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Abstract

Breast cancer resistance protein (BCRP) is a half-molecule ATP-binding cassette transporter that pumps out varjous anticancer
agents such as 7-ethyl-10-hydroxycamptothecin, topotecan and mitoxantrone. We have previously identified three polymorphisins
within the BCRP gene, G34A (substituting Met for Val-12), C376T (substituting a stop codon for Gin-126) and CAZ1A
(substitating Lys for Gln-141}). C421A BCRP-iransfecied murine fibroblast PA317 cells showed markediy decreased protein
expression and low-level drug resistance when compared with wild-type BCRP-iransfected cells. In contrast, G34A BCRP-
transfected PA317 cells showed a similar protein expression and drag resistance profile to wild-type. The C376T polymorphism
would be expected to have a considerable impact as active BCRP protein wili not be expressed from a T376 allele. Hence, people
with C376T andfor C421A polymorphisms may express low levels of BCRP, resulting in hypersensitivity of normal cells to BCRP-
substrate anticancer agents.

Estrogens, estrone and 17B-estradiol, were previously found to restore drug sensitivity levels in BCRP-tmnsduced cells by
increasing the cellular accumulation of anticancer agents. BCRP transports sulfated estrogens but not free estrogens and in a series
of screening experiments for synthesized and natural estrogenic compounds, several tamoxifen derivatives and phytoestrogen-
s/flavonoids were identified that effectively circumvent BCRP-mediated drug resistance, The kinase inhibitors gefitinib and
imatinib mesylate also interact with BCRP. Gefitinib, an inhibitor of epidermal growth factor receptor-tyrosine kinase, inhibits its
transporter function and reverses BCRP-mediated dmg resistance both in vitre and in vivo. BCRP-transfected human epidermoid
carcinoma A431 cells and BCRP-transfected human non-small cell lung cancer PC-0 cells show gefitinib resistance. Imatinib, an
inhibitor of BCR-ABL tyrosine kinase, also inhibits BCRP-mediated drug transport. Hence, both functional SNPs and inhibitors of
BCRP reduce its transporter function and thus modulate substrate pharmacokinetics and pharmacodynamics.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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P-glyceprotein, MRP1 and BCRP are members of
the ABC transporters that are involved in multidrug
resistance [1-6]. These factors pump out various
structurally unrelated chemotherapeatic agents in an
energy-dependent manner and reduce their cytotoxic
effects. BCRP, also known an ABCG?2, is a half-

0304-3835/3 - see front matter © 2005 Elsevier Ireland Lid. All rights reserved.

doi:10.1016fj.canlet.2005.04.039



74 K. Yanase et al. / Cancer Letters 234 (2006} 73-80

molecule ABC transporter containing 655 amino acids
that has an ATP-binding domain and a transmembrane
domain [4-6]. BCRP functions as a homodimer and
confers resistance to anticancer agenis such as SN-38,
topotecan and MXR [7-11]. BCRP is widely expressed
in normal cells and tissues, such as capillary endothelial
cells, hematopoietic stemn cells, the maternal-fetal
barfier of the placenta and the blood-brain barrier
[12—-14]. This suggests that BCRP plays a protective
role against xenobiotics and their metabolites. The
apical localization of BCRP in the intestinal epithelium
and the bile canalicular membrane indicates that it
plays an important role im preventing intestinal
absorption and in mediating hepatobiliary excretion of
its substrates {12]. In this way, BCRP restricts the
bioavailability of orally administered BCRP-gubstrate
agents. A dual inhibitor of BCRP and P-glycoprotein,
GF120918, has been shown to increase the oral
bioavailability of topotecan through the inhibition of
BCRP function [15,16]. In addition, a recent report has
shown that BCRP is highly expressed in the mammary
glands of mice, cows and humans during lactation and
that it is responsible for the active secretion of varions
substrates [17].

Recently, the study of SNPs has progressed rapidly
and generated remarkable findings and some SNPs
have been shown to affect both the expression and
function of their gene products. In particular, SNPs of
drug-metabolizing enzymes and drug transporters have
been studied extensively and some have been shown to
affect the pharmacokinetics and pharmacodynamics of
anticancer agents. Cytochrome P450 (CYP) 2C8 is the
principal enzyme responsible for the metabolism of the
anticancer drug paclitaxel. A CYP2C8%3 variant,
containing the two amino acid substitutions R139K
and K399R, in exons 3 and 8, was previously shown to
be defective in paclitaxel metabolism [18]. SN-38 is
detoxified by conjugation to SN-38-glucuronide by the
UDP-glucronosyltransferase (UGT) 1Al enzyme [19].
Significantly, a UGTJIAI*28 variant, containing a 2-bp
insertion (TA) in the TATA box within the gene
promoter, was found to be significantly related to the
reduced expression of UGTIAl and the increased
bigavailability of SN-38 [20]. A C3435T SNP in exon
26 of the MDR] P-glycoprotein gene was elucidated as
the first functional polymorphism of its type in ABC
transporters and shown to be closely associated with
low expression levels of P-glycoprotein and high
plasma levels of digoxin [21]. Another SNP within
the MDRI gene, C1236T, has also been associated with
increased exposure to SN-38 and its prodrug irinotecan
[22]. In the following chapter, we describe the

functional SNPs within the BCRP gene that have
been identified by our laboratory and by other groups.

2. The effects of SNPs on BCRP expression and
function

2.1. C42]A (Q141K) BCRP SNP

We have previously identified three variant BCRP
cDNAs, containing the substitutions G34A (V12ZM),
C421A (Q141K) and a 944-949 deletion lacking Ala-
315 and Thr-316 (A315-6) {23]. The G34A and C421A
substitutions are SNPs whereas the 944-949 deletionis a
splicing variant. We have subsequently found that
C421A BCRP-transfected murine fibroblast PA317
(PA/Q141K) cells show markedly decreased exogenous
protein expression and also a low-level of drug
resistance when normalized to wild-type BCRP-
transfected (PA/WT) cells (Fig. 1 and Table 1). In
addition, both G34A BCRP-transfected PA317 (PA/
Vi2M) cells and 944-949-deleted BCRP-transfected
PA317 (PA/A315-6) cells showed either similar or
marginally lower protein expression and drug resistance
levels compared to PA/WT cells (Fig. 1 and Table 1).
We had already shown in our previous study that the
intracellular topotecan accumulation in PA/Q141K cells
was higher than in other BCRP transfectants [23].

Kondo et al. have also reported low Q141K-BCRP
protein expression levels using adenovirus-mediated
gene transfection [24]. In addition, Kobayashi et al.
examined BCRP protein expression in Japanese
placental samples, and found that its levels were
significantly lower in A421 homozygotes than in
samples containing wild-type C421 alleles and that
heterozygotes had intermediate levels of expression
[25]. In contrast however, Zamber et al. reported that no
significant correlation between the C421A variant and
BCRP expression was observed in human intestinal
samples [26]. The possible significance of the C421A-
BCRP SNP on the pharmacokinetics of difiomotecan, a
new camptothecin derivative anticancer agent, has also
been evaluated in a phase I study [27]. In this trial, five
patients who were heterozygous for the A421 allele,

I 23 4 5

1. PA317

BCRP protein 2. PA/WT
3. PA/VIZM
K 4. PA/Q141K
BCRP mRNA 5. PA/A315-6

Fig. 1. Expression of BCRP protein and BCRP mRNA in PA317 cells
transfected with BCRP variants.
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Table 1
Drug sensitivities of BCRP-transfected PA317 cells
Cells ICs (ngfml)

SN-38 Topotecan MXR
PA317 25 0.060 17
PA/WT 98 0.58 >200
PA/V1ZM 98 ) 0.63 >200
PA/QI41K 30 0.25 100
PA/JA315-6 55 042 190

Cells were cultured for 5 days in the absence or presence of increasing
concentrations of the indicated anticancer agents. Cell numbers were
determined with a Coulter counter and IC;q values were calculated,

showed plasma levels of diflomotecan, after intrave-
nous administration, that were 299% (P=0.015) of the
levels in 15 patients who were homozygous wild-type,
with mean valves of 138 ng W/mLmg™' versus
46.1 ng h/mL mg ™", respectively [27]. The findings
of this clinical study also support our hypothesis that
the expression levels and subsequent functions of the
AA21-BCRP allele are disrupted when compared to the
wild-type C421 gene.

The C421A SNF occurs in the functionally important
ATP-binding region between the Walker A and B metifs
and results in substitution of the positively charged Lys
residue for a neutral Gin residue. This may be associated
with a greater susceptibility of the resulting BCRP protein
(Q141K) to degradation [23]. In addition, Mizvarai et al.
have also reported that ATPase activity levels in the
membrane of C421A BCRP-transduced insect SO cells
were 1.3-fold lower than wild-type cells [28].

We previously examined the frequency of the
C421A SNP in a normal Japanese population and
found that 57/124 samples carried the A421 allele and
that nine of these were homozygous for this poly-
morphism [23], indicating that some individuals
possess the C421A polymorphic BCRP gene and
express low amounts of the Q141K BCRP. C421A is
therefore an important SNP because the aliclic
frequency of this variant differs greatly between diverse
populations (Table 2). The C421A variant also appears
to be very common in Asian populations, with reported
allele frequencies of between 27 and 34% {23,25,29]. In
contrast, this variant is rare in sub-Sahara African and
in African American populations, with a frequency of
< 5% {25,29]. The frequency in Caucasian populations
is approximately 10% [25,28-30].

2.2. C376T (Q126stop)-BCRP SNP

Another of the BCRP gene SNPs, C376T, substitutes
a stop codon for Gln-126 (Q126stop), and was found in

3/124 of our general Japanese samples as a hetero-
zygosity [23]. C376T was also detected previously in
another report in 2/120 Japanese placental samples,
again as a heterozygosity [25]. Although the frequency
of the T376 allele is low, this variant would be expected
to have a high impact as no active BCRP protein could
be expressed from this gene. Stop SNPs have been
reported in the MRPZ gene, which is responsible for the
hyperbilirubinemia of Dubin-Johnson syndrome, but
are relatively rare and would usually be classified as
naturally occurring base changes [31,32]. This C371T
BCRP SNP is thus an important variant because of
relatively high frequency (~ 1% in Japanese) as a stop
SNP. Individuals with either the C376T andfor C421A
SNPs may express low amounts of BCRP and this may
tesult in hypersensitivily of normal cells to anticancer
agents.

2.3. Additional BCRP SNPs

BCRP SNPs are summarized in Table 3 and include
G34A, GISIT, C376T, C421A, C458T, C496G,
ABl6C, T623C, T742C, GI000T, T1291C, Ti465C,
AYT68T and GI1858A, which all cause amino acid
changes. Among these, in addition to C376T and
C421A, only 2 few have been examined in association
with protein expression levels and the function of
BCRP. Mizuarai et al. reported that the G34A variant
exhibits reduced drug resistance in polarized porcine
kidney epithelial LLC-P¥] cells along with increased
intraceliplar drug accumulation [28). However, in our

Table 2
Frequency of the C421A BCRP aliele among different ethnic
populations

Papulation N Genotype Aliele Ref,
frequency® (%)
CiA  AJA
Asian (Japanese) 124 48 9 27 [23]
120 45 14 3o [25]
(Han Chinese) 95 43 11 34 [291
Caucasian 150 25 4 11 [25]
150 22 2 9 [28]
(American) 88 19 1 12 [29]
(European) 84 14 2 11 [29]
{Swedish) 60 10 1 10 [30]
African 938 14 1 1 29]
(sub-Saharan)
African-American 94 8 1 5 [29])
150 5 1 2 [251

Abbreviations: N, number of patients studied; C/A, heterozygous
frequency; A/A, homozygous variant frequency; Ref,, reference.
* Data are given as the relative frequency of variant alleles.
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Table 3
SNPs within the BCRP gene
Variation Region Effect Domain
A-1379G 5'-flanking -

(promoter)
A-654-651 5'-flanking -

(promoter)
G-286C 5'-flanking -

(promaoter)
T-476C Exon I (5- -

UTR}
A-235A Exon 1 (5'- -

UTR)
A-113G Exon 1 (5'- -

UTR)
A-29G Exon 1 (5'- -

UTR)
G34A Exon 2 VizM N-terminal
T114C Exon 2 No change N-terminal
GISIT Exon 2 G51C N-terminal
C369T Exon 4 No change NBD
C376T Exon 4 Q126stop NBD
C421A Exon 5 QI41K NBED
C458T Exon 5 T153M NBD
C474T Exon 5 No change NBD
C496G Exen 5 QI66E NBD
ASBAG Exon 6 No change NBD
Asi6C Exon 6§ 1206L NBD
T623C Exon 6 F20858 NBD
T742C Exon 7 5248P Linker
G1000T Exon 9 E334stop Linker
G1098A Exon 9 No change Linker
TI1291C Exon 11 F431L TMD
Al425G Exon 12 No change TMD
T1465C Exon 12 F489L T™MD
A1768T Exon 15 N590Y T™D
G1858A Exon 16 D620N ™D
G2237T Exon 16 (3'- -

UTR)
G2393T Exon 16 3'- -

UTR}

Abbreviations: UTR, untranslated region; NBD, nucleotide-binding
domain; TMD, transmembrane domain.

previous study we showed a different outcome [23].
Further studies of BCRP SNPs and their roles in the
expression and/or function of this protein would
provide a fuller picture of its genetic regulation. In
addition, these findings may be essential for our
complete understanding of the pharmacological activi-
ties and pharmacokinetic profiles of BCRP-substrate
anticancer agents.

3. BCRP inhibitors

BCRP inhibitors have two important clinical
implications. First, they may overcome BCRP-

mediated drug resistance in tumor cells. Second, they
may modulate the pharmacokinetics and pharmacody-
namics of BCRP-substrate agents in normal tissues and
consequently increase the toxicity of specific anticancer
agents. Various compounds have been found to reverse
drug resistance through the inhibition of BCRP
function [33-36]. In this chapter, we summarize the
BCRP inhibitors identified by our laboratory and also
by other groups (Table 4), The chemical structures of
some of these inhibitors are shown in Fig. 2,

3.1. Estrogens and their metabolites

We were the first laboratory to identify estrogens as
BCRP inhibitors and show that estrone and 17B-
estradiol can restore drug sensitivity in BCRP-
transduced human myelogenous lenkemia K562
(K562/BCRP) cells [37]. These agents showed only a
marginal growth-inhibitory effect on either K562/
BCRP or parental K562 cells and increased the cellular
accumnulation of topotecan in K562/BCRP cells, but not
in K562 cells. BCRP is highly expressed in the
syncytiotrophoblasts of the placenta that synthesize
and secrete these estrogens [12]. Therefore, we first

Table 4

BCRP inhibitors and substrates

Compound Reference

1. Anticancer agents
SN-38° [g,11]
Topotecan® [8,9]
MXR? [5,6]
Flavopiridol® 53]
Gefitinib {46—49]
Imatinib mesylate [50,51]
CI1033 [52]
Methotrexate polygiutamate® [39,54)

2, Steroid hormones
Estrone, Estradiol, Estriol [37]

3. Sulfated steroids
Estrone sulfate®, Estradio] sulfate® [38—40)
Dehydroepiandrosterore sulfate® [401

4. Synthesized estrogens
Diethylstitbestrol [41]

5. Anti-estrogens
Tameoxifen, Toremifene, TAG-139 [41]

6. Flavonoids
Genistein”, Naringenin, Acacetin, [42]
Kaempferol, Naringenin-7-glucoside

7. Others
Hoechst 33342 [551
Fumitremorgin C [341
GF120918 {33]
Novobiocin [35,36]

* Compounds that are transported by BCRP (BCRP substrates),



K. Yanase et al. / Cancer Letters 234 (2006} 73-30 77

o OH

HO HO ‘ I
Estrone 17f-Estradiol
HO

HO s]

OH OH O g

OH

Diethylstilbestrol Genistein

Imatinibk Mesylate

Fig. 2. Chemical structures of BCRP inhibitors.

hypothesized that these estrogens would be physiologi-
cal substrates of BCRP and be transported by BCRP. To
clarify this, we performed a transcellular transport
assay using BCRP-transduced LLC-PK1 (LLC/BCRP)
cells, in which exogenous BCRP is expressed in the
apical membranes [38]. In this assay, excretion of *H-
labeled estrone and 17f-estradiol was high and
reabsorption was low in BCRP-expressing celis.
However, thin layer chromatography analysis demon-
strated an increased excretion of estrone sulfate and
17B-estradiol sulfate, but not estrone or 17B-estradiol,
in LLC/BCRP cells. Fumitremorgin C completely
inhibited the increased excretion of sulfated estrogens
across the apical membrane. Moreover, the conversion
of estrogens into their sulfate conjugates was similar
betweenr LLC/BCRP and LLC-PK1 cells, suggesting
that the increased excretion of estrone sulfate was
attributable to BCRP-mediated transport. The BCRP-
and ATP-dependent uptake of >H-labeled estrone
sulfate, but neither estrone nor 17B-estradiol, was also
observed in membrane vesicles from KS62/BCRP ceils.
Additionally, SN-38 and fumitremorgin C both sup-
pressed the transport of estrone sulfate in membrane
vesicles from K562/BCRP cells. Qur findings thus

suggest that BCRP does not transport either free estrone
or 17pB-estradiol but exports the corresponding sulfate
conjugates of these estrogens [38—40],

3.2. Estrogen agonists and antagonists

Estrogen agonists, antagonists and their derivatives
have been also evaluated in this laboratory for potential
BCRP-reversing activities [41]. Among the commer-
cially available compounds that we tested, diethyl-
stilbestrol showed the strongest BCRP-reversing
activity and was found to increase the cellular
accumulation of topotecan and reverse resistance to
SN-38 and MXR in K562/BCRP cells, but show either
marginal or no effects in parental K562 cells {41]. In
contrast, neither tamoxifen nor toremifene have much
effect on increasing topotecan uptake in K562/BCRP
cells. In our screening with various tamoxifen
derivatives for BCRP inhibitors, TAG-139 was ident-
ified as a strong candidate [41]. Reversal of SN-38 and
MXR resistance in K562/BCRP cells by TAG-139 was
5-fold stronger than estrone. Interestingly, the dose-
dependent characteristics of drug resistance reversal by
TAG-139 and estrone were very similar, suggesting
that tamoxifen derivatives and estrone interact with the
same binding site of BCRP [41].

3.3. Phytoestrogens/flavonoids

Some flavonoids that show weak estrogenic activi-
ties are called phytoestrogens. We have shown that
these phytoestrogens/flavonoids, such as pgenistein,
naringenin, acacetin and kaempferol, potentiate the
cytotoxicity of SN-3§ and MXR in X562/BCRP cells
[42]. Some glycosylated flavonoids, such as narin-
genin-7-ghicoside, are also effective inhibitors of
BCRP and showed marginal effects on the drug
sensitivity of K562 cells. Genistein and naringenin
did not reverse either P-glycoprotein-mediated vincris-
tine resistance or MRP1-mediated etoposide resistance
but increased the cellular accumulation of topotecan in
KS562/BCRP cells. K562/BCRP cells also accumulated
less *H-labeled genisiein than K562 cells. In addition,
the excretion of *H-labeled genistein was greater in
LLC/BCRP cells than that in parental LLC-PK1 cells.
Fumitremorgin C abolished the increased excretion of
*H-labeled genistein in LLC/BCRP cells and thin layer
chromatography analysis revealed that genistein is
transported in its native form but not in its metabolized
form. These results suggest that genistein is among the
natural substrates of BCRP and competitively inhibits
the BCRP-mediated drug efflux [42].
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3.4. Kinase inhibitors

Gefitinib is an orally active, selective epidermal
growth factor receptor-tyrosine kinase inhibitor that is
currently used in the treatment of patients with
advanced non-small cell lung cancer [43,44]. Recently,
the possible interaction of gefitinib with BCRP has been
evaluated by this laboratory and others [45-49].
Gefitinib was found to reverse SN-38 resistance in
K562/BCRP cells and BCRP-transduced murine lym-
phocytic leukemia P388 cells, but not in the parental
cells [46]. Furthermore, gefitinib increases the intra-
cellular accumulation of topotecan in K562/BCRP cells
and also suppresses the ATP-dependent transport of
estrone sulfate in membrane vesicles from these cells.
Additionally, the combination of gefitinib with irinote-
can was shown to result in the markedly enhanced anti-
tumor activity of irinotecan in multiple tumor models
[46]. These resulis suggest that gefitinib inhibits the
transporter function of BCRP and reverses BCRP-
mediated drug resistance both in vitro and in vivo.
Stewart ct al. have also indicated that oral dosing of
gefitinib significantly increases the oral bicavailability
of irinotecan [47]. Furthermore, BCRP-transduced
human epidermoid carcinoma A431 cells and BCRP-
transduced human non-small cell lung cancer PC-9
cells acquired cellular resistance to gefitinib [46].
Elkind et al. have also reported that the expression of
functional BCRP protects the A431 cells from the
cytotoxic effects of gefitinib [49]. These findings
strongly suggest that BCRP is one of the important
determinants of gefitinib sensitivity.

Imatinib mesylate, an inhibiter of BCR-ABL
tyrosine kinase, has been reported to reverse BCRP-
mediated drug resistance [50,51]. Houghton et al.
reported that imatinib significantly increase the
accumulation of topotecan in the human osteosarcoma
Saos2 cells expressing functional BCRP (50}, How-
ever, the overexpression of BCRP did not confer
resistance to imatinib and the accumulation of C-
labeled imatinib was similar in Saos2 cells expressing
either functional or non-functional BCRP. These results
suggest that imatinib binds to BCRP and inhibits its
function but that it is not a BCRP substrate [50]. In
contrast, Burger et al. have reported that imatinib is in
fact a substrate for BCRP [51] by demonstrating that
the accumulation of imatinib is low in a BCRP-
overexpressing subline, MCF7/MR. They also showed
that Ko-143, a specific inhibitor of BCRP, increased the
accumulation of imatinib in MCF7/MR cells [51].
Another potent tyrosine kinase inhibitor, CI1033, has
also been shown to enhance the uptake and cytotoxicity

of SN-38 and topotecan in BCRP-transfected cells [52].
CI1033 accumulation was diminished in BCRP-

expressing cells, suggesting that it may be transported
by BCRP [52].

4, Conclusions

There is great variation in the response of patients to
cancer chemotherapy, in terms of both treatment
efficacy and host toxicity. BCRP confers resistance to
agents such as irinotecan, topotecan and MXR that are
used in practical chemotherapy for a wide variety of
cancers. BCRP expression in the normal tissues of
cancer patients may also serve to reduce the adverse
effects of these agents, such as hematological toxicity
and digestive disorders. C376T and C421A SNPs
within the BCRP gene were shown 1o be associated
with low protein expression and increased sensitivity to
BCRP-substrate anticancer agents. Hence, individuals
with these SNPs may demonstrate a different bioavail-
ability of irinotecan due to its decreased excretion, and
consequent increased intracellular and plasma levels,
Consequently, C376T and C421A SNPs might also be
implicated in the side effects of irinotecan. Screening
for such functional SNPs in cancer patients prior to
chemotherapy may thus be useful for the prevention of
serious side effects of anticancer agents.

BCRP was also shown to be associated with the
excretion of sulfated estrogens and other sulfated
compounds. Because BCRP is responsible for the
excretion of several anticancer agents, the inhibition of
its function may lead to the increased plasma levels of
orally administered agents. It is possible that BCRP
inhibitors alter the bioavailability of BCRP substrates.
These effects might be manjpulated to the advantage of
clinicians by improving several aspects of chemother-
apy such as reduction of the variability in exposure to
orally administered topotecan and potentiation of the
cytotoxic activity of irinotecan. In addition, uninten-
tional side effects may be caused by modulation of the
bioavailability of chemotherapeutics by BCRP
inhibitors.

These findings indicate that functional SNPs and
inhibitors of BCRP result in similar effects on the
pharmacokinetics of BCRP-substrate agents. In clinical
studies of BCRP-substrate anticancer agents (e.g.
diflomotecan) and BCRP inhibitors (e.g. flavonoids),
patients should therefore be evaluated according to
their BCRP genotypes. Also, treatiment regimens should
be modified according to the SNP status of the patients
to minimize unintentional side effects.
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Abstract

The human multidrug resistance gene 1T (MDR1) encodes
a plasma membrane P-glycoprotein (P-gp) that functions as
an efflux pump for various structurally unrelated anticancer
agents. We have identified two nonsynonymous germ-line
mutations of the MDRT gene, C3583T MDRT and T3587G
MDR1, in peripheral bloed cell samples from Japanese
cancer patients. Two patients carried the C3583T MDRT
allele that encodes H1195Y P-gp, whereas a further two
carried T3587G MDR1T that encodes 111968 P-gp. Murine
NIH3T3 cells were transfected with pCAL-MDR-IRES-
ZEO constructs carrying either wild-type (WT), C3583T.
or T3687G MDR1T cDNA and selected with zeocin. The
resulting zeocin-resistant mixed populations of transfected
cells were designated as 3T3/WT, 3T3/H1195Y, and
3T3/M111968, respectively. The cell surface expression of
{11968 P-gp in 3T3/111968 celis could not be detected
by fluorescence-activated cell sorting, although low
expression of 11965 P-gp was found by Western blotting.
H1195Y P-gp expression levels in 3T3/H1195Y cells were
slightly lower than the corresponding WT P-gp levels in
3T3/WT cells. By immunoblotting analysis, both WT P-gp
and H1195Y P-gp were detectable as a 145-kDa protein,
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whereas 1119685 P-gp was visualized as a 140-kDa protein.
3T3111268 cells did not show any drug resistance unlike
3T3/H1198Y celis. Moreover, a vanadate-trap assay
showed that the 111965 P-gp species lacks ATP-binding
activity. Taken together, we conclude from these data that
T3587G MDR1 expresses a nonfunctional P-gp and this is
therefore the first description of such a germ-line mutation.
We contend that the T3587G MDRT mutation may affect
the pharmacokinetics of MDR T-related anticancer agents in
patients carrying this allele. [Mol Cancer Ther 2006;
5(4):877 -84]

Introduction

P-glycoprotein (P-gp), also known as ABCBI, is a 170- to
180-kDa fransmembrane glycoprotein that functions as an
efflux pump for various structurally unrelated anticancer
drugs, such as the Vinca alkaloids, anthracyclines, and
taxanes {1-4). P-gp is expressed in a variety of normal
human tissues and cells, such as the small and large
intestine, adrenal gland, kidney, liver, placenta, and the
capillary endothelial cells of the brain and testes (5, 6). P-gp
also mediates the excretion of its substrates from the
intestine and therefore inhibits their intestinal absorption
(7). In addition, P-gp mediates the biliary excretion and
renal tubular secretion of its substrates (8, 9). Moreover, the
coadministration of P-gp substrate anticancer agents and
P-gp inhibitors, such as verapamil, increases both the
plasma concentration and the area under the concentration-
time curve of these substrate agents (10, 11). Mice lacking
multidrug resistance gene 1 (MDRI)-type P-gps (mdrla/
mdrib—/— mice) display large changes in the pharmaco-
kinetics of digoxin and other drugs (12, 13}. Hence, the low
expression of P-gp in normal cells/tissues alters the
pharmacokinetics of its substrate anticancer agents.

Recently, single nucleotide polymorphisms (SNP) have
been extensively investigated, as several of them have been
shown to alter mRINA and/or protein expression levels. As
P-gp determines the pharmacokinetics of several anticancer
drugs, MDRI 5SNPs that affect P-gp expression and
function have been of particular interest. A synonymous
SNP in the MDR1 gene, C3435T, which does not cause an
amino acid substitution, was reported to be associated with
low intestinal P-gp expression, low P-gp activity, and
high digoxin absorption in individuals carrying this allele
(14-16). Furthermore, our haplotype analysis has now
further revealed that a MDR1*2 haplotype with a linkage
of C1236T MDR1 (synonymous), G2677T MDRI (A8935
P-gp), and C3435T MDR1 is associated with a reduced
renal excretion of irinotecan in Japanese cancer patients
possibly due to a reduced P-gp function (17). However, the
molecular mechanisms underlying the low renal excretion
of irinotecan in this instance are still unclear.
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We have also reported previously the identification of a
T3587G MDRI germ-line mutation in a Japanese patient,
which confers a serine substitution for 1le'®® in P-gp
(111965 P-gp; ref. 17). We subsequently attempted to eval-
uate the possible functional alterations that may be caused
by this substitution by analyzing the renal clearance of
irinotecan in this individual who was heterozygous for the
T3587G MDR1. There was an indication that the T3587G
MDRI may be associated with high renal clearance of
SN-38, but this observation was too preliminary to draw
any firm conclusions as only one heterozygous patient
was analyzed. This finding, however, prompted us to
functionally characterize the Ser''* substitution using
MDRI c¢DNA-trangfected cells and to further analyze
additional Japanese subjects for the presence of other
MDR1 SNPs. We were subsequently able to identify a
novel germ-line mutation in the MDR1 gene, C3583T
MDR1, which causes a substitution of tyrosine for His!'®
in the P-gp (H1195Y P-gp). In our current study, we have
established T3587G MDR1 and C3583T MDRI cDNA
transfectants and examined both expression levels and
functional properties of 111965 P-gp and H1195Y P-gp. Our
findings show that the T3587G MDR1 cDNA encodes a
nonfunctional P-gp and that the C3583T MDR1 cDNA
encodes a functional P-gp.

Materials and Methods

Sequence Analysis of the MDR? Gene

Peripheral blood nucleated cells were obtained from both
healthy volunteers and cancer patients of Japanese nation-
ality, after obtaining written informed consent, to under-
take genetic analysis from each of these individuals. Exon
27 of the MDR1 gene, which incorporates nucleotides 3,490
to 3,636 from the first ATG codon of the mRINA, was
amplified by PCR from genomic DNA samples using the
forward and reverse primers: 5-CTTTACTTTCAGTTCT-
ACTTTCA-3 and 5-GAGAATACAGCATTTTITAAGGA-Z,
respectively. The resulting PCR products were directly
sequenced using the primer ¥-CAGTTCTACTTTCATAA-
CAACA-T.

MDR1 Vectors

For the transfection of MDRI cDNA, we generated
pCAL-MDR-IRES-ZEO bicistronic constructs, in which
either wild-type (WT) or mutant MDR1 cDNA insert was
cloned upstream of the internal ribosome eniry site (IRES)
of the encephalomyocarditis virus. In the resulting trans-
fectants, a single bicistronic mRINA species is transcribed
under the control of the CAG promoter consisting of
a cytomegalovirus immediate-early enhancer, a chicken
B-actin transcription start site, and a rabbit B-globin intron
(18). The upstreamn MDRI cDNA is translated in a cap-
dependent manner, and the downsiream zeocin resistance
gene (ZEQ) is translated under the control of the IRES.

For the retrovirus-mediated transfer of MDRI ¢DNAs,
we constructed pHa-MDR-IRES-DHFR bicistronic retrovi-
ra] vector plasmids, in which either WT or mutant MDR1
cDNA insert was cloned upsiream of the IRES.

Establishment of Mutant MDRTTransfectants

Murine fibroblast NIH3T3 cells were cultured in DMEM
supplemented with 7% fetal bovine serum at 37°C in a
humidified 5% CO, environment. For the establishrent of
WT or mutant MDRI transfectants, NIH3T3 cells were
transfected with pCAL-MDR-IRES-ZEQ containing either
WT MDRI1, C3583T MDRI1, or T3587G MDR1 ¢DNA. The
cells were selected with 50 ug/mL zeocin and the resulting
zeocin-resistant colonies were mixed. The zeocin-resistant
mixed populations of the transfected cells were designated
as 3T3/WT, 3T3/H1195Y, and 3T3/I11965, respectively.
Because 3T3/111965 cells expressed only a small amount of
P-gp, we isolated 30 T3587G MDR1 c¢DNA transfectant
clones by limiting dilution and tested for P-gp expression.
A clone with the highest 111965 P-gp expression, designat-
ed as 3T3/11196S clone 23, was used in the evaluation of
ATP-binding activity of mutant P-gps.

The anticancer agent resistance levels in parental NIH3T3
cells and in the various MDR1 transfectanis were evaluated
by cell growth inhibition assays after incubation of the cells
for b days at 37°C in the absence or presence of various
concentrations of vincristine or doxorubicin. Cell mumbers
were determined with a cell counter (Sysmex, Kobe, Japan).

Retrovirus-Mediated Mutant MDRT GeneTransfer

For retrovirus-mediated transfer of MDRI cDNAs,
PA317 amphotropic retrovirus packaging cells were trans-
fected with the pHa-MDR-IRES-DHFR plasmid containing
either WT MDRI, C3583T MDRI, or T3587G MDR1 cDNA
insert using a calcium phosphate coprecipitation method.
The transfectants were then selected by exposure to 120
ng/mL methotrexate and Ha-MDR-IRES-DHFR retrovirus-
containing supematants were harvested. NIF3T3 cells
were then transduced with each of the Ha-MDR-IRES-
DHFR retrovirus preparations following centrifugation at
2,800 rpm for 2 hours in the presence of polybrene (6 ng/
mL) and cultured further in medium without retrovirus.

Fluorescence-Activated Cell Sorting Analysis of P-gp
Expression

The expression levels of human P-gp on the cell surfaces of
various MDR] transfectants were examined by fluorescence-
activated cell sorting (FACS) analysis using a human-
specific monocional antibody MRK16, which reacts with a
cell surface epitope of P-gp. The cells were incubated
with or without a biotinylated F(ab'), fragment of MRK16
(100 pg/mL) followed by washing and incubation with
R-phycoerythrin-conjugated streptavidin (400 pg/ml; BD
Biosciences, Franklin Lakes, NJ; ref. 19}. Fluorescence staining
levels were measured using FACSCalibur (BD Biosciences).

Western Blotting

Cell lysates of the MDR1 transfectants were separated by
SDS-PAGE and then electrotransferred onto a nitrocellulose
membrane. The membrane was incubated with 1 pg/mL
anti-P-gp monoclonal antibody C219 {Cencor, Malvern, PA;
ref. 20) followed by washing and treatment with peroxi-
dase-conjugated sheep anti-mouse secondary antibody
(Amersham, Buckinghamshire, United Kingdom). The
membrane-bound antibody was visualized with Enhanced
Chemiluminescence Plus Detection kit (Amersham).
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Genomic PCR and Reverse Transcription-PCR

Genomic DNA was extracted from each of the trans-
fectants with a DNeasy Tissue kit (Qiagen, Valencia, CA}
according to the manufacturer’s instructions. MDRI cDNA
(3.561 bp} was then amplified by PCR using the forward
and reverse primers, 5-CACGTGGTTGGAAGCTAACC-3
and 5-GAAGGCCAGAGCATAAGATGC-Y, respectively.
As an internal control, the glycernldehyde-3-phosphate dehy-
drogenase (GAPDH) gene (551-bp fragment) was amplified
with the forward and reverse primers, 5-ATCACCATC-
TTCCAGGAGCGA-3 and 5-GCTTCACCACCTTCTT-
GATGT-3, respectively. The PCR conditions for MDR1
amplification were as follows: 95°C for 5 minutes followed
by 35 cycles of 95°C for 1 minute, 55°C for 1 minute,
and 72°C for 3 minutes and a final extension at 72°C for
7 minutes. The GAPDH control amplification conditions
were as follows: 95°C for 5 minutes followed by 20 cycles
of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for
1 minute and a final extension at 72°C for 7 minutes.

The isolation of total RNA and subsequent reverse
transcription-PCR was done using a RNeasy kit (Qiagen)
and a RNA LA PCR kit (Takara, Ohtsu, Japan), each
according to the manufacturer’s instructions. First-strand
MDR1 cDNA was synthesized from 0.3 pg total RNA and a
702-bp MDR1 cDNA fragment was amplified by PCR with
the forward and reverse primers, 5“GATATCAATGATA-
CAGGGTT-3 and 5-TGTCCAATAGAATATTCCCC-3, re-
spectively. The PCR conditions were as follows: 95°C for 5
minutes followed by 18 to 24 cycles of 95°C for 30 seconds,
55°C for 30 seconds, and 72°C for 1 minute and a final
extension at 72°C for 7 minutes. As an internal control, the
amplification of GAPDH c¢DNA (551-bp fragment) was
carried out as described above.

Vanadate-Induced Nucleotide Trapping in P-gp with
8-Azido-[c-32P)ATP

The ATP-binding activity of P-gp was examined by
vanadate-induced nucleotide trapping analysis as described
previously {21). Briefly, membrane fractions (5-20 pg) were
prepared from MDRI transfectants and incubated with
10 pL buffer containing 10 pmol/L 8-azido-[e-"?P]JATP, 200

pumol/L orthovanadate, 3 mmol/L MgClz, 2 mmol/L .

ouabain, 0.1 mumol/L EGTA, and 40 mmol/L Tris-HCI (pH
7.5) in the absence or presence of 50 pmol /L verapamil for 10
minutes at 37°C. The reactions were stopped by the addition
of 500 pL ice-cold TE buffer [40 mmol /L Tris-HCI (pH 7.5),
0.1 mmol/L EGTA]. The supernatants containing unbound
ATP were removed from the membrane pellet after
centrifugation (15,000 x g, 5 minutes, 4°C}, and this
procedure was repeated once more. The pellets were then
resuspended in 8 pL TE buffer and irradiated for 5 minutes
(at 254 nm, 8.2 mW/cm?) on ice. The samples were then
electrophoresed on a 7% SDS-polyacrylamide gel, electro-
transferred to polyvinylidene difluoride membranes, and
analyzed by autoradiography using a radicimaging analyz-
er (BAS2500, Fuji Photo Film Co., Tokyo, Japan). The poly-
vinylidene difluoride membranes were further analyzed
by Western blotting with the anti-P-gp antibody C219. The
P-gp expression levels were quantified using Scion Image
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software (Scion, Frederick, MD). The quantities of trapped
8-azido-Ja-**P]ATP in the WT and mutant P-gps, expressed
as RI intensities in BAS2500, were normalized to the P-gp
expression levels, and the relative photoaffinity labeling of
each was then plotted. Two independent experiments were
done, and the average of these analyses is shown.

Results

Frequency of the C3583T MDR1and T35687G MDR1

We identified previously a germ-line mutation of the
MDR1 gene, T3587G (17), in a Japanese cancer patient who
was heterozygous for this allele and have now identified
another germ-line mutation of the MDRI gene, C3583T, ina
normal Japanese population. The C3583T MDRI and
T3587G MDRI alleles encode H1195Y P-gp and I11965
P-gp, respectively, and both of the His''®® and Ile''* resi-
dues are located in the Walker B region of the second ATP-
binding site of P-gp (Fig. 1A). To examine the frequencies of
occurrence for these mutations, we analyzed the genomic
sequences of exon 27 of the MDRI gene, which incorporates
the nucleotide region 3,490 to 3,636 of the mRNA. Of the
605 samples that we examined, two individuals were found
to be heterozygous for the C3583T allele and an additional
two subjects were found to be T3587G heterozygotes.
Because of their low frequencies (<1%), C3583T MDRI and
T3587G MDR1 germ-line mutations would therefore be
called naturally occurring base changes and not SINPs. We
have not thus far identified any individuals who are
hemozygous for either of these mutations, nor have we
observed individuals who are heterozygous for a combina-
tion of the C3583T and T3587G alleles.
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Figure 1. Map of specific mutations in P-gp. A, structure of P-gp.

Arrows, location of the H1795Y and 111968 substitutions. B, alignment
of various ATP-binding cassette transporter sequences close ta the Walker
B region of the second ATP-binding site. The His'*®*® and lle'"?® residues
affected by the C3583T and T3587G mutations, together with the
corresponding amino acids of other transporters, are boxed.
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P-gp Expression Levels in the MDR1Transfectants

To investigate the molecular functions of the H1195Y
mutant P-gp and 111965 mutant P-gp, we generated 3T3/
WT, 3T3/H1195Y, and 3T3/111965 cells, which were stably
transfected with WT MDR1, C3583T MDRI, and T3587G
MDRI1 cDNA, respectively. The P-gp expression levels on
the cell surfaces of these transfectants were subsequently
examined by FACS analysis using the MRK16 antibody,
which recognizes a cell surface epitope of human P-gp.
Both 3T3/WT and 3T3/H1195Y cells express P-gp on their
cell surface, although these expression levels in 3T3/
H1195Y cells {(mean channel, 510) were slightly lower than
in 3T3/WT cells (mean channel, 980; Fig. 2A). Surprisingly,
the 3T3/111965 cells did not express P-gp on their cell
surface (Fig. 2A). We then examined the P-gp expression
levels in the NIH3T3 cells and MDRI transfectants by
Western blotting. In parental NIH3T3 cells, endogenous
P-gp is expressed at very low levels (Fig. 2B). Moreover,
both WT P-gp and H1195Y P-gp were detectable as a 145-
kDa protein, whereas 111965 P-gp was observed as a 140-
kDa protein (Fig. 2B). In addition, the expression levels of
111965 P-gp in 3T3/11196S cells were at significantly lower
levels than the other P-gp species.

As the expression levels of 111965 P-gp were very low in
3T3/111965 cells, we examined the copy number of exo-
genous MDR1 c¢IDNA and the expression level of MDRI
mRNA in these transfectants. A 3,561-bp human MDRI
cDNA fragment, which is close to the full-length open
reading frame, was amplified from genomic DNA isolates
of the various MDRI ¢DNA transfectants. Each of the
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Figure 2.

transfectants was found to have similar copy numbers of
MDRI ¢DNA (Fig. 2C). We next did semiquantitative
reverse transcription-PCR of MDRI mRNA in the trans-
fectants. As shown in Fig. 2D, each of the MDRI trans-
fectants also express similar levels of MDRI transcripts.

We then did retrovirus-mediated transfer of MDRI
c¢DNAs to confirm the differences that we had observed in
the expression levels of mutant P-gps. Amphotropic
retrovirus was prepared from PA317 cells transfected with
the pHa-MDR-IRES-DHFR vectors carrying either WT or
mutant MDRI cDNA insert. NIH3T3 cells were then
transduced with these MDRI retroviral preparations and
the cells were cultured for 2 days and analyzed by FACS. As
shown in Fig. 3, P-gp expression was observed in NIH3T3
cells transduced with both WT and H1195Y MDR1 retro-
viruses but not in cells transduced with 111965 MDR1
retrovirus. Transduction efficiencies were 70% and 60%
for WT and H1195Y MDRI retroviruses, respectively. P-gp
expression in cells transduced with H1195Y MDRI retrovi-
rus was again found to be at a slightly lower levels than in
cells transduced with WT MDR1 retrovirus (Fig. 3B and C).

Drug Resistance in MDR71 Transfectants

‘We next examined the drug resistance levels in our
MDR1 transfectants. 3T3/WT cells showed a 22-fold higher
resistance to vincristine and 7-fold higher resistance to
doxorubicin than parental NIH3T3 cells (Fig. 4). 3T3/
H1195Y cells also showed higher levels of resistance to
these drugs compared with the parental cells, but these
were at slightly lower levels than 3T3/WT cells (Fig. 4).
These findings correlated with the expression levels of P-gp
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P-gp expression, MDRT cDNA integration, and MDR7 mRNA expression in NIH3T3 transfectants. A, detection of cell surface expression of

P-gp by FACS analysis. Parental NIH3T3 cells and the corresponding MDA 1 transfectants were harvested and then incubated with or without a biotinylated
Flabl; fragment of MRK16 followed by treatment with R-phycoerythrin-conjugated streptavidin. After washing, the fluorescence intensities were
calculated using FACSCatibur. Bold and dotted lines, cells incubated with or without MRK16, respectively, B, Western blot analysis of P-gp in the MDR?
transfectants. Protein extracts {20 pg) were subjected to Western immunoblotting analysis using the anti-P-gp monoclonal antibody C219 {1 pg/mL). Left
and right, short (5 min) and fong (15 min) expasures, respectively. C, genomic PCR analysis of exogenous MOR 7 cDNA in the MDRT transfectants. MDR1
cDNA {3,581 bpl and GAFPDH (551 bp) were amplified from genoemic ONA preparations by PCR. GAPDH amplificaticn was used as an internai control. D,
reverse transcription-PCR analysis of MOR1 transcripts in the NEIH3T3 transfectants. MDRT {702 bp} and GAPDH (551 bp) transcripts were amplified by
reverse transcription-PCR fram 0.3 pg total RNA over the indicated number of cycles. GAPDH was agair used as an internal control.
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Figure 3. Celi surface expression of P-gp in retrovirally transduced cells.
Cells were transduced with WT or mutant MDR 7 retroviruses, harvested,
and incubated with or without a biotinylated Flab}, fragment of MRK16
followed by treatment with R-phycoerythrin-conjugated streptavidin. After
washing, the fluorescence intensities were calculated using FACSCalibur.
Boid and dofted lines, cells incubated with or without MBK16,
respectively. A, parental NIH3T3 cells. B, NIH3T3 cells transduced with
WT MDRT retrovirus. €, NIH3T3 cells transduced with H1195Y MDR7T
retrovirus. D, NIH3T3 celis transduced with 111965 MDA? retrovirus.

in these cells and it is also significant that 3T3/111965 cells
showed no increased resistance to these chemotherapeutic
agents when compared with the parental cells (Fig. 4),
although 111965 P-gp was found to be expressed at low
levels in 3T3/111965 cells.

Loss of ATP-Binding Ability in 11265 P-gp

Because H1195Y P-gp and 111965 P-gp have amino acid
substitutions in the second ATP-binding site of P-gp, we
examined the ATP-binding activities of these variants. 313/
111965 clones were isolated and screened for higher P-gp
expression, and clone 23 was found to contain the highest
expression levels of 111965 P-gp. 3T3/111965 clone 23 was
thus used in these analyses (Fig. SA). Because 3T3/I11965
clone 23 expressed ~25% of the WT P-gp levels, and
3T3/H1195Y cells expressed ~30% of the WT levels, we
normalized these amounts in the relevant experiments
{Fig. 5B and C). It was significant that the I11965 P-gp spe-
cies showed no ATP-binding activity in either the absence
or presence of 50 pmol/L. verapamil (Fig. 5B and D}. How-
ever, verapamil stimulated the nucleotide trapping of both
WT P-gp and H1195Y P-gp, both of which showed similar
levels of ATP-binding activity (Fig. 5C and D). These
results suggest that [11965 P-gp lacks ATP-binding activity
and therefore cannot function as an efflux pump.

Discussion

P-gp encoded by the MDRI gene is an important factor in
the determination of the pharrmacokinetics of its substrates,
which include several anticancer drugs, as the coadminis-
tration of these agents and known P-gp inhibitors increases
both the plasma concentration and the area under the
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concentration-time curve of these substrates (10, 11).
(C3435T MDR1 was reported previously as a synonymous
SNP that is associated with low intestinal P-gp expression,
low P-gp activity, and high digoxin absarption (14). The
association of a low level of P-gp activity was also observed
with the MDRI*2 haplotype containing C1236T MDRI,
G2677T MDRI1, and C3435T MDRI SNPs (17), but the
details of the underlying mechanisms are still unknown. A
MDRI SNP that causes a deficiency in P-gp function has
not been reported previously.

In our previous and present studies, we have identified
two nonsynonymous germ-line mutations, C3583T MDR1
and T3587G MDR1. The C3583T MDRI substitutes a tyro-
sine for the His''® residue of P-gp, whereas the T3587G
MDR1 results in a serine substitution for Ile!’. Importantly,
both of these residues are located in the Walker B region of
the second ATP-binding site of P-gp (Fig. 1A). The Ile'**
residue in the P-gp is highly conserved among the members
of ATP-binding cassette iransporter superfamilies, but
His"'% is not conserved among these proteins (refs. 22, 23;
Fig. 1B). To examine the possible functional implications of
these mutations, we established mutant MDRI cDNA
transfectants and analyzed the biologicai consequences of
the amino acid changes caused by these mutations.

Genetic variations have been known to affect mRNA
expression and stability and also disrupt protein expression
levels, turnover, and function. Because our study was
designed to examine the possible effects of mutations in the
coding region of the MDRI gene on protein expression
levels, turnover, or function, we needed to establish WT or
mutant MDR1 transfectants that expressed similar amounts
of MDRI mRNA. When standard two-promoter expression
plasmid vectors are used for cDNA transfer, a high degree
of variation in the expression of the transgene among
transfectant clones may occur due to their different
integration sites in the host genome and the possible effects
of neighboring enhancers and/or silencers. We therefore
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Figure 5. ATP-binding activities in the mutant MDR1T transfectants. A,
P-gp expression levels in the transfectants. Protein {20 pg) was loaded in
each lane and subjected to Western blotting analysis using the anti-P-gp
monsoclonal antibody C219. B, ATP-binding activity of 111965 P-gp.
Plasma membrane protein extracts of NIH3T3 {20 pg), 3T3/WT (5 pgl, and
37T3/11196S clone 23 (20 pg) cells were incubated with 10 pmol/L 8-azido-
[e-*2PJATP and 200 pmol/L vanadate in the absence {~} or presence { +) of
50 umol/t verapamil for 10 min at 37°C. The proteins were then
photoaffinity labeled by UV irradiation after the removal of unbound
ligands and analyzed as described in Materials and Methods. Top,
autoradiography using a radioimaging analyzer; bottom, Western blotting
analysis of the same blot with the anti-P-gp antibody C218. Arrows, P-
gps. C, ATP-binding activity of H1195Y F-gp. Flasma membrane protein
extracts of NIH3T3 (20 pg), 3T3/WT (10 pgl, and 3TI/HT195Y {20 pg)
cells were analyzed as in B, Top, autoradiography using a radicimaging
analyzer; bottom, Western blotting analysis of the same blot with the anti-
P-gp antibody C219. Arrows, P-gps. D, relative ATP-binding activity of
mutant P-gps. The trapped B-azido-[a-32PJATP in the WT and mutant P-
gps were quantified using BAS2500 imaging and normalized to the protein
expression levels, and the relative photoaffinity labeling of each was then
plotted. Two independent experiments were done, and the average of
these analyses is shown.

used our previously reported flexible bicistronic vector
system that uses an IRES to coexpress dominant drug-
selectable markers, such as diydrofolate reductase (DHFR)
or ZEO, with the mutant MDRI gene (24, 25).

We reported previously the construction of bicistronic
vectors in which the MDRI gene is coexpressed with herpes
simplex virus-thymidine kinase (26—28), o-galactosidase A
(28, 29), O%-methylguanine DNA methyltransferase (30, 31),
p47 of NADPH oxidase {32), and gp91 of NADPH oxidase
(19, 33). We have further shown in this system that the
drug treatments facilitated the enrichment or elimination of
cells expressing the other nonselectable genes.

We next used this system to express mutant ATP-binding
cassetie transporters. We generated bicistronic pHa-BCRP-
IRES-DHFR constructs to analyze the effects of BCRP
coding SNPs on protein expression (34, 35). In the previous
study, cells were transfected with pHa-BCRP-IRES-DHFR
vectors confaining either WT, G34A, C421A, or 944-949-
deleted BCRP cDNA and then selected with methotrexate.
In the resulting transfectants, a single mRNA is transcribed
under control of a retrovirus long terminal repeat promot-
er, and two gene products are translated independently
from a bicistronic mRNA. The upstream BCRP <¢DNA is
translated cap-dependently, and the downstream DHFR
cDNA is tranglated under a control of the IRES. Because
only one mRNA species is transcribed, the cells expressing
DHEFR theoretically always coexpress the BCRP cDNA. We
therefore combined all of the methoirexate-resistant colo-
nies (>100) and used these mixed populations of metho-
trexate-resistant cells for further analysis. In this case, the
expression of BCRP mRNA will reflect the mean levels
for the transfectant clones and the mRNA levels within
the mixed population will not be greatly affected by the
expression levels of an individual clone. Indeed, we sub-
sequently showed that four BCRP transfectants (mixed
populations established after methotrexate selection) ex-
pressed similar levels of exogenous BCRP mRNA (34, 35).
Additional FACS analysis then showed that almost all of
the methotrexate-selected cells expressed BCRP on their
cell surfaces. We then showed that BCRP expression from
C421A BCRP cDNA is markedly lower than the WT.

In our present study, we constructed similar pCAL-
MDR-IRES-ZEQ bicistronic vectors that carry either WT or
mutant MDRI c¢DNA insert. The transfectants were then
selected with zeocin, and each of the resistant colonies (>100)
were combined and used for further studies. As shown in
Fig. 2A, most of the 3T3/WT and 3T3/H1195Y cells ex-
pressed cell surface P-gp. We also showed that the trans-
fectants possess similar plasmid copy numbers {Fig. 2C)
and similar levels of MDRI mRNA (Fig. 2D). To confirm
our finding of a lower expression level of H1195Y P-gp, we
did retrovirus-mediated gene transfer. Cells transduced
with H1195Y MDRI retrovirus showed slightly lower P-gp
expression levels than those transduced with WT MDRZ
retrovirus (Fig. 3). We therefore speculate that the difference
in P-gp expression between 3T3/WT and 3T3/H1195Y
cells is genuine and can be attributed to post-transcriptional
events, such as protein maturation and/or stability.
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Dubin-Johnson syndrome is an inherited disorder charac-
terized by chronic conjugated hyperbilirubinemia due to
the absence or dysfunction of the multidrug resistance-
associated protein 2 (MRP2Z). Some Dubin-Johnson syn-
drome patients express mutant MRP2 proteins with amino
acid substitutions or deletions (36—38). R768W MRP2, which
has an amine acid substitution in signature C of the first
ATP-binding site of the protein, is associated with relatively
high serum bilirubin concentrations in affected patients (38)
and this mutant protein is not properly glycosylated (36).
Q1382R MRP2, a mutation that is located between the
Walker A and the signature C regions of the second ATP-
binding site, results in a Jack of ATP hydrolysis activity (36).
Moreover, the MRP2 mutant, which has a deletion in both its
Arg'™? and Met™® residues located between the Walker A
and the signature C regions of the second ATP-binding site,
is also a nonfunctional protein that shows impaired
maturation and is sequestered in the endoplasmic reticulum
(37). Hence, some MRP2 mutants that have mutations/
deletions in the ATP-binding sites and lack ATP-hydrolyz-
ing activity are underglycosylated, have not matured, and
are unstable. We show in our current experiments that the
[1196S P-gp also lacks ATP-binding activity and that its
expression levels in 3T3/111965 cells are markedly lower
than in 3T3/WT cells. In addition, whereas the WT P-gp
migrates as a 145-kDa protein, the 111965 P-gp migrates as a
140-kDa protein (Fig. 2B). The SDS-PAGE profile of 111965
P-gp is also very similar to the glycosylation-deficient P-gp
that has the three amino acid substitutions, N91Q, N24Q,
and N99Q (39). Taken together, these data suggest the
possibility that 111965 P-gp does not undergo proper
maturation, which results in low protein expression levels.
Analyses of the biosynthesis and glycosylation status of
111965 P-gp are ongoing in our laboratory.

The conserved Asp'?™ in the Walker B region of P-gp is
required for the binding and hydrolysis of ATP (40, 41).
Our Jaresent study also shows that substitution of serine for
Ile!® results in the loss of ATP-binding activity but that
the substitution of tyrosine for His'’*® does not affect P-gp
function. It is not yet fully understood why mutant ATP-
binding cassette transporters that lack ATP-binding activity
are unstable, but defects in proper protein folding,
particularly in ATP-binding sites, seem to be associated
with protein degradation.

In our current study, we have also identified the T3587G
and C3583T germvline mutations in the MDRI gene in
two individuals (0.3%) from a Japanese population of 605
individuals. In each case, however, these subjecis were
heterozygous for either the T3587G or C3583T allele. We
contend, therefore, that there are two principal questions that
arise from these findings: (s} the clinical significance of a
homozygous T3587G MDRI genotype and (b) the clinical
significance of a heterozygous T3587G MDRI1 genotype.
Because the studies of MDR1 double-knockout mice (mdrla/
mdr1b— /- mice) have shown that a MDR1I deficiency causes
large alterations in the pharmacckinetics of digexin, vinblas-
tine, and other drugs (12, 13), patients without P-gp function
would also expected to show abnormal pharmacokinetics of
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P-gp substrate anticancer agents, Significantly, this may lead
to potentially life-threatening side effects during cancer
chemotherapy. Our present experiments have suggested the
possible existence of a nonfunctional P-gp phenotype, but the
extremely low allelic frequency of the T3587G MDRI
mutation in our Japanese cohort makes it difficult to assess
the relevance of a homozygous T3587G MDRI genotypein a
clinical study. Hence, the existence of a subpopulation that
has a high frequency of T3587G MDRI alleles would be
necessary to detect homozygotes. It is likely that, in the
absence of this, the prior genotype screening of homozygous
T3587G MDRI patients undergoing cancer chemotherapy
with P-gp substirate anticancer agents would be fruitless.

Another possible clinical study that could be under-
taken would focus on T3587G MDRI heterozygous patients,
We have identified heterozygous T3587G carriers in our
Japanese population at a ratic of 1:300. In this regard, it is
noteworthy that, in a previous report from our laboratory, a
heterozygous T3587G MDR1 patient treated with irinotecan
showed the highest renal clearance of SN-38 among the
group of irinotecan-treated patients in the study, although
the renal clearances of irinotecan and SN-38 glucuronide
in this individual were in the intermediate levels (17). How-
ever, it is not possible at this early stage to speculate on
the effects of a heterozygous T3587G MDR1 mutation from
the results of only a single patient. To further clarify the
consequences of a heterozygous T3587G allele, it will be
necessary to further screen patients with T3587G MDR1
mutation and examine whether they exhibit any aberrant
kinetics or unusual toxicities as a result of treatments with
MDR1-related anticancer agents. Such studies are currently
ongoing in our laboratory and we wish to assess in the future
whether the T3587G MDRI mutation would indeed be a
candidate to be included in a putative SNP genotyping kit
that would facilitate the screening of patients undergoing
cancer therapy with P-gp substrates.

In a separate previous study from our laboratory, we
identified the C376T BCRPE SNP that encodes a (Q126stop
truncated BCRP (34, 35). The calculated frequency of
homozygous C376T BCRP carriers was found to be 1.4 in
10,000, and we have not identified a homozygous carrier at
this stage. Additionally, we have also reported that the
C421A polymorphism in the BCRF gene, which substitutes
lysine for the GIn'* residue of BCRP, is frequently observed
in Japanese populations. Significantly, the GIn'* residue of
BCRP lies between the Walker A and the signature C regions
of its ATP-binding site. Moreover, Q141K BCRP-expressing
cells show low levels of BCRP expression compared with
WT BCRP-expressing cells (34, 35). This SNP may thus be
important in the pharmacokinetics of irinotecan-related
anticancer agents because cancer patients with the C421A
allele show higher area under the concentration-time curve
values after treatment with diflomotecan, an oral analogue
of irinotecan, than patients harboring the WT allele (42).
Hence, screening for SNPs that affect the expression of ATP-
binding cassette and other transporters as well as drug-
metabolizing enzymes are potentially very important for
devising the appropriate treatments for cancer patients.
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