurora, OH, USA); antibiotic-antimycotic
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cocktail solution, and hygromycin B (Invitrogen, Carlsbad, CA, USA); MG132 (Sigma-
Aldrich Co., St. Louis, MO, USA); N-glycosidase F (PNGase F) (New England Biolabs, Inc.,
Ipswich, MA, USA); the protease inhibitor cocktail Complete™ (Roche Ltd., Mannheim,
Germany). All other chemicals used were of analytical grade.

Preparation of plasmids carrying ABCG2 Q141K variant cDNA
Wild-type (WT) ABCG2 cDNA inserted into the pcDNA5/FRT plasmid was used as the
template, and the nonsynonymous SNP Q141K variant was 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-pcDNA5/FRT plasmid, and specific
primers. The PCR was initiated by incubation at 95°C for 30 seconds and then followed by 12
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. The variant cDNA generated in the pcDNA5/FRT
plasmid was subjected to nucleotide sequence analysis (Hitachi, Ltd., Tokyo, Japan).

Expression of ABCG2 WT and Q141K variant in Flp-In-293 cells
Flp-In-293 cells were transfected with the ABCG2-pcDNA5/FRT plasmid, the Flp
recombinase expression plasmid pOG44, and LipofectAmine™-2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions (see Fig. 2A). Single colonies resistant
to hygromycin B (Invitrogen, Carlsbad, CA, USA) were picked and subcultured. Selection of
positive colonies was performed by immunoblotting, as described below. The resulting cells
are described as Flp-In-293/ABCG2 cells throughout this manuscript. Mock cells (Flp-In-293/
Mock) were prepared by transfecting Flp-In-293 cells with pcDNA5/FRT and pOG44 plasmids
in the same manner as described above.

Flp-In-293 cells expressing ABCG2 WT or Q141K, named Flp-In-293/ABCG2 (WT) or Flp-
In-293/ABCG2 (Q141K), were maintained in high-glucose Dulbecco’s modified Eagle’s
medium (D-MEM) supplemented with 10% (v/v) heat-inactivated fetal calf serum (ICN
Biomedicals, Inc., Aurora, OH, USA), 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml
streptomycin, 250 ng/ml amphotericin B, and 100 μg/ml hygromycin B at 37°C in a in air. The
number of viable cells was determined humidified atmosphere of 5% (v/v) CO2 from counts
made in a hemocytometer with Trypan Blue dye exclusion.

Detection of mRNA by RT-PCR
Total RNA was extracted from cultured cells with NucleoSpin® RNA II (MACHEREY-
NAGEL GmbH & Co. KG, Duren, Germany) according to the manufacturer’s protocol. cDNA
was prepared from the extracted RNA in a reverse transcriptase reaction with the High Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) and random hexamers
according to the manufacturer’s instructions. The mRNA level of ABCG2 was determined by
PCR in an iCycler™ thermal cycler (BIO-RAD, Hercules, CA, USA) with the following
specific primer sets: ABCG2 (5′-GATCTCTCACCCTGGGGCTTGTGGA, 5′-
TGTGCAACAGTGTGATGGCAAGGGA). The PCR reaction consisted of hot-start
incubation at 94°C for 2 min and 30 cycles of 94°C for 30 sec, 59°C for 30 sec, and 72°C for
30 sec. The PCR products were then separated by 1.2% (w/v) agarose gel electrophoresis and
detected with ethidium bromide under UV light.

Immunoblotting to detect ABCG2 proteins
The ABCG2 protein expressed in Flp-In-293 cells was detected by immunoblotting with
BXP-21 (ALEXIS Co., Lausen, Switzerland), a specific antibody to human ABCG2. Cells

Furukawa et al. Page 3

Pharm Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were rinsed with ice-cold PBS and subsequently treated with lysis buffer containing 50 mM
Tris/HCl (pH 7.4), 1% (w/v) Triton X-100, 1 mM DTT, and a protease inhibitor cocktail (Roche
Ltd., Mannheim, Germany). The samples were homogenized by passage through a 27-guage
needle and then centrifuged at 800 ×g for 10 min at 4°C. For glycosidase treatments, 20 μg of
protein of the cell lysate sample was incubated with 20 U of PNGase F at 37°C for 10 min.

Equal amounts of the resulting cell lysate (10 μg of protein) were subjected to SDS-PAGE in
the presence of mercaptoethanol (see Results for more details). Briefly, proteins were separated
by electrophoresis on 7.5% (w/v) polyacrylamide gels and then electroblotted onto Hybond-
ECL nitrocellulose membranes (Amersham, Buckinghamshire, UK). Immunoblotting was
performed by using BXP-21 (1:1000 dilution) as the first antibody and anti-mouse IgG-
horseradish peroxidase (HRP)-conjugate (1:3000 dilution; Cell Signaling Technology,
Beverly, MA, USA) as the secondary antibody. HRP-dependent luminescence was developed
by using Western Lighting Chemiluminescent Reagent Plus (PerkinElmer Life Sciences,
Boston, MA, USA) and detected in a Lumino Imaging Analyzer FAS-1000 (TOYOBO, Osaka,
Japan).

Based on the amino acid sequence (NM_004827) of human ABCG2, the molecular weight of
non-glycosylated ABCG2 WT was calculated to be 72,314 by using the ExPASY Compute
pI/Mw tool (http://us.expasy.org/tools/pi_tool.html). This molecular weight was referred as
the non-glycosylated nascent peptide (monomer) of ABCG2.

Immunofluorescence analysis for expression levels and distribution of intracellular ABCG2
ABCG2-expressing Flp-In-293 cells (2 × 104 cells) were seeded onto 96-well SensoPlates™
(Greiner Bo-one Co., Ltd., Tokyo, Japan) in which the bottom of each well had been coated
with mouse collagen type IV (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at
a density of 1.6 μg/well. In the plate wells, cells were pre-cultured for 24 h under the above-
mentioned culture conditions and then incubated in the presence or absence of 2 μM MG132
for 24 h. Thereafter, cells were fixed with 4% paraformaldehyde in PBS at room temperature
for 20 min and then cell membranes were permeabilized by incubation with 0.02% Triton
X-100 in PBS at room temperature for 5 min. To block free aldehyde groups in the
formaldehyde, cells were treated with glycine (10 mg/ml) in PBS at room temperature for 10
min followed by a further incubation with 0.5% (w/v) BSA in PBS at room temperature for 1
h. To detect the ABCG2 protein, cells were treated with ABCG2-specific monoclonal antibody
BXP-21 antibody (1:1000 dilution) as the first antibody and subsequently with Alexa Fluor
488-conjugated anti-mouse IgG antibody (1:1000 dilution; Invitrogen, Carlsbad, CA, USA).

To selectively detect the ABCG2 protein localized on the plasma membrane of cells, we used
ABCG2-specific monoclonal antibody 5D3 (1:1000 dilution; R&D Systems, Inc.,
Minneapolis, MN) as the first antibody, since it reacts with an epitope in the extracellular loop
of ABCG2 (40). During the incubation with the 5D3 antibody, we avoided treatments with
0.02% Triton X-100 in order to keep the plasma membrane impermeable to the antibody. In
the same preparations, nuclear DNA was stained with Hoechst 33342 (1 μg/ml; Invitrogen,
Carlsbad, CA, USA) in PBS containing 0.5% (w/v) BSA.

Immunofluorescence of the Flp-In-293 cells was detected with a newly developed system of
confocal fluorescence microscopy (Yokogawa Electric Corp., Kanazawa, Japan). The
fluorescence of Alexa Fluor 488 and Hoechst 33342 were observed with excitation laser light
at 488 and 405 nm, respectively. To quantitatively analyze the distribution of the ABCG2
protein localized on the plasma membrane or in the cytosol compartment, the
immunofluorescence images captured by the confocal fluorescence microscopy system were
processed by means of computer software, where a single immunofluorescent cluster with a
diameter of 0.5 to 10 μm was counted as one ABCG2-positive dot. Such digital counting of
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ABCG2-positive dots was performed over 400 cells for each immunofluorescence preparation.
The resulting data were accumulated and then statistically analyzed.

Statistical analysis
Statistical analyses were performed by using Microsoft Excel 2003 software (Microsoft Co.,
Redmond, WA, USA). The statistical significance of differences was determined according to
the Student’s t-test. P values < 0.01 were considered statistically significant.

Results and Discussion
Protein expression levels of ABCG2 WT and Q141K in Flp-In-293 cells

We previously found that protein expression levels varied among those SNP variants (18). It
was speculated that such reduced protein levels are associated with instability and/or
degradation of those variant proteins. The Q141K variant is reportedly associated with lower
levels of protein expression; however, little is known about the underlying molecular
mechanism. In the present study, ABCG2 WT and the Q141K variant were individually
expressed in Flp-In-293 cells by using the Flp recombinase system, where one single copy of
the cDNA encoding either the WT or the variant was integrated into the genomic DNA at the
designated FRT site prepared in chromosome 12 (Fig. 2A).

As shown in Figure 2B, mRNA levels of ABCG2 WT as well as Q141K were evenly
represented in Flp-In-293 cells, where the mRNA levels of ABCG2 and GAPDH were
measured by RT-PCR. Both WT and Q141K proteins were found as glycosylated homodimers.
To quantify the levels of ABCG2 WT and Q141K proteins, we treated the samples with PNGase
F and mercaptoethanol (ME) to remove the glycomoieties and to break the cysteinyl disulfide
bond forming the homodimers (Fig. 2B). Since there was a linear relationship between the
signal intensity of immunoblotting and the logarithmic value of the amount of ABCG2 protein
applied to the electrophoresis gels (Fig. 2C), the expression level of ABCG2 in cell lysate
samples could be quantitatively estimated based on the linear relationship (41). As
demonstrated in Figure 2B, the protein level of the Q141K variant was about 45% of the
ABCG2 WT protein level.

Effect of MG132 and bafilomycin A1 on the protein expression levels of ABCG2 WT and
Q141K variant

We investigated the effect of MG132, an inhibitor of proteasomal proteolysis, on the protein
expression levels of those SNP variants. Flp-In-293 cells expressing WT or Q141K were
incubated in the presence of MG132 at a concentration of 2.0 μM for 24 h, and then cell lysate
samples were immediately prepared. This incubation condition (2.0 μM MG132 for 24 h) was
selected as the optimal one based on our previous studies (Fig. 3 in ref. 32). Protein expression
levels of the WT and the Q141K variant were determined by immunoblotting after PNGase F
treatment in the same way as described above. As shown in Figure 3A, the protein level of the
Q141K variant was approximately two-fold enhanced by treatment with the proteasome
inhibitor MG132. In contrast, the protein level of ABCG2 WT was little affected by MG132
treatment (Fig. 3A). Similar results were obtained with clasto-lactacystin beta-lactone (data
not shown). These results suggest that the Q141K variant undergoes proteasomal proteolysis
but the WT does not.

Interestingly, the protein level of ABCG2 WT increased more than 5-fold when cells were
treated with bafilomycin A1, which inhibits lysosomal degradation (Fig. 3B). The Q141K
variant protein level was only two-fold enhanced by the same treatment (Fig. 3B). It is
suggested that the WT is degraded substantially in lysosomes and that the Q141K variant
protein undergoes degradation in both proteasomes and lysosomes.
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Effect of MG132 on the cellular localization of ABCG2 WT and Q141K variant
Figure 4A depicts the immunofluorescence images of Flp-In-293 cells expressing ABCG2 WT
or Q141K that were incubated with or without 2 μM MG132 for 24 h. The ABCG2 protein
was probed with either BXP-21 or 5D3 antibody. By using the BXP-21 antibody, which
recognizes an epitope (amino acids 271–396) in the intracellular loop of ABCG2, we detected
the localization of ABCG2 both at the plasma membrane and within intracellular
compartments. In contrast, with the 5D3 antibody, which recognizes an epitope in the
extracellular loop of the ABCG2 protein (40), we could observe that ABCG2 was localized
solely at the plasma membrane.

As demonstrated in Figure 4A, the ABCG2 protein was labeled with green fluorescence dye
(Alexa Fluor 488), whereas DNA in the nuclei was stained with Hoechst 33342 (blue
fluorescence). In the case of ABCG2 WT, strong green fluorescence was observed at the plasma
membrane and within intracellular compartments in Flp-In-293 cells expressing ABCG2 WT.
The localization and intensity of the WT was not greatly affected by the MG132 treatment.

In contrast with the WT, immunofluorescence of the Q141K variant was relatively weak at the
plasma membrane as well as within intracellular compartments. After MG132 treatment,
however, the localization of the ABCG2 variant protein in intracellular compartments was
enhanced. The 5D3 antibody-immunofluorescence image demonstrated even more clearly that
MG132 treatment enhanced the localization of the Q141K variant protein at the plasma
membrane (Fig. 4A).

Figures 4B and 4C depict the statistical data on the cellular localization of ABCG2 WT and
Q141K. The data were acquired from a large number of cells, as described below. In each cell,
immunofluorescent clusters with a diameter of 0.5 to 10 μm were counted as ABCG2-positive
dots. The intensity of each ABCG2-positive dot cluster was counted over 300 cells for each
immunofluorescence preparation. We analyzed the digital data to exhibit as histograms (Fig.
4C), in which the number of cells is represented as a function of the intensity of each cluster
of ABCG2-positive dot per each cell. Marked differences were observed after the MG132
treatment in terms of the cellular localization and/or amount of the Q141K variant protein. It
is noteworthy that the protein level of the Q141K variant increased in the plasma membrane
after the MG132 treatment (Fig. 4B).

Effect of MG132 on the drug resistance of Flp-In-293 cells expressing ABCG2 Q141K variant
Under the standard incubation conditions, Flp-In-293 cells expressing the Q141K variant
exhibited a cellular resistance to SN-38, but their resistance profile was relatively weaker than
that of cells expressing the WT (Fig. 5). This may be due to the lower expression level of the
Q141K variant protein as compared with the ABCG2 WT in Flp-In-293 cells.

It was of great interest to know how the inhibition of proteasomal protein degradation by
MG132 affects the drug resistance of cells expressing the Q141K variant protein. As
demonstrated in Figure 5B, the MG132 treatment enhanced cellular resistance to SN-38 in Flp-
In-293 cells expressing the Q141K variant, whereas little was changed in cells expressing
ABCG2 WT, even after the MG132 treatment (data not shown). Thus, it is suggested that the
Q141K variant sorted to the plasma membrane domain after the MG132 treatment was
functionally active to extrude SN-38 out of the cells.

Nonsynonymous polymorphisms of ABCG2 and proteasomal degradation
Hitherto a total of 17 nonsynonymous polymorphisms have been reported for the ABCG2 gene
(2). In the previous study, we functionally validated those SNP variants (18). Based on our
functional validation, the above-mentioned non-synonymous polymorphisms as well as two
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acquired mutants (R482G and R482T) of ABCG2 were classified into four groups (18). The
nonsynonymous SNP variants of Q126stop, F208S, S248P, E334stop, S441N, and F489L were
defective in the active transport of methotrexate and hematoporphyrin (42). Furthermore, the
F208S, S248P, F431L, S441N, and F489L variants exhibited greatly altered protein expression
levels and drug resistance profiles (18). In particular, expression levels of the F208S and S441N
variant proteins were markedly low. We recently found that such reduced protein levels were
associated with the instability and ubiquitin-mediated proteasomal degradation of those variant
proteins (32).

In our functional validation, the Q141K variant and the WT showed very similar substrate
specificities and drug resistance profiles when they were expressed in Sf9 insect cells (42) and
Flp-In-293 cells (18). The level of the Q141K variant protein was significantly lower than that
of the WT, however when it was expressed in Flp-In-293 cells (Fig. 2B) and in other
mammalian cell lines (12–18). Based on those recent findings, we have examined the
contribution of proteasomal degradation to the lower-level expression of the Q141K variant
by testing the effect of MG132. In fact, MG132 enhanced both the protein level of the Q141K
variant (Figs. 3A and 4A) and the drug resistance profile of the Q141K-expressing Flp-In-293
cells (Fig. 5B). It is strongly suggested that the lower protein expression level of the Q141K
variant is due to both ubiquitin-mediated proteasomal degradation and the lysosomal
proteolysis.

Protein quality control in ER
The ER is the site for synthesis and maturation of proteins destined for the plasma membrane,
for the secretory and endocytic organelles, and for secretion (34). While the native
conformation of a protein lies encoded in its primary amino acid sequence, the ER greatly
enhances protein folding efficacy (43). Accumulating evidence suggests that mammalian
secretory and membrane proteins are synthesized and translocated into the ER. Misfolded
proteins are considered to be removed from the ER by retrotranslocation to the cytosol
compartment and then degraded by the ubiquitin-proteasome system. This process is known
as endoplasmic reticulum-associated degradation (ERAD) (37). We recently provided
evidence that the disulfide bond formation and N-glycosylation of ABCG2 are critical check
points in protein folding in the ER (31) (Nakagawa et al., unpublished data), while N-linked
glycosylation per se is NOT essential for trafficking of ABCG2 to the plasma membrane,
protein expression, or transport activity (44,45). On the other hand, the substitution of Gln141
to Lys141 owing to the 421C>A SNP may destabilize the cytosolic loop of the ABCG2 protein
and thereby enhance ubiquitin-mediated proteasomal degradation.

At present, however, it remains unclear how misfolded membrane proteins are selected and
destroyed during ERAD. Chaperones are considered to solubilize aggregation-prone motifs.
In the case of the yeast ABC transporter Ste6p, a 12-transmembrane protein, it has recently
been shown that Hsp70/40s act before ubiquitination and facilitate Ste6p association with an
E3 ubiquitin ligase (46). Furthermore, polyubiquitination was a prerequisite for
retrotranslocation, which required the Cdc48 complex and ATP (46). Wang et al. (47) and
Younger et al. (48) recently provided new insights into the complexity of protein networks that
govern the fate of the cystic fibrosis transmembrane conductance regulator (CFTR), an apical
membrane ABC transporter. In this context, it is increasingly important to identify and to
characterize multiple chaperone proteins that control the folding and degradation of ABC
transporter proteins.

Conclusion
The clinical impact of the Q141K SNP has been most extensively studied. The Q141K SNP
was identified with varying frequencies in different ethnic groups and was found to be the most
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prevalent in Japanese and Chinese populations (2). Q141K is reportedly associated with lower
levels of protein expression and impaired transport (12–18), whereas some controversies exist
in the publications characterizing this SNP (15,16). Zamber et al. (15) and Urquhart et al
(16) reported that the levels of ABCG2 in the intestine were not significantly affected by the
Q141K SNP. It is important to note, however, that ABCG2 protein levels in the intestinal
biopsy samples were measured by immunoblotting and compared between homozygous WT/
WT and heterozygous WT/Q141K human subjects in those reports (15,16). No data was
demonstrated for the ABCG2 protein level in homozygous Q141K/Q141K subjects. Since
ABCG2 forms homo- and hetero-dimmers linked through a cysteinyl disulfide bond, it is
plausible that the heterodimer consisting of the WT and the Q141K variant is preferentially
preserved in the ER as is the WT homodimer. The present in-vitro study provides clear evidence
that this major non-synonymous SNP Q141K affects the protein stability of ABCG2 in the ER
and enhances its susceptibility to proteasomal degradation, thus affecting the plasma membrane
localization of this nonsynonymous SNP. Further studies will be needed to verify the impact
of the homozygous Q141K SNP on ABCG2 protein degradation in the intestine in vivo.
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Abbreviations used
ABC  

ATP-binding cassette

ABCP  
placenta-specific ABC transporter

BCRP  
breast cancer resistance protein

BMA  
bafilomycin A1

BSA  
bovine serum albumin

D-MEM  
high-glucose Dulbecco’s modified Eagle’s medium

DTT  
dithiothreitol

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

FCS  
fetal calf serum

FISH  
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fluorescence in situ hybridization

FRT  
Flp recombination target

HRP  
horseradish peroxidase

MTT  
3-(4,5-dimethyl-2-thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide

MXR  
mitoxantrone resistance-associated protein

PBS  
phosphate-buffered saline without both Ca2+ and Mg2+

RT-PCR  
reverse transcriptase-polymerase chain reaction

SNP  
single nucleotide polymorphism

TBS  
Tris-buffered saline

TTBS  
TBS with 0.05% (v/v) Tween 20

WT  
wild type
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Figure 1.
Schematic illustration of the protein structure of human ABCG2. The sites of three non-
synonymous SNPs, Q141K, F208S and S441N, are indicated. N-linked glycosylation occurs
on Asn596 (N596). Cys603 is required for homodimer formation, whereas Cys592 and Cys608
are required for the formation of an intramolecular disulfide bond. A, B, and C indicate the
motifs of Walker A (amino acids #80 - 86), Walker B (amino acids #205 - 210), and signature
C (amino acids #186 - 200).
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Figure 2.
Flp-mediated integration of the ABCG2 cDNA into FRT-tagged genomic DNA (A), the mRNA
and protein levels of ABCG2 WT and Q141K (B) and the relationship between the relative
intensity of ABCG2 immunoreactivity and the amount of cellular proteins (C). A: Genomic
DNA of Flp-In-293 cells contains a single integrated Flp recombination target (FRT) site. The
cells were co-transfected with the pcDNA5/FRT vector carrying the ABCG2 cDNA and the
Flp recombinase expression plasmid pOG44. Flp recombinase mediates insertion of the
expression construct with the ABCG2 cDNA into the genome at the integrated FRT site through
site-specific DNA recombination. B: The mRNA level was analyzed by RT-PCR with total
RNA extracted from Flp-In-293 cells expressing ABCG2 WT or Q141K. For comparison of
the protein levels, the cell lysate of each cell population was treated with PNGase F and then
analyzed by immunoblotting with the ABCG2-specific monoclonal antibody (BXP-21) or the
GAPDH-specific antibody. The level of the Q141K variant protein was normalized to the WT
level. C: Relationship between the ABCG2 protein level and the intensity of
chemiluminescence. Cell lysate samples (2.5, 5, 10 and 20 μg protein) of Flp-In-293/ABCG2
WT cells were treated with PNGase F and then analyzed by immunoblotting. The signal
intensity of ABCG2 was plotted as a function of the logarithmic value of protein.
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Figure 3.
Effect of MG132 (A) or bafilomycin A1 (B) on the protein levels of ABCG2 WT and Q141K
variant. A: Flp-In-293 cells expressing ABCG2 WT or Q141K were incubated with 2 μM
MG132 for 0 and 24 h. ABCG2 protein levels were analyzed by immunoblotting after PNGase
F treatment. B: Flp-In-293 cells expressing ABCG2 WT or Q141K were incubated with 10
nM bafilomycin A1 for 0, 12, and 24 h. ABCG2 protein levels were analyzed as described
above. Data are expressed as mean values ± S.D. in triplicate experiments. Statistical
significance (*P<0.01) was evaluated by Student’s t-test.
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Figure 4.
Immunocytochemical staining of Flp-In-293 cells expressing ABCG2 WT or Q141K proteins
(A) and statistical data to analyze the effects of MG132 on the cellular localization of ABCG2
WT or Q141K proteins (B, C). A: Cells were incubated with or without 2 μM MG132 for 24
h. ABCG2 proteins were immunologically detected with an ABCG2-specific monoclonal
antibody (either BXP-21 or 5D3) and Alexa Fluor 488 (green). Cellular nuclei were stained
by Hoechst 33342 (blue), as described in Materials and Methods. The horizontal white bar
corresponds to 20 μm. B: Based on the data shown in Figure 4C, the average intensity per cell
has been calculated. Data are expressed as mean values ± S.D. (*P<0.005). C: Based on the
immunofluorescence microscopic images, the intensity of ABCG2-positive dots was measured
for more than 300 cells for each preparation. The number of cells is plotted as a function of
total intensity per cell.
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Figure 5.
Drug resistance profiles of Flp-In-293 cells expressing ABCG2 WT or Q141K (A) and the
effect of MG132 on the SN-38 resistance of Flp-In-293 cells expressing Q141K (B). A: Cells
were incubated with SN-38 at different concentrations for 72 h in the absence of MG132. Cell
viability was determined by MTT assay. Data are expressed as mean values ± S.D. in multi-
replicated experiments (n = 4). *, P<0.01 as compared with Flp-In-293 cells expressing ABCG2
WT. B: Cells were incubated with SN-38 at different concentrations for 24 h in the presence
or absence of 2 μM MG132. Cell viability was determined as described above. Data are
expressed as mean values ± S.D. in multi-replicated experiments (n = 8). *, P<0.01 as compared
with Flp-In-293 cells expressing ABCG2 Q141K treated with MG132.
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Figure 6.
Schematic illustration of plausible pathways for protein folding and degradation of ABCG2
WT and Q141K variant protein. BiP(Grp78) is one of the abundant ER chaperones and is
closely related to cytosolic Hsp70. Because of its location, BiP can immediately interact with
the unfolded nascent peptide chain and hence contribute to the translocation of nascent chains
into the ER (49). BiP reportedly has an ATPase domain and a peptide-binding domain that
coordinate cycles of ATP hydrolysis and ADP exchange, which stimulate the binding and
release of the unfolded protein, respectively (50). During de novo synthesis in the ER, cysteine
disulfide bonds are formed and oligosaccharides are added to asparagine (N-glycosylation) or
serine residues (O-glycosylation) of glycoproteins. The ER has a unique oxidizing potential
that supports disulfide bond formation during protein folding (51). In addition to the well-
known oxidoreductases, such as PDI and ERp57, many novel oxidoreductases have been
identified over the past few years whose functions and substrates are unknown (52,53). Some
of them are likely to be involved in the formation of disulfide bonds at Cys592, Cys603, and
Cys608 in the ABCG2 protein. Furthermore, N-linked glycans are added en block to proteins
as “core oligosaccharides” (Glc3Man9GlcNAc2). In the ABCG2 protein, Asn596 is an N-
glycosylation site (44,45). Calnexin (CNX) is located near the translocon and can interact with
nascent peptide chains of N-glycosylated proteins. N-linked glycans are subjected to extensive
modification as glycoproteins mature and move through the ER via the Golgi apparatus to their
final destination, for example the plasma membrane. After remaining in the plasma membrane
domain for a certain period, ABCG2 WT is degraded by the endosome-lysosome pathway. In
contrast, Q141K undergoes both lysosomal proteolysis and ubiquitination-mediated
proteasomal degradation. The proteasomal degradation is inhibited by MG132.
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