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Figure 3. Schematic representation of hOCT1 and SNFs.. .

Non-synonymous nudectide substitutions are indicated by arows. SNPs identified in the Japanese healthy subjects are undedined.
hOCT: Human organic cation fransporter; SNP: Single nucleotide polymorphism.
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OCTN1 will be published elsewhere (Sai ez al,
manuscripts in prepatation).

Organic cation transporters subfamily

Organic cation transporters (OCTs) mediate
electrogenic transport of small organic cations
with different molecular strucrures, independ-
ently of sodium gradient i5. These organic cat-
ons include  clinically used  drugs
(e.g., metformin) and endogenous compounds
{e.g., dopamin), as well as other cationic sub-
stances such as TEA and N'-methylnicotina-
mide, and 1-methyl-4-phenylpyridinium
{MPP+). Human organic catdon transporter 1
(hOCT1 [SLC22A11) is 2 member of the organic
ion transporter family isolated from human liver
(35.38. While rat ortholog rOCT1 shows rela-
tively broad tissue distribution {(e.g., kidney,
small intestine and liver), hOCTT is expressed
predominantly in the liver (35.37), where it plays a
fundamenta! role in the cellular uprake and elim-
ination of various carionic substrates including
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therapeutically important agents. A dramaric dif-
ference was reported between the OczI-knockout
mice and the wild-type mice with respect to the
hepatic distribution of an anticancer drug, meta-
iodobenzylguanidine (MIBG), and an ani-
diabesic drug, metformin 38,391

Polymorphisms in hOCT1

To date, several genetic variants of hOCT1 have
been studied. The experimental data on
hOCT]1 polymorphisms were first presented by
Kerb ez al. (401, They have identified eighe differ-
ent - non-synonymous substitutions (R61C,
C88R, Fi160L, G401S, MA408V, G414A,
M420del, G465R) in 57 Caucasians. As shown
in Figure 3, these mutants are located in a large
extracellular loop (RG61C, C88R); the second
teansmembrane domain {TMD; F160L); the
highly conserved short intracellular loop
between TMDS8 and -9 (G4015) 15,35); TMD9
(M408V, G414V, M420del); or the fifth inera-
eellular loop (G4G5R).

Phatmacogenomics (2004) S(1)
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Table 4. Non-synonymous polymorphisms in the hOCT1 gen

SPECIAL REPORT

JSNPID Sequence Protein residue Scoring systems
Grantham - BLOSUMG2
ssj0008476 cggge ttett ¢/G F160L 22 0
titgg ciclc
s5j0005319 agatg tgtgc T P283L 93 3
ggagt coect
550005320 ggagtccet /G R287G 125 -2
ggtgg dgtt
ssj0008480 . tteeg cacge T P341L 98 -2
gegec tgagg

hOCT: Human arganic cation transporter; JSNP: Japanese Single Nudeotide Polymorphisms datahase,

Shu eral. more recentdy reported a total of
15 protein-altering variants of hOCT1 from
247 ethnically diverse DNA samples (S14E
R61C, L85E F160L, S189L, G220V, P341L,
R342H, G401S, M408V, M420del, M4401,
V4611, G465R, and R488M) (1. These
murants are located in the intracellular N-termi-
nal (S14F) large exrracellular loop (L85F);
TMD3 (S189L); TMD4 (G220V); the long
intracelfular loop between TMDG and -7
(P341L, R342H); TMD10 (M440]); the fifth
intracellular loop {V4611); or the sixth extra-
cellular loop (R488M).

Furthermore, SNDs of the #OCTT gene were
ideniified in the PSC project [42.203). Sakara ez of,
143] recently reported four SNPs of human OCT1
in Japanese populations: F160L (Japanese SNP
dawbase [JSNP] ID: j0008476), P283L
(s5j0005319), R287G (s5j0005320), and P341L
{s5j0008480) (Table 4). While F160L and P341L
have been reported in previous studies fio,41), the
SNPs of P283L and R287G had hitherto only
been found in Japanesc healthy subjects. P283 and
R287 are locared at the 5™-end of the long intra-
cellular loop following the TMDG6 (Figure 3). F160
and P341 are characteristic for OCTs; F160 is
conserved in both OCT1 and OCT?2, whereas
P341 is conserved among OCT1, OCT2, and
OCTS3. Interestingly, however, both P283 and
R287 are conserved not only in OCTs (OCTI,
OCT2, and OCT3 bwr also in OCTNs
(OCTN1 and OCTIN2). These two amino add
residues (P283 and R287) are locared in the well-
conserved motif (P-E-S-P-R-X-1) of the major
facilitaror superfamily (MFS), as indicared by
Burckharde and Wolff in their review (4. In par-
deular, R287 is conserved not only in the OCT
Family, bux also in the OAT family. These findings
scrongly suggest that these two amino acid residues
are critically involved in the transportactivi.,
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Functional analysis of hOCT1 variants in
Xenopus oocytes
Ketb ez all characterized the above-mentioned
five different varianes (RG1C, C88R, F160L,
G401, and M420del) of hOCT1 by expressing
the corresponding cDNA in Xenopus oocyres (401,
Among them, the uptadke of PHIMPP* by
R61C, CB8R, and G401S were remarkably
reduced to 30, 1.4 and 0.9% of the wild-type's
level, respectively. '
Shu et al., on the other hand, reported that the
PHIMPP* uptake activities of R61C, P341L,
G220V, G401S, and G465R. were much lower

 than thar of the wild gype (41). In particular, chree

variants (G220V, G401S, and G465R) lacked the
tmansport actvity. Thus, it is suggested that the
glycine residues ar shose positions (220, 401, and
465) in hOCT1 are aritically important for the
transport function. In contrast, S14F exhibiced
increased [*HIMPP* vptake. The phenylalanine
residue at position 14 is conserved among OCT1
orthologs from different mammalian species
{except for human), including rar, rabbit, mouse,
and chimpanzee. Actually, hOCT]1 has a lower
transport activity than rat, rabbit, and mouse
orthologs {45). On the other hand, phenylalanine
is conserved at the comesponding position in
hOCT2 and hOCT3.

As mentioned above, four NON-SyNOnymous
SNPs (F160L, P283L, R287G, and P3411) were
found in Japanese healthy subjects. Figure 4 and
Table 5 summarize the uptake of both [¥CJTEA
and PHIMPP* by Xenopus oocytes expressing
those variants. Itis important to note thar P283L
and R287G almost lacked transport acuvicy 41).

Expression and functional analysis of hOCT1
variants in HEK293 cells

To compare with the dara obtained with the
Xenopus oocyte system, the variams P283L,
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‘Figuite 4, Functional characterization of hOCT1 Variants.’
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A. The uptake of ['*CITEA (10 uM) at 60 min in non-injected, and wild-type and mutant hOCT1 cRNA-injected oocytes was measured on
day 2 after injection. B. The uptake of BHJMPP* (10 pM) at 60 min in non-injected, and wild-type and mutant hOCT1 ¢CRNA-injected
oocytes was measured on day 2 after injection. The data represent rmean + standard deviation for 7-9 oocytes.
*P < 0.05, 'p < 0.001 relative to wild-type hCCT using Student’s t-test. -
hQCT: Human organic cation transporter; MPP+: 1-Methyl-4-phenylpyridiniurm; TEA: Tetraethylammonium; WT. Wild type.
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1.27x0.09

Variant

Table 5, Uptake of TEA and MPP* by hOCT Variants. -
[MCITEA uptake
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[BHIMPP+ uptake

(pmol/h/oocyte) (pmol/h/oocyte)
Contral 0.1210.10 1.19+£0.29
Wild gype 0.68+0.20 2.85:1.34
F160L 0.9710.17 3.39+1.09
P283L 0.28+0.19* 1£0.31*
R287G 0.26x0.11* 0.93:0.22*
P341L 0.44+0.19* 2.73+0.41

The ubnake of [CITEA (10 uM) at 60 miin in non-injected, and wild-type and mutant hQCTT eRNA-infected oocytes
was measured on day 2 after injection. The data represent mean + standard deviation for 7-9 oogytes.

*p < 0.001, *p < 0.05, relative to wild-type hOCT? using Student’s t-test,

hOCT: Human erganic cation transporter; MPP*: 1-Methyl4d-phenylpyridinium; TEA: Tetraeth ylammonium.

R287G, and P3411, as well as the wild type of

hOCT1, were expressed in HEK293 cells and -

their transport activities were assessed [46]. As
shown in Fgue 5, HEK293 cells expressing
P341L exhibited a decreased but relatively pre-
served transporr activity of TEA (Figure 5). On
the other hand, the upmke of TEA by the
HEK293 cells expressing P283L and R287G
were background levels, similar to that of the
mock-transfected cells. These results are consist-
ent with the dara obrined with the Xentopus
oocytes system {Figur 4). In the case of the
P341L variant, both the apparent X and Vioax
were estimated. The kineric parameters thus
obrained were different from those estimated for
the wild type of hOCT1; K values were
mM  for wild pe and
0.87+0.05 mM for P341L (p < 0.05); Ve val-
ues were 4.0920.29 nmol/mg of protein/min for
wild type and 1.79:0.15 nmol/mg of pro-
tein/min for P341L (p<0.01). -

The expression levels of P283L, R287G,
P341L, and the wild type of hOCTI1 in
HEK293 cells were examined by western blot
analysis. The immunoreactive protein was
dlearly detected in those cells expressing the vari-
ants and the wild type (Figure 6A). In addition,
localization of hOCT1 and its variants in the
transfectants was determined by immuno-
fluorescence microscopy (Figures 6B-E). Localiza-
tion of immunoreactive protein at the plasma
membranes was confirmed in HEK293 cells
expressing wild-type hOCT1 (Figure 68). In addi-
tion, there were no differences in the localization
berween wild-type hOCT1 and non-functional
variants P283L and R287G, as well as P341L,
suggesting that these OCT1 muuants targeted to
the plasma membrane correctly (Figures 6C~E). In
spite of the completely diminished TEA uptake
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by HEK293 cells expressing P283L and R287G
variants (Figuee 5), protein expression and Jocali-
zation of these variants were renained {Figure 6).
Therefore, the reduced transport funcrion of
those variants is not ateributed to alterations in
protein expression” or membrane focalizarion.
Considering that the region between amine acid
position P283 and 1289, located in the large
intracellular loop between TMDG and -7, is
highly conserved among the OCT family in var-
jous species (human, rat and mouse QCT1,

OCT2, and OCT3), this region may have a sub-

"stantial role in substrate recognition andfor

transport function.

The frequency of the allele causing the P283L
variant was ~ 1% in the Japanese population,
whereas individuals carrying the homozygous
alleles were not found. Anocher variant, P3411,
exhibited 2 reduced but retained Lransport activ-
iy, and existed at relatively high frequency
(16.4%, data pot shown). Similar findings were
reported previously stating thar three non-func-
tional variants of hOCT1, G220V, G401S and
G4065R, were present at overall allele frequencies
of < 2% w11, It is suggested thar non-funcrional
hOCT!1 variants are likely to be rare in compari-
son with P341L.

Prediction of functional alterations in hOCT1
variants

To date, many large-scale screenings of SNPs
have been carried out to identify generic variants
that affect discase susceptbility and drug
response. To determine which of the variants
affect function and contribute to altered pheno-
type is an important issue. Shu ezl evaluated
their 15 protein-altering variants of hOCT] by
using amino acid scoring systems (chemical
changes and evolutionary conservation) 415, One
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Flgure 5. Uptake of [14C]TEA by HEK293 cells transxently transfected with vectol

i one, Wlld type hOCI' 1 and its vanants

HEK293 cells and cells transfected with vector alone (pCMVE-XL4), wild-type hOCT1 and hOCT1 variant
{P283L, R287G and P341L) cDNAs were incubated with 5 pM of [1CITEA for 1 min at 37°C. €ach column
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*p < 0.01, significant differences from the wild type.
hOCT: Human organic cation transporter; TEA: Tetraethylammonium,
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is Grantham value and another is BLOSUMG2
value. Grantham value is the criterion used to
assess chemical relatedness (47) and is expected to
be usehsl for predicting deleterious funcion.
BLOSUMG2, an amino acid substitution matrix,
is derived from amino acid changes in an unse-
lected protein ser 48} and has been used to infer
protein function. It was reported that the variants
with decreased function had larger chemical
changes (greater Grantham values) than variants
that did not reduee function, and it was alse
observed that the BLOSUMG2 values for the
decreased-function variants were significantly
more negative {evolutionary unfavorable) than
values for the variants thar retained funcrion p1).

Following the report of Shu e 2L, Sakata er 2l
attempted to evaluate the changes in hOCT1
variants by chemical changes (Grantham value}

and by amino acid substitution scoring matrices
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(BLOSUMG62) (433 As shown in Table 2, two com-
pletely non-funcricnal variants had Grantham
values of 98 (P283L) and 125 (R287@), indicar-
ing that radical changes are responsible for their
reduced funcrdon. These two variants had nega-
tive BLOSUMS62 scores; -3 (F283L) and -2
(R287G), demonstrating that this score was also
useful for predicting protein function.

Polymorphisms of hOCT1 and their
functional importance

There is no evident phenotype related to the
hOCT1 polymorphisms, but our finding, as well
as those of two recent reports [40,41), may indicate
that these mutatons associated with impaired
hQCT1 transport function in vitro also influence
in vive disposition of OCT1 substrates. Studies
using Oct}-knockout mice exhibited decreased
liver accumulacion of the anticancer drug MIBG

Pharmacogenomics (2004) 5(1)
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‘Figure 6 Western blot analysis and localization of hOCT1 pratein in HEK293 céll

A. Western blot analysis of crude membrane fracions obitained from HEK293 cells transiently transfected with vector alone, wild-type
hOCT1 and its variant cDNAs. Crude membrane fractions (1 pg) obtained from HEK293 cells transiently transfected with vector alone
{(pCMVB-X0.4), wild-type hOCTT and hOCT1 variant (P283L, R287G, and P341L) cDNAs were separated by SDS-PAGE {109), blotted
onto PVDF membranes and immunoblotted by anti-hOCT1 antibody. The amowhead indicates the position of hOCT1. B-E. tocalization
of hOCT1 proteins in HEK293 cells transiently transfected with wild-type hOCT1 (B), and its variants P283L (©), R287G (D}, and F341L(E).
HEKZ293 cells transfected with wild-type hOCT1 and its variant (P283L, R287G and P341L) cDNAs were fixed and stained with antiserumn

for hOCT1.

hOCT: Human organic cation transporter; PVDF: Polyvinylidene difiuoride.

www. pharmaco-genomics.com

and of the antidiabetic drug metformin 384, It
was implied that P283L and R287G muumncs
resulted in non-functional hOCT?1 proteins in
spite of the normal expression at the plasma mem-
brane. Although these variants are very rare and
further investigation is necded to darify the
importance of hOCT1 polymorphisms, these
findings suggest that the genetic vararion in
hOCT1 may conwibute to interindividual varia-
bility in the disposition of several organic cations.
Thus, it is of interest to know whether a similar
reduction is observed in individuals with hOCT'1
polymorphisms, At present, dara are still limited
about the iz vive phenotypes of funcrionally dele-
tetious mutations in the hOCT'1 gene. Large clin-
ical sdies on  the penotype-phenorype
relationship may provide useful information con-
cerning the contribution of hOCT1 gene poly-
morphism i vvo. Further studies are necessary to
determine whether the identified variants contrib-
ute to diseases or to alreradons in drug response.

ATP-binding cassette transporters
ABC proteins form one of the largest protein
families in the human genome. Currendy,
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> 48 human ABC protein genes have been iden-
tified and sequenced 501 It has been reported
that mutations of the genes encoding ABC pro-
tein are causative in several genetic disorders in
humans 511, Many of the human ABC proteins
are involved in membrane transport of drugs,
xenobiodcs, endogenous substances, or ions,
thereby exhibiting a wide spectrum of biological
functions. Based on the arrangement of molecu-
lar swucture components (i.e., nudeotide-bind-
ing domains and topologies of transmembrane
domains), reported human ABC proteins were
originaly classified into seven different sub-
families (A to G). However, the Human Genome
Organisadon (HUGO) Human Gene Nomen-
dature Committee developed a new system of
nomenclature for the human ABC-transporter
family. The new nomenclature scheme was
implemented in 1999, and deniled information
is available on the Interner o1,

The primary structures of the transmembrane
domains differ significandy among ABC trans-
porters and have been recognized as the main
determinants of substrate specificity. The ABCs,
on the other hand, sharc an overall sequence
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identity of ~ 30%. They contain three core con-
sensus motifs, known as Walker A, Walker B,
and Signature C 521, which are essential for ATP
binding. The high conservation of the ATP-
binding cassettes in the rapidly growing list of
discovered ABC transporters suggests that these
membrane proteins may use similar mechanisms
to execure their transport activides.

ABCB1 (P-glycoprotein/MDR1)

Human ABCB1 (P-glycoprotein or muli-drug
resistance 1 [MDR1]) was identified because of
its overexpression in cultured cancer cells associ-
ated with an acquired cross-resistance to multi-
ple anticancer drugs [531. While “P-glycoprotein’
was initially thought to play a role in modulating
cellular permeability (‘P stands for permeabilicy)
1o drugs, it has later been demonstrated to be an
ATP-dependent efflux pump of hydrophobic
anticancer drugs, including colchitine, doxeru-
bicin, daunorubicin, vincristiene, and VP16.
Historically, P-glycoprotein®provided one of the
mechanistic explanatons for the multi-drug
resistance phenomenon. The funcrion of human
ABCBI as a mechanism of multi-drug resistance
has been extensively investigated (54, It was
assumed that ABCBI1 functions as a membrane
pore to export intracellulatly located substrace.
Subsequently, another model has been proposed
where ABCB1 translocates a substrate from the
inner leaflet side of the membrane to the outer
leafter side; thus, it funcrions as a flippase or

membrane vacuum cleaner,

Molecular structure

Human ABCBI and its orthologs in mammals
are single peptide chains, integral membrane
proteins  of an approximate length of
1280 amino acid residues. The apparent molec-
ular weights of mature ABCBI are in the range
of ~130-180 kDa, depending on the species
and cell type in which they are expressed.
ABCBI is composed of two homologous halves
each of which consist of an N-terminal, hydro-
phobic, membrane-associated domain (~ 250
amino acid tesidues) and a  C-terminal,
hydrophilic nucleotide-binding fold (~ 300
amino acid residues). The plasma membrane-
associated domains in the two halves of ABCB1
cach consist of six transmembrane domains,
which are followed by an intracellnlar ABC.

In order to elucidate the ransport mechanism
and structure of ABCB1, murational aralysis
was widely carried out using site-directed mura-
genesis. A relatively larpe number of muranes
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alter the transporter’s substrate specificity, in par-
ticular those in TMDS, -6, and -12. Accord-
ingly, photo-affinity labeling studies indicated
that such domains probably are of major impor-
tance in substrate binding.

Gene structure
Humans ABCBI and ABCB4 genes are adjacently
located on chromosome 7q21. ABCBI encodes a
drug transporter directly associated multi-drug
resistance of cancer, whereas ABCBS encodes the
flippase translocating phospholipids. In rodents,
three genes are present: mdrla, mdrlb, and mdr2.
In the mouse, the genes are clustered on chromo-
some 5, whereas they ase located at chromosomal
region 4q11-12 in the rar, In rodents, both Mdrla
and Mdrlb funciionally correspond 1o ABCB1
(MDR1} in humans.

Transcription of the ABCBI gene appears to be

regulated by multiple factors. For example, the

proximal promoter region has a GC-rich region
at~-100 to -120 bp from the ranscriptional start
codon, which. contains a site responsible for the
repression of transcription. Also, basal transcrip-
tion appears to involve a consensus site that binds
NF-Y wanscription facters at a Y-box (inverted
CCAAT box) berween -70 and -80 bp. In addi-
tion, a binding site for specificity protein 1 (SP-1)
and members of the carly growth response (EGR})
family of wranscripdonal factors is present, which
overlaps with the NF-Y consensus site. A 13-bp
region around the initation site involved in accu-
rate inidation of the transcription has also been
identified. ABCB1 is expressed at a high fre-
quency in tumor cells and both c-H-Ras and
mutant forms of p53 have been shown to activate
the ABCB1 promoter. On the other hand, ¢- and
N-Mye expression is apparently inversely corre- .
lazed with ABCB1 expression. In addition to such
transcriptional  repuladons, the stability of
mRNA and post-translational regulation are also
considered important in the regulation of
ABCBI expression.

ABCB1 in normal tissues

Ir is important to know that ABCBI1 is
expressed not only in eancer cells bur also in
many normal tissues. For example, ABCB1 is
located in the apical domain of the enterocytes
of the gastrointestinal tract (jejunum and duo-
denum) and limits the uptake and absorprion
of drugs and other substrates from the intestine
into the systemic circulation by excreting sub-
strates inro the gastrointestinal wact. Likewise,
the expression of ABCB1 on the lumenal

Pharmacogenomics (2004) 5(1)
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membrane of capillary endothelial celfs of the
brain restricts drug distribution into the CNS.
This function appears to be very important in
proteciing the CNS from the artack of toxic
compounds. Evidence for the protective role of
ABCBL1 in the blood-brain barrier has been
demonstrated in several studies using mdrla-
knockout mice [s5]. A similar protective role to
limit the distribution of potentially toxic xeno-
biotics into tissues was suggested for ABCBI
expressed in the placenta and testis. ABCB1
expressed in the canalicular domain of the
hepatocyte and the brush border of the proxi-
mal renal tubule plays a role in the biliary and

urinary excretion of xenobiotics and endog-_

enous compounds,

Acquired mutation of ABCBT in cancer cells .
Cells selected in vitro against 2 lipophilic cyto-
toxic compound usually develop cross-resistance
1o other drugs. Some multi-drug resistant celf
lines are significandy more resistant ro the drug
used in their sclection than to the other drugs A
single amino acid substitution, G185V, in the
human ABCB1 protein was found to cause an
alered partern of drug resistance in cell lines
transfected with the ABCB1 ¢DNA earrying
this muration [sq]. It is suggested that the amino

acid at position 185 is involved in colchicines

and verapamil but not in vinblastine bind-
ing/transport. In addition, several recombinant
variants have been generated either by in vivo
drug sclection or by site-directed mutagencsis
techniques, which show altered substrate specifi-
city or impaired function of a properly assem-
bled protein (s4).

Naturally occurring SNPs of ABCB1

To date, genetic variations of the human ABCBI
gene have been the most exensively studied
(s7.58) for recent reviews); 50 SNPs and 3 inser-
tion/deletion polymorphisms in the ABCBI
gene have been reported (59-62). In addition,
12 novel SNPs of ABCB1 were reported in Japa-
nese patients with ventricular tachycardia who
were administered amiodarone (63}, Several pre-
clinical and clinical studies have provided evi-
dence for the narurally occurring polymorphisms
in ABCBI and their effects on drug absorption,
distriburion and elimination (64971, Hoffmeyer
etal. 73) reported multiple polymorphisms in
the ABCBI gene. One of those mutations, a
C-to-T variant at position 3435 in the exon 26
of the ABCBI gene, repottedly correlated with
ABCBI1 expression and function. While this
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SNP does nor alter the amino acid sequence of
ABCBI, individuals homozygous for the poly-
morphism expressed significantly less duodenal
ABCB1 and significantly more plasma digoxin
(731 The distribution of the SNP C3435T in
exon 26 in the Chinese and Malay populacion
was found to be similar to the Caucasians,
whereas the Indians were different, The Asian
population also differed significantdy from che
African and Caucasian population in the distri-
bution of the C3435T SNP {74.751. However, the
association of the C3435T polymorphism with
ABCBI protein expression and function remains
controversial. In fact, various investigators have
reported that the T allele is associated with
increased {or decreased) expression levels or has
no clearly discernible effect psss1. Furthermore,
the reported effects of C3435T SNP on the
pharmacokinetic profiles of drugs are also con-
troversial (84-97) (see also Table 3 in (58)).

Recently, the five most commeon coding SNPs
were assessed by a vaccinia virus-based ransient
expression system 93). The study on cellular accu-
mulation of several tested substrates indicated that
the substrate specificity of the protein was not
substantially affected by any of the SNPs, whereas
cell surface expression and function of even dou-
ble mutants showed no difference fom the wild-
type protein. The study suggests that these SNPs
result in mutant proteins with a distribution and
function similar to the wild-type protein. How-
ever, kinetic parameters for those varianes were
not assessed in the study.

On the ather hand, the ABCB1 G2677T/A
[99) contains a eri-allelic polymorphism (with G
at nucleotide 2677 in the wild-type sequence,
and A or T nucleotide 2677 in the two possible
variants), which results in an amino acid change
(A893S/T) in exon 21. Previous work has
shown that the 5893 substitution is associated
with an altered drug-resistance parern in AdrR,
MCEF-7 ceils as well as enhanced efflux tans-

porting ability in stably transfected NIH3T3
GP+E86 cells poo).

Functional analysis of polymorphism of
ABCBI

Figure 7 depicts the non-synonymous polymor-
phisms in the ABCB1 protein that have been
identified 10 date. Quantitative studies are
required to precisely evaluate fisncrional changes
associated  with genetic polymorphisms  of
ABCBL. For this purpose, the cDNA of ABCB1
was cloned from the human liver cDNA tibrary,
and several variant forms (N21D, N445, F103L,
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Figure 7. Schematic representation of ABCB1 and non-synonymous polymorphis
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The pasitions of amino adid substitutions are indicated by arraws. Data are from [59-62,73,204]. The molecular structure of ABCB1 is modi-
fied from Gottesman MM, Pastan I: The multi-drug transporter, a double-edged sward. J. Biol. Chem. 263, 12153-12166 (1938).
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G185V, S400N, A893S, A893T, and M9I86V)
were prepared by site-directed mutagenesis (see
Figure 8A for primers). These variants and the
wild type of ABCB1 were then expressed in 59
cells using the pFASTBACT vector and recom-
binane baculoviruses. ABCB1 variant proteins.
expressed in S cell membranes were detected
by the western blot method using the C219
monodonal antibody (Fgure 8B).

Using membranes prepared from SO cells
expressing ABCB1 variants, ATPase activity was
measured in the presence of various com-
pounds. The ATPase activity of the isolated SP
cell membranes was determined by measuring
inorganic phosphate liberation f101) according
to the procedure reported by Sarkadi ez al. (102,
with some modifications. The authors have
recently developed a high-throughput screening
system using 96-well plates (Ishikawa eral
manuscript in preparation) {Figure 8). As demon-
strated in Figure 8C, verapamil, one of the typical
substrates of ABCB1, enhanced ATPase activity.
Table 6 summarizes kinetic parameters observed
for the variant forms as well as the wild type of
ABCBL. The variant forms (N21D, N44S,
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F103L, G185V, S400N, AB93S, A893T, and
MD986V) exhibited the verapamil-enhanced
ATPase activity, as did the wild ype of ABCBI.
K, valucs for verapamil were slightly different
among those variants. The V. values of the
variants were normalized to that of the wild
type by referring o the intensity of each variant
protein on the western blotting (Figure B). The
variant G185V (acquired mutation} was found
to have the highest V___ value, which was fol-
lowed by N21D (Table 6). Thus, it is critically
important to quantitatively analyze the func-
tional difference among such variants in evalu-
ating naturally occurring non-synonymous
polymorphisms. Kinetic parameters of those
variants observed with different substrates will
be reported elsewhere.

ABCC2 (cMOAT/MIRP2)

The ABCC2 protein (also designated canalicular
muldspecific organic anion transporter {cMOAT]
or muld-drug resistance protein 2 [MRP2])
encodes a 190~200 kDa palytopic transmembrane
protcin comprising 1545 amino acids and belongs
to the subfamily C of ABC transporter proteins

Pharmacogenormics (2004) 5{1}
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taaactgaacaataaaagtyaa

taaacigaacgatanaagigaa

kgctaticaaatiggetigaca

algatacaggatteticatgaatct
algatacagggetcttcatgaatcet
agattaalgaaggtatiagtgaca
agaitaalgaagtiatiggtgaca
aalgttcacticagtiacceatcieg

aalgitcacticaattacecaicteg

azactagaaggtgetgggaagate
aactagaaggtictgggaagate

aactagaaggtactgggaagatc

gicttigglyccatggecgtgggge

gtettiggtycegtggeentaggge

A. PCR primers used for site-directed mutagenesis. The sequences are cormpared with those of the wild-type ABCB1. The codons
corresponding to amino add substitutions have been highlighted in bold, B. Westarn blotting analysis for ABCB1 variants expressed in
the plasrma membrane fraction of 579 cells. ABC: ATP-binding cassette; PCR: Polymerase chain reaction.

www pharmaca-genomics.com

103-105). The human ABCC2 cDNA was originally multispecific organic anion-excreting transporeer

isolated from a cisplatin-resistant human

cancereell  across the hepatoge  canaliowlar  membrane

line (106}, suggesting that the transporter can pro- 107109, Wada eral and others have identified
vide resistance against anjonic drugs, such as  mumtions in the ABCC? gene in Dubin—fohnson
cisplatin. The ABCC2 was also identified as a  syndrome (D]S) patienrs (Tabte 7), an autosomal
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and functional analysis of ABCB1 variants (continuec

80~

—®
80 - ABCB1(G185V)/SH

40 -

20 -

ATPase activity {nmol/min/mg protela}

Si9 (control)

o : . . °

o T ) 7 T 1
0 i0 20 30 40 . 50

Yerapamil (pM)

C. \erapamil-enhanced ATPase activity in the plasrma membrane fraction of $79 cells. Si3 cell membranes (2 ug of protein per well} were
suspended in 10 ! of the incubation medium containing 50 mM Tris-Mes (pH 6.8), 2 mM EGTA, 2 mM dithicthreitol, 50 mbA potassium
chloride, 5 mM sodium azide, and 2 mM ouabain. This medium was mixed with 10 pl of verapamil solution and then pre-incubated at
37°C for 3 min. The ATPase reaction was started by adding 10 pl of 4 mM ATP-solution to the reaction mixture (30 i) and the incubation
was maintained at 37°C for 30 min. The reaction was stopped by the addition of 20 pl of 5% trichlorcacetic add and liberated inorganic
phosphate was measured at wavelength of 630 nm [191] in 3 Multiskan IX system (Damlppon Phamaceuticals Co., Osaka, Japan). Data
are expressed as mean values + standard deviation of triplicate experiments.

Table 6. Kmetu: parameters of the wild ariants of ABCB1. 0t
Variant K (pV) ' Viax (nmol/min/mg protein)
Wild type 2.190+0.15 13.141.95

N21D 0.502:0.126 45.26x11.33

N445 0.580+0.148 ‘ 31.03+4.65

F103L 1.100+0.078 36.34+8.33

G185V 0.831+0.102 56.7616.76

SA00N 0.327+0.025 13.74+2.08

A8935 0.441+0.042 17.24+6.72

AB93T 0.904+0.244 S 10.77%1.35

MIBEY 0.419:0.062 | 22691684

The wild type and variants of ABCBT were then expressed in 59 cells using the pFASTBACT vector and recombinant
baculovituses. Using membranes prepared from 59 cells expressing ABCBY variants, ATPase activity was measured in the
presence of verapamil at different contentrations. K, and V., values were calculated from Lineweaver-Burk plots,
ABCB1 proteins expressed in $f9 cell membranes were detected by the western blot method using the €219 monodonal
antibody. The V,,,, velues of the variants were normalized to that of the wild type by referring to the intensity of each
variant protein on the western blotting. Data are expressed as mean values + standard deviation (n =3).

ABC: ATP-binding cassette; K- Michaelis-Menten constants; SNP: Single nucleotide polymorphism;

Voo Maximal uptake rate.

84 Pharmacogenomics (2004) 5(1)
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recessive disorder characterized by conjugated
hyperbiliubinemia, further suggesting  that
ABCC2 mediates the multispecific efflux of various
types of organic anions, ABCC2 has a broad sub-
strate specificity covering anticancer drugs (110-112,
organic anions derived from phases I and IT metab-
olism of xenobiotics (113-117), and endogenous com-
pounds fike cysteiny! leukotriene C4 ETCY ma,
bilirubin-glucuronides,  glurathione  disulfide
(GSSG), estradiol-glucuronide (E,17BG), and oth-
ers (112,119-122). These findings are consistent with
the idea that ABCC2 plays a pivoral role in the
phase 11 system of xenobiotics metabolism [113),

Genetic alterations and polymarphisms in
the ABCC2 gene

Drugs are detoxified and conjugated #n vive and
then exported out of the cells, The activity of the
detoxificadion system affecs the pharmaco-
kinerics of drugs. Because the ABCC2 protein is
responsible for the export of conjugared drugs
from hepatocytes, interindividual variations on
both activity and expression level of the trans-
porter might be critical factors for considering
pharmacokinetics, and clarifying molecular basis
for the interindividual variation is necessary for
the optimization of medication.

Laboratory data may elaborate on the possi-
ble rclevance of ABCC2 murations in
pharmacokinetics in DJS carriers 23], The uri-
nary coproporphytine 1 is an undesiced by-
product of heme biosynthesis. All DJS patients
showed > 80% of urinary coproporphyrine 1
fraction, while normal conrrols showed < 27%
(1241 Interestingly; all family members exam-
ined, who carry a heterozygous muration in the
ABCC2 gene, bad a normal range of T- and
D-bilirubin levels, whereas slightly higher levels
of urinary coproporphyrine I fraction than the
normal range (< 27%) was seen. The mecha-
nisms for abnormal coproporphyrine I fraction
in the urine is unknown, bur a correlation may
exist between the urnary coproporphyrine I
level and the homozygous/heterozygous status
of murations in the ARCC2 gene. In Japan, the
expected number of people carrying 2 hetero-
zygous mutation in ABCC2 is ar least 200,000,
which is calculated by the frequency of DJS
patients; that is, 121 patients out of 100 million
peaple from a nationwide survey in Japan [125.
The transport and/or pharmacokinetics of some
substrates may be affected by a hererozygous
mucation in the ABCC2 gene as observed in
coproporphyrine levels, and a purative differen-
tial responsiveness to some drugs and their side
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effects in these carriers may also be an impor-
tant clinical factor.

The genetic polymorphisms also have poten-
tial significance in dmg disposition and
pharmacoldnetics in the same sense. Although
numerous SNPs in ABCC2 have been accumu-
lated in several darabases and publications
(126-128], knowledge about biochemical conse-
quences is very poor (Table 8) and their associa-
tion with clinical phenotype, including drug
disposition, remains to be clarified, Naturally
occurring base substitutions of the ABCC2 gene
accompanied by amino acid substicurions
reported to date are shown in Table 8.

Biochemical consequences of genetic defect
in DJS patients

Absence of the ABCC2 protein in DJS patients
was first reported by Kartenbeck ez 2/ 1291301,
Subsequently, absence of ABCC2 was reported
in hepatocytes of patients carrying nonsense or
deletion mutations 31.132). Splicing mutations
that cause exon skipping and deleted mRNA
molecules have been observed as well [123,133.134].
Besides possible instability of the mutant pro-
tein, the instability and degradation of the
mRNA may also contribute to the dectease of
the ABCC2 protein level in patients carrying
nonsense, deletion, or splicing mutations, as seen
in rautant rats (105). Among these murations,
biochemical consequences of the deletion mura-
tion RM1392-1393del (Table7) were analyzed
in pitre in detail (135). The mutation is associated
with absence of the ABCC2 prorein from the
apical membrane of hepatocytes. Transfection of
mutated ABCC2 cDNA led to a mutant protein
that was only core glycosylated, sensitive to
endoglycosidase H digestion, and located in the
endoplasmic reticulum (ER) of cransfected
HEK293 and HepG2 cells, suggesting char the
deletion leads to impaired maturation and traf-
ficking of the protein from the ER 1o the Golgi
complex. Inhibition of proteasome function
resulted in a paranuclear accumulation of the
mutant protein, suggesting the involvement of
proteasomes in the degradation.

Analysis of the missense murations as they
occur in patients suffering D]S not only provide
the knowledge about the molecular events lead-
ing to the pathogenesis of DJS, bur also give
hints about functional roles of certain amino
acid residues in the ABCC2 prorein. Mor-Cohen
carried out iz vitro analysis on two novel mis-
sense murations identified in exon 25 in DJS
(Tables 7 and 8) (136 Continuous measurement
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‘Table 7. Summary of mutations identified in Dubir-lofrison syndrome

Mutation Exon s Amino acid alteration Ref.
181542T>A 13 Bxon 13 skip 2y
1967+2T>C 15 Bxon 15 skip : [144]
2302C>T 18 R768W 3
2439+2T>C 18 Exon 18 skip [z
319601 23 R1066X non
351785T 25 n173F 39
3449G>A 25 R1150H [134)
3928C>T 28 R1310X P13
A145A-G 29 Q1382R 121}
4175-4180de! 30 RM1392-1393del [130}

iV5: intervening sequence (intron).

of probenecid-sensitive  carboxyfluorescein
efflux, a measure of ABCC2 activity, revealed
that both mutations ‘impaired the transport
activity: Immunoblor analysis and immunocyto-
chemistry showed that one mutant ABCC2
{R1150H) matured properly and localized ar the
plasma membrane of transfected cells, In con-
trast, expression of another mutant ABCC2
{I1173F) was low and mislocated to the ER of
the transfected cells.

ABCC2 (R768W), being mutated in the
Cmotif of nucleotide-binding domain 1
(NBD1), was localized in the eytoplasm with an
ER-likee distribution [1377. This result is consistent
with immunohistochemical dara showing chat
there was no apparent expression of ABCC2 pro-
tein in the canalicular membrane of hepatocytes
in a DJS patient carrying the same mutadion. The
mutation in the NBD1 thus appeared to black
the maturation process of the ABCC2 protein
during membrane sorting, probably from the ER
to the Golgi appararus (Tabk 8). The mutations in
the NBD1 mighr induce an inadequate confor-
mational change, resulting in a defective sorting
of the ABCC2 protein and a failure to reach the
plasma membrane. MG132, an inhibitor of the
cytosolic proteasome, blocked the degradation of
the precussor form of ABCC2 (R768W), suggest-
ing thar ABCC2 (R768W) is degraded by the
proteasome pathway, which is involved in the
degradadon of newly synthesized, misfolded and
unassembled proteins in the ER (1381,

Another missense mutation, QI382R in
INBD2, was found in one DJS patient with com-
pound heterozygous mutations (Table 8) (123).
The precursor form of the ABCC2 (Q1382R)

was rapidly converted to the mature form and

—244—

sorted to the apical membrane of the LLC-PK,
cells as the wild-type ABCC2. These results sug-
gested that, unlike the R768W mutation, the
Q1382R mueation does not affect either the
maturation process or the subcellular localization
of ABCC2. However, efflux of the glutathione
conjugate of monochlorobimane (GS-MCLB)
and ATP-dependent LTC; uptake into plasma
membrane vesicles derived from HEK293 cells
expressing ABCC2 (Q1382R) was markedly
reduced compared to that from cells expressing
wild-type ABCC2. This indicated that ABCC2
(Q1382R), although localized on the apical
membrane, was non-functional. The ATP-bind-
ing site of ABCC1 can be specifically labeled
when crude membranes conwaining ABCC1 are
incubated with light-sensitive 8-azido-[e-32P)
ATP in the presence of excess vanadate, as cstab-
lished by Senior {139,140). Labeling occurs because
a stable inhibitory complex [ABCC1-MgADP-
vanadate} is formed, which is an analog of the
transition state complex [ABCC1-MgADP-Pi],
formed after ATP hydrolysis 1141.1421. Vanadate-
induced nucleotide trapping in the wild-type
ABCC2 was stimulated by the transporcer sub-
strate E;178G, bur not in ABCC2 (Q1382R).
In the absence of vanadate, E;17BG did not
enhance photoaffinity labeling of the wild-type
ABCC2. ABCC2 was scarcely photoaffinity
labeled with 8-azido-[y-32P]ATP. These results
suggest that B8-azido-[0-*2PJATP is trapped
together with vanadate after hydrolysis, and that
the Q1382R mutation impaired substrate-
induced ATT hydrolysis (Tatle 8}.

This gluramine locared berween the Walker A
motf and the C motf is highly conserved
among the ABC superfamily prateins. Crystal

Pharmacogenomics (2004) 5(1)



Location
(exon)

7
10
18

18
25
25

28
29
3

Nudeicacidd Amino acid
substitution

842G>A
1249G>A
2302C>T

2366C>T
3449G>A

3517A>T

3895A>C
4145A>G
4343G>A

Table 8. Naturally occurring base-change in ABCC2 gene accompaniec by amino acid sub
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Domain Pahogenetic Frequency (%) Ref.
substitution consequence Jows Japanese
{biochemical
defect)
S281N Linker Unknown 2.4 Not reported  [134]
Nz ¥ MSD2 Unknown 227 109 [124,125,134)
R768W NBD1 DIS {protein Not reported  0.47 (124,131,135]
maturation)
S789F NBD1 (Transport activity) Notreported 0.9 [r24)*
R1150H MsD3 DIS (transport 03 Mot reported  [134]
activity) .
M173F MsD3 DIS (protein 14 Not reported  [134]
maturation)
K1293Q NBD2 Unknown Motreported 12 [125]
Q1382R NBD2 DIS {(ATP hydrilysis) Notreported 0.17 - (121,135
A1450T NBD2 (Transport activity) Notreported  0.47 (124}~

*Ebihara, Kuwano and Wada, unpublished data.
ABC: ATP-binding cassette; DJS: Dubin-Johnson syndrorme; MSD: Membrane-spanning domain; NBD: Nucleotide-binding domain.
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structure analysis of the ATP-binding domain of
the bacterial histidine permease (HisP, an ABC
transporter) suggests that the corresponding
glutamine in the HisP molecule (Q100) is likely
to form hydrogen bonds with a water molecule
that interacts with the y-phosphate of ATP f143).
This warter molecule is the most likely candidate
for attacking water during ATP hydrolysis (1431
The comparable amine acid substiturion,
Q1291R, in cystic fibrosis transmembrane regu-
lator (CFTR) was observed in patients suffering
from cystic fibrosis {144). It bas also been reported
that the CFTR (Q1291R) shows no chloride
channel function although it reaches the plasma
membrane as a fully glycosylated mature protein.
However, the role of the glutamine in the
Q-loop has been controversial, since the corre-
sponding glutamine residue in the bacrerial mal-
tose permease was suggested to be placed too far
away from the nucleotide to coordinate Mg?*
and the water molecule that attacks the y-phos-
phate bond 4s). In our study; the lack of sub-
strate-induced vanadate trapping in ABCC2
(Q1382R) may suggest thar Q1382 is direcdy
involved in ATP hydrolysis [137).

ABCG2 (BCRP/MXR1/ABCP)

The breast cancer-resistant protein {BCRP} has
recently been discovered in doxorubicin-resistant
breast cancer cells [1471. Since the same trans-
porter has also been found in the human
placenta [148), as well as in drug-resistant cancer
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cells sclected in mitoxantrone [149), the trans-
porter was also called ABCP or MXR1, This
ABC transporter protein is now named ABCG2
and has been classified in the G subfamily of
human ABC transporter genes according to the
new nomenclature. In the same subfamily,
ABCGI1, ABCGS, and ABCGS8 have been
reported to be critically involved in the regula-
tion of lipid- and sterol-trafficking mechanisms
in macrophages, heparocytes, and intestinal
mucosa cells (150]. As compared to the molecular
structures of ABCB) and ABCC2, the newly
found ABCG2 eransporter is a so-called ‘half-
transporter’ bearing six transmembrane domains
and one ABC. It has recently been demonstrated
that the ABCG2 protein functions as a
homodimer bound via a cysteinyl disulfide
bond(s) [151.

The ABCG2 gene is located on chromosome
4922 and spans over 66 kb, consisting of
16 exons and 15 introns [152). The ABCG2 gene
is transcribed by a TATA-less promoter with sev-
eral Spl sites, which are downsweam from a
putative CpG island. The sequence 312 bp
directly upstream from the ABCG2 transcrip-
tional stare site conferred basal promoter activity.

ABCG2 in normal tissues

ABCG2 is expressed endogenously in placental
trophoblase cells, the cpithelium of the small
intestine and liver canalicular membrane, as well
as in ducts and lobules of the breast ;3¢. In
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particular, the high expression of ABCG2 in tro-
phoblast cells supgests that the pump is
responsible either for transporting compounds
into the feral blood supply or removing toxic
metabolites. The apical localization in the epi-
thelium of the small intestine and colon indi-
cates a possible role of ABCG2 in the regulation
of the uptake of orally administered drugs.

In addition, expression of ABCG2 is detected
in venous and capillary endothelium ns3). Fur-
thermore, it has been reported that ABCG2 is
expressed in a wide varicty of stem cells, and is
porential role in the regularion of hematopoetic
development is suggested [154). To date, however,
physiological substrates of ABCG2 in stem cells
have not yet been identified.

Jonker e al. most recently demonstrated chat
mouse Abcg2 protects against a major chloro-
phyll-derived dietary phototoxin and protopor-
phyria (155). The wild type of mouse Abcg2 has
been suggested to export chlorophyll and por-
phyrin metabolites in the small intestine.

ABCG2 in cancer

ABCG2 is amplificd or involved in chrome-
somal translocations in cancer cell lines selected
with mitoxantron, topotecan or doxorubicin
trearment, and AGCG2 was shown ta confer
resistance to anticancer drugs (156-160]. Furcher-
more, relatively high expression of ABCG2 is
observed in ~ 30% of acute myeloid leukemia
patients {161] and s correlated with an Immarure
immunophenctype as determined by expression
of the surface marker CD34 1621, Overexpres-
sion of ABCG2 is related ro cancer cell resistance
to camprothecin-based anticancer drugs, such as
topotecan (158) and 7-ethyl-10-hydroxycamp-
tothecin (SN-38; the active metabolite of iri-
notecan) {163). SN-38-selected PC-G/SN2-5H
human lung carcinoma cells were shown o over-
express ABCG2 with the reduced intracellular
accumulation of SN-38 and its glucuronide
metabolite n63), Plasma membrane vesicles pre-
pared from those cells transported both SN-38
and SN-38-glucuronide in an ATP-dependent
manner, suggesting that ABCG2 is involved in
the active extrusion of SN-38 and its metabolite
from cancer cells [164].

Acquired mutations of ABCG2

Until now, several acquired mutations were doc-
umented for ABCG2 cloned from drug-resistant
cell lines [165166. Drug resistance phenotypes
vary among different ccll lines expressing variant
types of ABCG2. To date, at least thrc_‘e. variant
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forms of ABCG2 have been documented on the
basis of amina acid moieties at position 482,
which resides within the third transmembrane
domain. The wild-type form of ABCG2 has an
arginine ac that position [148), whereas other vari-
ants cloned from cancer cell lines (156,151 have
glycine and threonine at position 482. It has
recentdy been demonstrated that the substrate
specificities and resistance profiles of ABCG2
greatly differ among those variant forms {158-160).
Transfecrants with the wild type (R482) were
reportedly not resistant 1o topotecan figol, while
overexpression of the G482 and T482 variants
conferred resistance to mitoxantione, doxeru-
bicin, daunorubicin, and various camptothecin
analogs including ropotecan  147,056.158)
HEK293 cells transfected with the wild type
(R482), howevet, were recently found to be
resistant to SMN-38 (Ishikawa T, unpublished
wotk)., G482 and T482 variants mediated the
efflux of rhodamine 123 and doxorubicin from
cells, whereas R482 did nor (165, These findings
serongly suggest that R482 has a critical role in
the substrate specificity of ABCG2. Indeed, it
has recently been reported that ABCG2 (R482)
transports [*H]methotrexate in an ATP-depend-
ent manner; however, no wansport activity was
observed with the other variants (G482 and
T482) [e7-168). Overexpression of ABCG2
{R482) may be rclated to methotrexate resistance
1169). The idencificadon of murations ar 482 in
ABCG2 may cplain some discrepancies
observed in the cross-resistance * profiles of
human cancer cell lines, Likewise, one muration
‘hot spot’ was identified at the same amino acid
position 482 in mouse Abeg2 p170). In the case of
mouse Ahcg2, variants of arginine, serine, and
methionine significanty affect the drug resist-
ance profile in cancer cell lines 7.

Non-synonymotus SNPs of ABCG2
‘There is accumulating information on the genetic
polymorphism of ABCG2. To date, seven natu-
rally occurring, non-synonymous SNPs have
been reported in Japanese and Caucasian
populations: V12M, Q126Stop, Q141K, 12061,
F431L, F4891, and N590Y (171177}, In addition,
several other non-synonymous SNPs have also
been registered in the SNP database of the NCBL
Honjo etal have identified 3 non-coding
SNPs in the unteanslated reglons, 3 non-synony-
mous and 2 synonymous SNPs in the coding
region, and 7 SNPs in the intron sequences adja-
cent to the 16 ABCG2 exons nnj. Non-
synonymous SNPs are located at nucleotides 238

Pharmacogenomics (2004) S{1)
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(exon 2) and 625, resulting in amino acid substi-
tutions V12M and Q141K, respectively. These
SNPs showed a greater frequency of heterozygos-
ity (22.2 and 10%, respectively) than the SNP at
nucleotide 2062 (D620N, exon 16).

Recendy, Imai ez 4l (1731 identified three allclic
variants in the ABCG2 gene, of which two were
non-synonymous SNPs (V12M and Q141K)
and the third was a splice variant with deletion of
nucleotides 944-949 thar lacks A315 and T316
{A315-6). Compared with wild-type transfected
cells, the ABCG2 Q141K variant-transfected
cells showed low levels of drug resistance assodi-
ated with decreased protein expression. The SNP

(Q141K) was postulated to cause increased sensi-_

tivity of normal cells to anticancer agens thar are
ABCG2 substrates such as SN-38. Moreover, a
novel SNP in exon 4, 376C>T, substituting a
stop codon for Q124, was found in the Japanese
population with an aflelic frequency of 2.4%
071, It has been postulated that the 376C>T
SNP may have a higher impact than 421C>A
polymorphism causing Q141K, because active
ABCG2 protein will not be synthesized from the
varjant allele. More recently, Chowbay ez al 1174
have investigared genetic polymorphisms in the
ABCG2 gene in three distinct Asian populations
and compared them with the Japanese popula-

tion. They have identified five SNPs at exons 2 -

(34G>A), 4 (376C>T), 5 (421C>4), and 12
(1444A>G and 1445G>C) in healthy Chinese,
Malay and Indian subjects. SNPs at two lod,
34G>A ar exon 2 and 421CsA at exon 5, showed
genotypic and allelic variations in the three Asian
populations. These ewo SNPs were also strongly
associated and found to be in linkage disequilib-
rium in the Chinese and Malay populations, but
not in the Indian population p74.

Functional analysis of ABCG2 polymorphisms
Quantitative studies were carried out to precisely
evaluate functional changes associated with
genetic polymorphisms and acquired mutations
of ABCG2. For this purpose, a pFASTBAC!
expression vector carrying the ABCG2 wild-type
cDNA was used as the template, and variant
forms (VI2M, Ti23Y, Q141K, QI66E,
G188G, F208S, $243D E334stop, R482G, and
RA82T) were created by the site-directed muta-
genesis using the QuickChange Sice-directed
Mutagensis  Kit  (Stratagene). Recombinant
baculoviruses to express the above-menrioned
variant forms of ABCG2 in insect cells were gen-
erated with the BAC-TO-BAC® Baculovirus
Expression Systems (Invitrogen). Insect SB cells
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(1 x 10 cell/ml) were infected with the recom-
binant baculoviruses and cultured in the
EX-CELL™ 420 Insect scrum-free medium
(JRH Bioscience, Levexa, KS, USA) ac 26°C
with gentle shaking. Cells were harvested by cen-
trifugation 48 h after the infection, Cell mem-
branes were prepared as described previously
{178). Expression of ABCG2 in Sf cell mem-
branes was determined by immunoblotting with
BXP-21 (Signet Laboratories, Dedham, MA,
USA) as the first antibody; and an anti-mouse
IgG-horseradish  peroxidase (HRP)-conjugate
(Cell Signaling Technology, Beverly, MA, USA)
as the secondary antibody. HRP-dependent
luminescence was developed by using Western
Lighting Chemiluminescent Reagent Plus (Perk-
inElmer Life Sciences, Boston, MA, USA) and
detected by .Lumino Imaging Arnalyzer
FAS-1000 (TOYOBO, Osaka, Japan).

The frozen “stocked cell membrane was
thawed quickly ac 37°C, and vesicles were
formed by passing the membrane suspension
through a 27-gange needle. The standard incu-
bation medium conuined plasma membrane
vesicles (40 or 80 pg of protein), 10 mM
{35, 7"*H]methotrexare (Amersham, Bucking-
hamshire, UK}, 0.25 M sucrose, 10 mM
Tris/HCI, pH 7.4, 10 mM MgCl,, 1 mM ATP,
10 mM creatine phosphate, and 100 pg/ml crea-
tine kinase in a final volume of 110 pl. The reac-
tion was started by adding [3H]methotrexate to
the incubation medium. The reaction was car-
ried out at 37°C and the amount of PH)meth-
otrexate incorporated into the vesicles was
measured by a rapid filtration rechnique as previ-
ously described [178,179). The ATPase activity of
the isolated SB cell membrane was determined
by measuting inorganic phosphate liberation
(178) according to the procedure as described for
the functional analysis of ABCB1 varians.

Figare 94 illustrares the levels of ABCG2 vari-
ants expressed in SO cells. The molecular size
of the expressed ABCG2 variants was ~ 65 kDa
except for the E334stop variant. The E334stop
variant carried the ABC bur lacked the trans-
membrane domains of ABCG2. Nevertheless,
this truncated protein was weakly assoctared
with the plasma membrane of SB cells (Figure
94). As shown in Figure 9B, there was a linear
relationship berween the signal intensity of
western blocting and the logarithmic value of
the membrane protein amount. Based on the
linear relationship, the expression level of
ABCG2 variants in the plasma membrane of
5f9 cells could be quancitacively estimated and
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~— ARCG2

~tf— Truncated

protein

SNP detail

SNPID  Amino acid position  Translation
2231137 12 Val =+ Met
2231138 123 Tyr — Tyr
2221142 141 Gin — Lys
1061017 166 Gin == Glu
3116430 188 Gly — Giy
1061018 208 Pha «= Sar
3116448 245 Ser == Pro
2201997 334 Glu == stop

A. Western blotting analysis of ABCG2 and its variants in the plasma membrane fraction of 519 cells. ABCG2 proteins were

immunclogically detected using the BXP-21 antibody (Signet Laboratories, Dedham, MA, USA) as the first antibody.
ABC: ATP-binding cassette; SNP: Single nudeotide polymorphism; WT: Wild type.
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normalized with the amount of the wild type.
Figure 10 demonstrates methotrexate transport
and prazosin-enhanced ATPase activities afrer
normalization, The ABCG2 variants V12M,
T123Y, QI41K, QI66E, G188G, F208, and
5248, as well as the wild ype transporced
[PH]methotrexate; however, they did not
exhibit prazosin-enhanced ATPase activity. The
G181G (synonymous SNP) showed che same
profile of activitics as the wild type. In conrrast,
acquired mutants {i.e., R482G and R482T)
displayed prazosin-enhanced ATPase activity,
but Jacked methotrexate transport activity. The
K, values of both R482G and R482T variants
were estimated to be 1 pM for prazosin. The
E334stop variant exhibited neither the activity
of methotrexate transport nor prazosin-
enhanced ATPase activity. Based on these data,
it can be concluded thar R482 is a critical

—248—

amino acid moiety in substrate specificity and
transport of ABCG2 for certain drugs, such as
methotrexate,

The wild pe (Arg-482) and acquired
mutants (R482G, and R482T) of ABCG2
were stably transfected in HEK293 cells and
exhibited resistance to SN-38 by 15-, 5-, and
5.3-fold, respectively f1s0). In plasma mem-
brane vesicles prepared from the transfected
HEK293 cells, wild-type ABCG2 tansported
SN-38 and its glucuronide conjugate in an
ATP-dependent manner with X values. of
3 and 22 pM, respectively; however, only min-
imal transport activities were observed with the
mutants (R482G and R482T) (so.. These
results strongly sugpest that the wild-type
ABCG2 plays a pivotal role in confering drug
resistance by excruding SN-38 and its glucuro-
nide merabolite from cells. '

Pharmacogenomics (2004) 5{1)
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B. Quantitative analysis for the expression levels of the ABCG2 protein, ABCGZ-expressing plasma mermbrane was applied for SDS-PAGE
and detected by western blotting. Expression fevels were measured by using Western Lighting Chemiluminescent Reagent Plus
{PerkinElmer Life Sciences, Bostan, MA, USA} and Lumino Imaging Analyzer FAS-1000 (T OYOBO, Osaka, Japan). The figure depicts a
refationship between the chemiluminescence intensity of the western blot and the amount of the plasma membrane protein applied.
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Outlook and conclusions

There is an increasing number of literature that
addresses genetic polymorphisms of drug rans-
porters. At present, concerning the effects of
genetic polymorphistms on pharmacokineric pro-
files, the best characterized transporter is ABCB1
(73-97,181-187]. However, it is also true that there is
still considerable discrepancy among all reported
results to date (see Table 3 in [sg)). As described
in this review, detailed functional analyses
in vitro may provide clear insight into the bio-
chemical significance of genetic polymorphisms.

www.pharmaco-genomics.com
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In addition, more information on SNPs and
haplotype maps will be available for a variety of
drug transporters. It will become important to
determine which polymorphism has influence
on the function and gene expression of drug
transporters. The effect of SNPs on transport
activity may depend on substrates tested, and,
therefore, the functional analysis of SNPs using a
wide variety of substrates is of great interest.
There are many factors that can affect not
only the function bur also the expression levels of
drug transporters. Numerous environmental
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ATP-dependent MTX transport was measured as desaibed previously [167,178,179). The reaction wes carried out at 37°C in the presence
of 200 M PHImethotrexate for 30 min. The amount of PH)methotrexate incorporated into the vesides was measured by the rapid
filration technigue [179]. The prazosin—enhanced ATPase activity was measured by incubating the isolated 59 cell membrane in the
absence or presence of 50 pM prazosin at 37°C for 30 min. Liberated inorganic phosphate was determined as previously desaibed [178).
Data are expressed a5 mean values + standard deviation of triplicate experiments.
ABC: ATP-binding cassette; MTX: Methotrexate; WT. WIld type.
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factors affecting the phenorypical activity of
drug transpocters must be considered, which
may include exogenous chemicals, food constit-
uents, herbal preparations, and/or therapeutic
drug use thar may induce or inhibit the function
or expression of dsug transporters, as exemplified
by the cases of ABCB1 pst.188.189).

Variation in the pharmacokinetic behavior of
2 drug among different patients is the net result
of complex interactions between genetic, physio-
logic and environmental factors. If the function

—250—

or expression level of drug transpotters is altered
due to generic factors, intestinal secretion of the
drug into the gut lumen may change. Such infor-
mation may be valuable in predicring an increase
or decrease in bicavailability or orally adminis-
tered substrate drugs in individual patients. In
the case of organ transplantation, it is eritically
important to maintain the concentration of an
immunosuppressive drug at sufficient levels in
the blood cireutation. The success of the trans-
plantation depends on a delicare balance

Pharmacogenomics (2004} 5(1)



* The drug transporters are one of the major determinants governing the

pharmacokinetic profiles of drugs.

Many factors can affect the function as well as the expression of drug
transporters. These factors include genetic mutations, SNPs, splicing,
transcriptional regulation, stability of mRNA, post-translational
modification, and intracellular localization.

There is accumulating evidence for the existence of genetic
polymorphisms in drug transporters such as SLC and ABC transporters,
Functional analysis of the polymorphism of drug transporters is an
important approach to understand the molecular mechanisms underlying
individual differences of drug response.

It is aritically important to identify the function-related SNPs that have
potential impact on the substrate specificity and/or activity of drug
transporters.

Since the effect of SNPs on the transport activity may depend on
substrates tested, the functional analysis of SNPs using a wide variety of
substrates is of great interest.

Certain SNPs in introns may affect the expression of transporter genes.
Thus, pharmacogencmics studies on the molecular mechanisms
underlying the induction and/or downregulation of drug transporters
would significantly contribute to our understanding of individual

difference in drug response.
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between immunosuppression and rejection. For
instance, tacrolimus (FK506) is a widely used
immunosuppressor, whereas large variability has
been noted in its bioavailability after oral admin-
istration of this drug. Recent studies have pro-
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influenced by medication. Genetic variations in
the promoter region or introns of drug trans-
porter genes may alter the gene expression. In
addition, non-genetic and/for epigenetic factors
are also considered to have porential effects. Gene
regulacion of drug transporters as well as drug-
metabolizing enzymes is of great interest in order
to understand the molecular mechanisms of drug
response and toxic events. It has been docu-
mented that hydrophobic ligands and several
nuclear receptors are involved in induction or
downregulation of cyrochrome P450 isoforms
and ABC transporters [16,192). While che gene reg-
ulation of drug-metabolizing enzymes, such as
cytochrome P450, glucuronide cransferases, and
glutathione transferases, have been well-charac-
terized, pharmacogenomic studies on the molec-
ular mechanisms underlying the induction
and/or downregulation of drug transporters
would significantly contribute to our understand-
ing of individual differences in drug response.
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