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implantation (Figure 9, A-C). ENA-78 (CXCL5) mRNA levels were
also increased in IL-1f~implanted corneas compared with controls
(Figure 9D). Anti-mouse CXCR2 Ab inhibited IL-1f-implanted
corneal angiogenesis by 32% (Figure 9, E and F).

CXC chemokines and VEGF-A are involved in COX-2-associated
angiogenesis (37, 38). VEGF-A and KC levels were decreased in the
IL-1f-implanted corneas of DFU-treated mice compared with
control mice (Figure 9, G and H). ELR* CXC chemokine-CXCR2
signaling was therefore important for COX-2-related angiogenesis
induced by IL-1f.

Discussion

IL-1 has been implicated in the growth of solid tumors,
hematopoiesis, leukemia, and atherosclerosis (3). IL-1p is
overexpressed in ovarian cancer cells in culture (39) and in patients
with renal cell and gastric cancers (40, 41); it is essential for inflam-
matory and tumor-associated angiogenesis in animal models
(6-8). Reduced angiogenesis and tumor enlargement have been
reported in IL-1B-KO mice (8, 10). Various angiogenesis-related
facrors are upregulated by IL-1 overexpression when human lung
cancer cells are transplanted into animals (7). Bar et al. reported
that IL-1 receptor antagonist inhibited IL-1B-transfected tumor
proliferation in an in vivo xenograft model (9).

Tumors expressing IL-1f are characterized by the infiltration
of neutrophils, lymphocytes, and macrophages (9). However, it
has been unclear which was most important in IL-1f-induced
angiogenesis. We used 2 assays to confirm that IL-1B~induced
angiogenesis was suppressed in mouse corneas by monocyte/
macrophage depletion. First, CIMDP-LIPs (i.v. and s.c.) blocked
monocyre/macrophage infiltration and IL-1f-induced angiogen-
esis, depleting macrophages but not neutrophils or lymphocytes
(33, 34). Second, neovascularization and the numbers of infiltrat-
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Figure 7

Enhancement of angiogenesis and macrophage infil-
tration by LLG/IL-1B was inhibited in MCP-1-- mice
(A} Representative photographs of CD31-stained sec-
tions from LLC tumors in wild-type or MCP-1-* mice.
Magnification, x400. (B) CD31-positive microvascular
densities obtaihed by morphometric analysis of LLC
tumors. Each value represents the mean number of
vessels + 8D in 5 fields. *P < 0.01 versus LLC/AL-18.
(C) Infiltration of macrophages stained with mAb
F4/80 in LLG/neo and LLC/AL-18 tumors. Magnifica-

Q [i=%
§ ; tion, x200. (D) Quantification of the number of mac-
4 09 rophages infiltrating LLC/IL-1p and LLC/neo tumors.
= Magnification, x400. Each value represents the mean
MCP-1+ number of macrophages + SD in 5 microscopic fields.
* *P < 0.01 versus LLC/IL-18 in wild-type mice using the

Mann-Whitney U test.

ing macrophages were reduced in MCP-17- mice given IL-1B-con-
taining corneal implants. MCP-1 acts potently on mononuclear
cells, including monocytes and lymphocytes. MCP-1-/- mice have
shown impaired macrophage recruitment in several inflammatory
models in vivo (13-15). Neutrophil depletion by anti-Gr-1 mAb
did nor affect IL-1B-induced corneal angiogenesis. These results
suggest that the infiltration of monocytes/macrophages rather
than neutrophils is crucial in IL-1f-induced angiogenesis.

Conejo-Garcia et al. (42) reported that angiogenesis induced by
infiltrating dendritic cell precursors was mediated through the
cooperation of B-defensins and VEGF-A, suggesting the involve-
ment of immune mechanisms in tumor angiogenesis (42). The role
of dendritic cell infiltration in IL-1B-induced angiogenesis and the
effect of Cl,MDP-LIPs on dendritic cells have been unclear. Zhang
et al. (43) reported that Cl,MDP-LIPs depleted CD11c-positive
dendritic cells in the spleen but not in peripheral blood. Cheng et
al. (44) demonstrated that s.c. injection of CLLMDP-LIPs depleted
macrophages but not dendritic cells. We found that CD11¢c* den-
dritic cells were 1.4% + 0.5% (PBS-LIP treatment) and 1.3% * 0.4%
(CLLMDP-LIP treatnient), respectively, of total cells in peripheral
blood when Cl;MDP-LIPs were administered both i.v.and s.c. (n = 5;
Supplemental Figure S1; suppleniental material available online
with this article; doi:10.1172/JC123298DS1). The numbers of infil-
trating CD11c* dendritic cells in IL-1B~treated corneas were similar
in Cl,MDP-LIP- and PBS-LIP-treated mice (Supplemental Figure
§2).IL-1B-induced angiogenesis was blocked in MCP-1-/- mice (Fig-
ure 3), and dendritic cells did not express the CCR2 cognate recep-
tor for MCP-1. Thus, infiltrating dendritic cells are unlikely to be
important in neovascularization mediated by IL-1f.

Maximum MCP-1 expression occurred 1 day after IL-13 implan-
tation into mouse corneas (Figure 3). MCP-1 is essential in the
recruitment of angiogenic macrophages (12, 16). In wild-type
Volume 115
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mice, F4/80" macrophage infiltration into IL-1p-implanted cor-
neas was observed after day 4. The number of infiltrating macro-
phages increased 2 days after IL-1p treatment and peaked on day 4.
We previously demonstrated maximum levels of MIP-1a (a potent
chemoattractant) and VEGF in mouse corneas 0.5-1 days after
cauterization by silver nitrate. The infiltration of macrophages
peaked on day 3, and neovascularization peaked on day 5 (45).
These results suggest that the expression of potent attractants
(such as MCP-1 and MIP-10) 0.5-1 days after the presentarion of
inflammatory stimuli influences the subsequent appearance of
macrophages. Determining the causative link between these pro-
cesses in vivo will require further studies.

On day 2, dilated vascular loop structures were observed in
MCP-17- and wild-type mice whereas vessel sprouts were not
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d Figure 8

The effect of a COX-2 inhibitor on IL-1p-Induced tumor
angiogenesis. (A) Representative photographs of dor-
sal air sac assays in BALB/c mice with LLC/neo and
LLG/IL-1B untreated or treated with DFU. (B) Quan-
titative analysis of the neovascularization induced
by LLC/neo or LLC/IL-1f in the dorsal air sac assay
in mice untreated or treated with DFU. Mean angio-
genesis activities + SD for groups of mice {n = 5).
*P < 0.01 versus LLC/IL-18. (€) Tumor volumes in wild-
type mice implanted with 5 x 105 LLGC/IL-18 or LLG/neo
cells, untreated or treated with OFU. (D) LLC/IL-g and
LLC/neo tumor growth was inhibited in DFU-treated
mice compared with control mice (day 20). *P < 0.01
using unpaired Student’s I test. (E) Representative
photographs of CD31-stained tumor sections from LLG
tumors grown in wild-type mice. Magnification, x400.
(F) CD31-positive microvascular densities from mor-
phometric analysis of LLC tumors. Each value repre-
sents the mean number of vessels + 8D in 5 fields.
*P < 0.01. (G) Infiltration of macrophages stained with
mAb F4/80 in LLC/neo and LLC/IL-18 tumors in the
mice indicated. Magnification, x200. (H) Quantification
of macrophages infiltrating LLC/IL-18 and LLC/neo
tumors under the microscope. Magnification, x400.
Each value represents the mean number of macro-
phages + SD in 5 fields. *P < 0.01 versus LLC/IL-1
wild-type mice using the Mann-Whitney U test.
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present on days 4 or 6 (Figure 3D). The appear-
ance of dilated loop structures might not directly
affect angiogenesis, and the underlying mechanism
remains unclear, CLMDP-LIPs reduced the appear-
ance of IL-1B-induced vascular sprouts compared
with controls on day 4 and decreased the corneal
neovascularization on day 6. Macrophages might
therefore be important for the sprouting and main-
tenance of IL-18-induced neovascularization.

IL-1p reportedly induced MCP-1 expression in
endothelial cells (32). We observed increased MCP-1
levels in the serum of LLC/IL-1pB-grafted wild-type
mice compared with LL.C/neo-grafted wild-type
mice (Figure 6). Only a slight increase in MCP-1 was
observed in LLC/IL-1B-grafted MCP-1-/-mice. MCP-1
expression is reportedly associated with macro-
phage accumulation in various human cancers (46).
Here we demonstrated that IL-1f- but not VEGE-
induced corneal neovascularization was inhibited in
MCP-1-/ mice. Moreover, LLC/IL-1f but not LLC/neo tumor growth
was inhibited. Macrophage infiltration in IL-1f-implanted corneas
and LLC/IL-1B tumor growth were impaired in MCP-1-/- mice com-
pared with wild-type mice. Thus, the IL-1f-induced recruitment
of angiogenic macrophages depended upon the upregulation of
MCP-1 in vivo. MCP-1 appears to be pivotal in proinflammatory
cytokine-induced angiogenesis and tumor growth, possibly through
enhancing macrophage infiltration (Figure 10).

Lu et al. reported similar hematologic profiles in MCP-1-/- and
wild-type mice (13). Low et al. demonstrated that MCP-1+- leuko-
cytes proliferated normally when stimulated in vitro (15). Freshly
isolated monocytes from healthy donors expressed CCR2, but
MCP-1 suppressed this during their differentiation into macro-
phages in vitro (47). The number of infiltrating macrophages in
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The effect of anti-CXCR2 Ab on IL-18~induced angiogenesis. Kinetics of protein expression for (A) VEGF-A, (B) KC (mouse CXCL1), and
(C) MIP-2 (mouse CXCL2/3) after IL-18 pellet implantation. Four corneal lysates were prepared and assayed by ELISA on the indicated days
(n = 3). “P < 0.01 versus untreated. (D) Expression of ENA-78 (CXCL5) mRNA levels in IL-1p-treated corneas. Six IL-1p—implanted corneas
(IL-1B) or untreated corneas (N) were harvested, and real-time RT-PCR was performed to determine ENA-78 (CXGCL5) mRNA levels on day
2. Expression was normalized to GAPDH mRNA levels. *P < 0.01 versus untreated. (E) Corneal neovascularization on days 2, 4, and 6 in
BALB/c mice with or without i.p. administration of anti-mouse CXCR2 Ab. (F) Quantitative analysis of neovasculatization on day 6. IL-18—
induced corneal neovascularization in mice (n = 6) recelving anti-mouse CXGR2 Ab was inhibited compared with mice (n = 6) receiving control
goat serum. **P < 0.05 using Student’s t test. (G and H) Comparison of levels of VEGF-A (@) and KC (H) in IL-1p~implanted corneas with or
without DFU. On day 4, corneal lysates were prepared from 4 IL-1p-implanted corneas from DFU-treated and untreated mice and individually
assayed by ELISA for VEGF-A or KG (n = 3). **P < 0.05 using Student’s ¢ test.

MCP-1-/- mice was lower compared with wild-type mice after IL-1B
treatment. MCP-1 deficiency might affect both macrophage
recruitment and differentiation. Further studies will be required
to establish the role of MCP-1 in macrophage differentiation.
Lyden et al. (48) reported the infiltration of Flt-1-positive
monocytes in LLC-induced tumors. Anti-Flt-1 Ab inhibited their
growth, suggesting that VEGF might promote monocyte/macro-
phage infiltration (48). VEGF induces the migration of VEGF-recep-
tor 1-positive (VEGFR1-positive) and Flt-1-positive myelomono-
cytic cells (2, 49). Cursiefen et al. reported that VEGF functions in
macrophage infiltration in injury-induced neovasculature in mouse
corneas (19). Here, the VEGF-induced angiogenesis in mouse cor-
neas was reduced by approximately 50% 6 days after CIMDP-LIP
treatment, and IL-1B-induced angiogenesis was blocked. VEGF-
induced angiogenesis in mouse corneas might be partly due to
the infiltration of macrophages: 2- to 3-fold increases occurred in
monocyte/macrophage infiltration on days 4 and 6 after VEGF
treatment, which might function in angiogenesis. VEGE- but not
MCP-1-induced chemotaxis of human monocytes was inhibited
by the VEGF receptor tyrosine kinase inhibitor SU5416 through
Flt-1 (50). We recently confirmed that SU5416 partially blocked
IL-1p-induced angiogenesis in mouse corneas (31).
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COX-2 is pivotal in IL-13-induced angiogenesis in vitro and in
vivo (31). The enhanced production of prostanoids, such as PGE,
and thromboxane A; (TXAs), in response to IL-1f could promote
angiogenesis, suggesting a model in which IL-1B-induced angio-
genesis is mediated through both prostanoids and angiogenic
factors (31). Pold et al. reported that COX-2 upregulated the
expression of CXCL8 (IL-8) and CXCLS5 (ENA-78) in non-small
cell lung cancer cells in vitro and in vivo (38). The IL-1f-induced
upregulation of IL-8 in lung cancer cells was blocked by anti-PGE,
mAb (38). KC and VEGF-A were decreased in IL-1B~implanted cor-
neas treated with DFU (Figure 9, G and H). This inflammatory
cytokine-induced angiogenesis might be partially attributable to
upregulation of VEGF-A and KC through the COX-2-activation
pathway. CXC chemokines are known to induce angiogenesis (35).
Addison et al. demonstrated the angiogenic activity of ELR* CXC
chemokines through CXCR2 (36). Saijo et al. showed that treat-
ment with anti-CXCR2 Ab inhibited IL-18~induced tumor growth
in mice (6). Keane et al. demonstrated that CXC chemokines mod-
ulated tumor growth through angiogenesis by indirect effects
on tumor cells or leukocytes in CXCR27/- mice (51). Our corneal
mode] revealed that IL-1f increased the expression of both CXC
chemokines and VEGF-A (Figure 9). Furthermore, IL-1B-induced
Number 11
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Figure 10

Model of the involvement of macrophages in IL-18~-induced angiogenesis in the
tumor microenvironment. Monocytes/macrophages are expected to be recruited
to the tumor environment in response to IL-1B and possibly other chemokines that
attract macrophages. COX-2 activation is then induced, and the macrophages
promote angiogenesis and tumor progression. Signafing molecules downstream
of COX-2, PGE,, and TXA; enhance the production of various angiogenesis-relat-
ed factors (37, 38). IL-18, Il.-1a, and TNF-o enhance the expression of angio-
genesis-related factors in cancer and vascular endothelial cells resulting from
autocrine and/or paracrine controls in angiogenesis (5, 30, 55, 56). Monocytes/
macrophages are recruited to the tumor environment in response to MCP-1 (and
possibly MIP-1c, VEGF/PIGF, and CSF-1) accompanied by COX-2 activation in
infiltrating macrophages by IL-1p (and possibly IL-1a and/or TNF-a). As a result,
angiogenesis is enhanced by prostanoids (such as PGE, and TXA;) as well as
other angiogenic factors (such as VEGF, CXC chemokines, and MMPs). Clodro-
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cancer patients. These activated macrophages appear
to be important in tumor angiogenesis (16, 30, 46, 52).
An experimental model system with LLC/IL-1f showed
IL-1f to be essential for tumor angiogenesis, invasion,
and metastasis as well as immunosuppression (6-8).
COX-2-positive macrophages activated in the inflamma-
tory microenvironment might be critical for acquiring
a malignant phenotype in cancer. COX-2-positive mac-
rophages could thus be target cells for future anticancer
therapeutic strategies

In conclusion, IL-1§ induced angiogenesis with a con-
comitant infiltration of macrophages, most of which
were COX-2 positive. Macrophage depletion through
treatment with a targeted drug or using MCP-1-/- mice
abrogated IL-1f-induced angiogenesis. This complex
process involves multiple redundant and interconnected
pathways. It is therefore remarkable that macrophage
depletion alone almost abolished IL-18-induced corneal
neovascularization and tumor growth.

Methods :
Animals. All animal experiments were approved by the Commit-
tee on the Ethics of Animal Experiments, Kyushu University
Graduate School of Medical Sciences, Japan. Male BALB/c and
C57BL/6 mice (6-10 weeks old) were purchased from Seac Yoshi-
tomi Led. MCP-1+/- mice were kindly provided by BJ. Rollins
(Harvard Medical School, Boston, Massachusetts, USA).
Corneal micropocket assay in mice. The mouse corneal micro-

nate blocks inflammatory angiogenesis induced by 1L-1p.

corneal angiogenesis was partially inhibited by anti-CXCR2 Ab.
CXC chemokines, prostanoids, and VEGF-A could therefore all be
involved in IL-1f~induced angiogenesis.

Many COX-2-positive cells infiltrate the IL-1B-induced neovas-
culature in mouse corneas (31). Here, macrophage infiltration was
enhanced in response to IL-1f compared with VEGF. Infiltrating
macrophages around the IL-13-induced neovasculature expressed
COX-2, whereas those surrounding preexisting vessels did not.
The number of infiltrating macrophages was higher in LLC/IL-18
tumors than in LLC/neo tumors in vivo. Qur study revealed several
features of the role of COX-2 production in tumor angiogenesis.
LLC/iL-1B-induced angiogenesis in vivo was blocked by a COX-2
inhibitor. LLC/IL-1f tumor growth and induced microvascular-
ization were specifically blocked by the COX-2 inhibitor. Macro-
phage infiltration in LLC/IL-1p~induced tumors was significanc-
ly blocked by a COX-2 inhibitor compared with wild-type mice.
These findings suggest that IL-1B-driven tumor angiogenesis
and tumor growth depend on macrophage infiltration as well as
COX-2-positive tumor-associated macrophages and possibly
cancer cells with high COX-2 expression (Figure 10). However,
inhibition of COX-2 activity only weakly influenced macrophage
infiltration in response to IL-1f in cancer (Figure 8). The decrease
in angiogenesis and tumor growth by LLC/IL-1p induced by a
COX-2 inhibitor could be specifically associated with COX-2 activ-
ity in macrophages and other cell types rather than the number of
infiltrating macrophages at or near the site of tumor growth. The
infiltration of tumor-associated or tumor-educated macrophages
is often associated with disease progression or poor prognosis for
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pocket assay and quantification of neovascularization were per-
formed as described previously (31, 53).

Immunohistochemistry. Mice were sacrificed under deep anes-
thesia with pentobarbital sodium (60 mg/kg i.p.). The eyes
were removed, snap-frozen in OCT compound (Sakura Finetechnical
Co.), and §-pm sections were cut, air dried, and fixed in cold acetone for
10 minutes. The sections were blocked with 3% BSA and labeled at room
temperature with rat anti-mouse Gr-1 (550291) or rat anti-mouse CD31
(550274; BD Biosciences) for 1 hour, followed by biotinylated goat anti-rat
Ig (559286; BD Biosciences) for 20 minures. Prozen sections were labeled
with biotinylated anti-F4/80 for 1 hour. The sections were treated with
horseradish peroxidase-conjugated streptavidin (1:1000; Jackson Immu-
noResearch Laboratories Inc.) and 3,3'-diaminobenzidine substrate (Bio-
Genex Laboratories). Frozen sections were also stained with rat anti-mouse
P4/80 (MCA497R,; Serotec) or anti~Gr-1 and rabbit anti-mouse COX-2 Ab
(160126; Cayman Chemical Co.).

Isolation of cornea-infiltrating cells and flow cytometry. Inflammatory cells
were isolared from the corneas as described previously (54). For 3-color
flow cytometry, corneal infiltrating cells were stained with the following:
PE-CD11b mAb (RM2804; CALTAG Laboratoties) to label macrophages
and neutrophils or PE-anti-CD11c mAb (§57401; BD Biosciences) to label
dendritic cells; either FITC-anti-Gr-1 (551460; BD Biosciences) to label
neutrophils or FITC-anti-F4/80 mAb (RM2901; CALTAG Laboratoties) to
label macrophages; and propidium iodide (BD Biosciences).

ELISAs. Groups of 4 corneas were removed and dissecred with scis-
sors. The supernatants were assayed in ELISA kits for mouse MCP-1
(KMC1010-SB; BioSource International), mouse KC (MKCO00B; R&D
Systems), mouse MIP-2 (MM200; R&D Systems), and mouse VEGF-A
(MMVO0O; R&D Systems).

Liposomes. C1,MDP-LIPs were prepared as previously described (23).
Animals received 200 pl Cl,MDP-LIPs or PBS-LIPs i.v. in the retro-orbital
plexus with a 26-gauge needle on days -2, 0, 2, and 4. They also received 10
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ul CI;MDP-LIPs in 1 eye and 10 pl PBS-LIPs in the other, injected into the
s.c. space. All injections were masked.

Mouse dorsal aiv sac assay. A dorsal air sac assay was performed according
to the method published previously (50). Five mice in each group were sac-
rificed and skinned on day 6. We counted the number of meandering blood
vessels within the chamber in the area of the air sac fascia and graded the
angiogenic response from 0 to 5, respectively.

Quantitative real-time RT-PCR. Total RNA was extracted from 6 corneas
by ISOGEN (317-02503; Nippon Gene Co.), and quantitative RT-PCR was
performed in duplicate using mouse ENA-78-specific TagMan primers and
probes and the ABI Prism 7300 sequence detector (Applied Biosystems).

Statistics. All results are expressed as mean + SEM. The staristical signifi-
cance of differences between groups was analyzed by 2-tailed Student’s ¢
test or Mann-Whitney U test. Differences were considered significant at
P < 0.05, and each experiment was performed at least twice.
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Abstract. Antineoplastons such as A10 include naturally
occurring peptides and amino acid derivatives that control
the neoplastic growth of cells. The mechanism underlying
this antitumor effect was investigated using the breast cancer
cell line, SKRB-3. Cells treated with A10 were monitored for
any changes in cell cycle, expression of protein kinase C
(PKC), or intracellular signal transduction, particularly phos-
phorylation of mitogen-activated protein kinase (MAPK).
The A10 markedly inhibited SKBR-3 proliferation due to
arrest in the G; phase. A10 down-regulated the expression
of PKCa protein, resulting in inhibition of extracellular
signal-regulated kinase (ERK) MAPK phosphorylation. This
increased the expression of p16 and p21 protein, with resultant
inhibition of Rb phosphorylation, leading to G, arrest. This
study has defined a pathway in which A10 arrested SKBR-3
cells in the G, phase via PKCa and MAPK. Our findings
indicate that the antineoplaston A10 antitumor effect could
be utilized as an effective therapy for breast cancer patients.

Introduction

Antineoplastons are naturally occurring peptides, amino acid
derivatives and organic acids, found in blood, tissue and urine.
Their inhibitory effect on neoplastic cell growth was first
described in 1976 (1). The first synthetic antineoplaston was
produced from extracted antineoplaston A2 and designated
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A10. Its chemical composition is 3-phenylacetylamino-2, 6~
piperidinedione and it is hydrolized in pancreatic juice to
phenylacetylglutamine and phenylacetylisoglutamine. Clinical
studies have described the effectiveness of antineoplastons
on many different tumors (2-6). Moreover, Badria er al reported
that A10 significantly inhibited neutrophil apoptosis in breast
cancer patients (7). The mechanism underlying the antitumor
effect is considered to involve regulation of p53 and p21 gene
expression through demethylation of their promoter sequences
and acetylation of histones (2). However, both the mechanism
and effect on breast cancer cells have been poorly studied to
date. The present study examined the effect of antineoplaston
A10 on protein kinase C (PKC) and mitogen-activated protein
kinase (MAPK) which are directly involved in cell growth
during breast cancer.

PKCs are phospholipid dependent serine/threonine kinase
that are involved in regulating basic cell functions, such as
proliferation and differentiation (8). At least 11 isozymes of
PKC have been described (a, BI, BII, v, 8, ¢, m, 8, € and M)
(9-12), and are divided into three subgroups. PCKa, 8I, BIT
and y are considered to be the classical PKC (cPKC) isozymes,
which are activated by calcium and diacylglycerol (DAG)/
phorbol esters. PKCS, ¢, 1 and 8 are classified as novel PKC
(nPKC) isozymes; they are also activated by DAG and
phorbol esters, but their activation is not dependent on calcium.
PKCEt and M are atypical PKC (aPKC) isozymes which are
not dependent on calcium, DAG, or phorbol esters. When a
certain stimulus is applied to the cell membrane, phospho-
lipase C, an effector, is activated via G protein. As a result,
phosphatidylinositol-4,5-bisphosphate (PIP,), which is a trace
component of the cell membrane, is broken down to DAG,
which in turn activates cPKC and nPKC, leading to phos-
phorylation of substrates downstream (12-14). Particularly in
breast cancer cells, PKCu is the primary target of PMA,
which acts as a transient negative regulator of cell spreading
and motility. This was shown specifically in MDA-MB-231
cells (15). The endogenous PKCa in MCF-7 cells plays a
critical role in regulating cell-cycle control and apoptosis, in
part through up-regulating the expression of p21CIP1 and
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bcl-2 (16). Moreover, the interaction between PKCy and
cyclin E is carefully regulated, and it correlates with the inactive
form of the cyclin E/Cdk2 complex (17). An atypical PKCE
blocks the phosphorylation of Akt in breast cancer cells
(18). These data strongly suggest that PKC is involved in the
proliferation, differentiation and death of breast cancer cells.
The mitogen-activated protein kinase (MAPK) family
consists of extracellular signal-regulated kinase (ERK)
MAPK, c-jun NH,-terminal kinase (JNK) and p38. The protein
kinase cascade is activated in response to various external
stimuli and transfers extracellular signals to the nuclei. Various
cellular responses, such as proliferation, differentiation and
cell death, are controlled by the regulation of gene expression
by MAPK. ERK MAPX is considered to function in cell
proliferation and differentiation. It is a focus of research relating
to carcinogenesis, particularly because of activation by down-
stream signaling cascades of growth factors (19,20). It has
also been shown in breast cancer cells, that HER2 and PKC$
are involved in the activation of ERK MAPK induced by
estrogen (21). Furthermore, angiotensin II induced, in a dosage-
dependent manner, proliferation of breast cancer cells and
acceleration of phosphorylation of ERK MAPK, secondary

“to translocation of PKCq, B and 8. Therefore, it is assumed

that there is a close relationship between PKC and MAPK.
However, the potential role of PKC or MAPK as mediators
of the antineoplaston effects in breast cancer cells have not
yet been investigated in detail: If this relationship could be
clarified in breast cancer cells, antineoplaston treatment could
be an effective therapy for breast cancer patients.

The present study examined the effects of antineoplaston
A10 on PKC and ERK MAPK signaling, as well as in the
regulation of the cell cycle in the SKBR-3 human breast cancer
cell line. Interestingly, we found that A10 caused G, arrest in
SKBR-3 cells, and that PKCa and ERK MAPK were closely
involved in the inhibition of cell proliferation.

Materials and methods

Materials. Antineoplaston A10 was provided by Dr S.R.
Burzynski (Burzynski Research Institute, Inc.). PD98059 and
G66976 were obtained from Alexis Corporation (San Diego,
CA).

Cell culture and cell proliferation studies. The SKBR-3
breast cancer cell line, was obtained from the American
Type Culture Collection (ATCC) (Manassas, VA), and was
cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37°C
in an atmosphere of 5% CO,,.

Treatment of antineoplaston AI10. To assess the effect of A10
on cell proliferation, concentrations of 1, 3 or 10 mg/ml were
added to SKBR-3 cells in 6-well plates and incubated for
24-72 h. Cells were then suspended by treatment with 0.05%
trypsin and counted using a hemocytometer.

Flow cytometry. Cells were fixed with 70% ethanol, stained
with propidium iodide (1 mg/ml), and examined for changes
in the cell cycle distribution using flow cytometry (FACScan,
Becton-Dickinson, CA).
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Figure 1. Effect of A10 on SKBR-3 cell growth. Different concentrations of
Al10 (1, 3 or 10 mg/ml) were added to SKBR-3 cells in 6-well plates for
different incubation periods. The cell number was determined by hemocyto-
meter counting. Data are expressed as the mean £ SE of three independent
experiments,

Western blot analysis. Lysis buffer (50 mM Tris-HCl, pH 7.4,
1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM
Na,VO,, 1 mM PMSF, 1 mM NaF, 1 pg/ml pepstatin) was
added to SKBR-3 cells, and SDS-polyacrylamide gel slab
electrophoresis was performed, followed by blotting onto a
nitrocellulose membrane. Membranes were blocked for 1 h
using tris-buffered saline (TBS) containing 5% milk and
0.1% Tween-20 and then incubated for 24 h with one of the
following primary antibodies; anti-PKCa, 8, ¢, 1, 6 and ¢
(1:1,000, Transduction Laboratories, Lexington, KY), anti-
ERK MAPK (1:1,000, phosphospecific antibody and total
antibody, New England Biolabs, Beverly, MA), anti-pl6
(1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA), anti-p21
(1:1,000, Santa Cruz Biotechnology), anti-p27 (1:1,000, Santa
Cruz Biotechnology), anti-cyclin D1 (1:1,000, PharMingen,
San Diego, CA), anti-cyclin E (1:1,000, PharMingen), anti-
phosphospecific-retinoblastoma (Rb) (Ser807/811) (1:1,000,
Cell Signaling Technology, Beverly, MA) and anti-B-actin
(1:1,000, Sigma, Saint Louis, MO). After washing three
times with TBS containing 0.1% Tween-20, the membrane
was incubated for 60 min with the secondary antibody
(1:2,000, anti-mouse or anti-rabbit horseradish peroxidase,
Bio-Rad, CA). Bands were detected using the enhanced
chemiluminescence (ECL) Western blot detection system
(Amersham Biosciences, Buckinghamshire, UK).

Statistical analysis. Statistical analysis was performed using
the Student's t-test. A level of p<0.05 was considered
statistically significant.

Results

Al0 inhibits proliferation of SKBR-3 breast cancer cells.
A10 caused the dose-dependent inhibition of SKBR-3 cells
(Fig. 1). When compared to the control, cells incubated for
72 h with 1, 3 or 10 mg/ml A10 underwent 36 and 80% cell
growth inhibition, respectively.
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Figure 2. Al0-induced changes in the cell cycle. SKBR-3 cells were treated with 3 mg/ml A10 for 24 h, and then fixed with 70% ethanol, stained with
propidium iodide (I mg/ml), and examined for changes in the cell cycle distribution using flow cytometry. A representative experiment is shown. Similar

results were obtained in two additional experiments.

Effects of AI10 on cell cycle distribution. The cell growth
curves and the flow cytometry results suggested that A10
inhibited the growth of SKBR-3 cells, and increased the

proportion of cells in the Gy/G, phase, that is, they caused G, 016 o

arrest. Analysis of the cell cycle showed that in the group

without A10, 44% of the cells were in the Gy/G, phase, and 1.0

8% at the G,/M phase. However, in the 3 mg/ml A10 group p21

after 24 h, 59% of the cells were in the G¢/G, phase and 5%

at the Gy/M phase, indicating that the percentage of Gy/G-

phase cells had increased markedly (Fig. 2). p-Rb B 7
(Ser807/811) e e W

Effect of A10 on pl6, p21, p27, cyclins and Rb. It has been 089 0.67  0.68

suggested that SKBR-3 cells undergo G, arrest after A10

treatment, therefore we examined the expression of cell B-actin 4

cycle regulators that are essential for Gy/G, progression. We
focused on changes in pl6, p21, p27, cyclin D1, cyclin E
protein expression and phosphorylation of Rb protein. As a
result, expression of p16 and p21 protein was increased at 12 h
after the administration of A10 (Fig. 3), while there was no
change in the expression of cyclin D1, c¢yclin E and p27 protein
(data not shown). Furthermore, the phosphorylation of Rb at
Ser807/811 was inhibited 24 h after A10 was administered
(Fig. 3).

AlO-induced changes in PKC expression and effect of the
classical PKC inhibitor G66976. Since PKC is strongly related
to cell growth we next investigated how A10 affects this
enzyme. The expression of PKCo decreased at 30 min after
3 mg/ml A10 was added, but expression of other PKC proteins
was unchanged (Fig. 4A). These results suggest that PKCa is

A10 3mg/ml 0O 3 12 24

Figure 3. Effect of A10 on pl6, p21 protein expression and Rb phospho-
rylation. SKBR-3 cells were treated with 3 mg/ml A 10. Between 0 and 48 h,
the expression of p16, p21 protein and Rb phosphorylation was examined by
Western blotting. Similar results were observed in two additional experiments.
Values indicate the density of the band.

involved in the control of SKBR-3 cell proliferation by A10.
The potential role of PKCo isozymes in the A10-mediated
control of SKBR-3 cell proliferation was evaluated using a
classical PKC inhibitor, G66976. As SKBR-3 cells do not
express PKCB or PKCy (23), G66976 acted on them as a

“specific PKCa inhibitor. SKBR-3 cells were treated with

vehicle (control), G66976 (3 uM) alone, or with a combination
of A10 (3 mg/ml) and G66976 (3 UM). After 24 h, the cells
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Figure 4. A10-induced changes in PKC isozymes and effect of G66976. (A) SKBR-3 cells were treated with A10 (3 mg/ml) for different periods, as detailed
in the figure. Expression of PKC isozymes was determined by Western blotting using specific anti-PKC antibodies. Similar results were observed in two
additional experiments. Values indicate the density of the band. (B) SKBR-3 cells were treated with vehicle (control), G66976 (3 uM) alone or with a
combination of A10 (3 mg/ml) and G66976 (3 uM), After 24 h, the cells were suspended by treatment with 0.05 % trypsin and counted. Data are expressed as the
mean % SE of three independent experiments.
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Figure 5, Effect of A10 on ERK MAPK phosphorylation. (A) SKBR-3 cells were treated with 3 mg/ml A10 for different times, as indicated in the figure.
Phospho- and total ERK MAPK was assessed by Western blotting. Similar results were observed in two additional experiments. Values indicate the density of
the band. (B) Effect of PD9805% on ERK MAPK phosphorylation, Cells were treated with PD98059 (30 tM), and ERK MAPK phosphorylation was assessed
12 h later by Western blotting. Similar results were observed in two additional experiments. Values indicate the density of the band. (C) SKBR-3 cells were
treated with different concentrations of PD98059 for 24 h, and the cell numbei was determined by hemocytometer counting, Data are expressed as the mean +
SE of three independent experiments. (D) Effect of G66976 on ERK MAPK phosphorylation. Cells were treated with G66976 (3 pM), and ERK MAPK
phosphorylation was assessed 12 h later by Western blotting. Similar results were observed in two additional experiments. Values indicate the density of the
band.

were suspended by treatment with 0.05% trypsin and counted.  similar in the presence of A10 (Fig. 4B). Therefore, these
Interestingly, G66976 produced a significant reduction in the  results strongly suggest that PKCa is closely involved in the
cell number compared to the control (p=0.013). This effect was ~ A10-induced inhibition of SKBR-3 cell growth.
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Effect of AI0 on MAPK. The changes induced by A10Q in
ERK MAPK were assessed to investigate the pathway
downstream from PKC. The addition of A10 produced no
change in the total ERK MAPK protein in SKBR-3 cells, but
the expression of phosphospecific ERK MAPK decreased
markedly 3 h after the 3 mg/ml concentration was added
(Fig. 5A). These data suggest that ERK MAPK was closely
involved in the A10-induced inhibition of SKBR-3 cell
growth. Confirmation of whether ERK MAPK was involved
in SKBR-3 cell growth was obtained by adding PD98059,
(an inhibitor of mitogen-activated protein kinase kinase
[MEK] 1 which is responsible for ERK MAPK activation), to
cell cultures and analyzing any changes in cell growth. The
expression of phosphorylated ERK MAPK decreased markedly
at 12 h after the administration of PD98059, confirming ERK
MAPK phosphorylation inhibition by PD98059 (Fig. 5B).
The groups receiving 30 or 60 M PD98059, showed 46.6
and 72.3% growth inhibition, respectively (compared with the
control), indicating significant dose-dependent cell growth
inhibition (p<0.05) (Fig. 5C). To establish a potential role for
PKCa in this process, we assessed the effect of G66976 on
ERK MAPK phosphorylation. Treatment with G566976
inhibited ERK MAPK phosphorylation fully after 12 h
(Fig. 5D). These results strongly suggested a role for PKCa
in the activation of ERK MAPK by A10.

Discussion

The antineoplaston A 10 markedly inhibited the proliferation
of the breast cancer cell line, SKBR-3, by causing cell-cycle
arrest in the Gy phase. Our findings are consistent with a
previous report that demonstrated that antineoplaston induced
G, arrest and differentiation of human hepatocellular carcinoma
cells (24). The mechanism of G, arrest by A10 has been
suggested to occur at the level of PKC expression and ERK
MAPK phosphorylation, since both are important regulators
of G//S transition. In fact, the expression of PKCa protein
decreased markedly on treatment with A10, while other PKC
isozymes remained unchanged. On the basis of these results,
it is tempting to speculate that PKC, especially PKCa, is
involved in the control of G/S transition in SKBR-3 cells,
probably through controlling essential regulators of G,/S
progression. We used the classical PKC inhibitor, G66976, to
further investigate how PKCa is involved in the A10-induced
inhibition of SKBR-3 cell growth. Interestingly, G66976
impaired cell growth significantly. Inhibition of PKCa function,
either by pharmacological inhibition with G66976 or by
reduced protein expression on treatment with A10, impaired
the growth of SKBR-3 cells markedly. The lack of an inhibitory
effect caused by G66976 in A10-treated cells could be related
to the low levels of PKCa present after ALQ treatment. This
would strongly reinforce the concept that PKC plays a major
role in the control of cell proliferation in this cell model.
Next, to demonstrate the presence of a signal downstream
from PKC, we analyzed MAPK expression. A10 produced
little or no change in the expression of the ERK MAPK protein,
but its phosphorylation was inhibited 3 h post exposure. This
result suggests that ERK MAPK is closely involved in the
A10-induced inhibition of SKBR-3 cell growth. This was

also supported by the finding that the ERK MAPK-specific -
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inhibitor, PD98059, inhibited cell growth significantly.
Moreover, a PKCa blockade with G36976 inhibited ERK
MAPK phosphorylation, a clear indication that PKCa is an
upstrearn regulator of ERK MAPK in this cell model. Similar
findings have been reported in other cell types (25-27).

Among signals downstream of ERK MAPK, control of
the cell cycle is considered most important as it is directly
related to the control of cell growth. The G, phase of the cell
cycle is controlled by the cyclin/cyclin dependent kinase
(cdk) complex, or inhibitor of cyclin/cdk complex such as
pl6 or p21 through phosphorylation of Rb (28,29). We
therefore assessed the effect of A10 on the expression of
cyclins, pl6, p21 proteins, and the phosphorylation of Rb. A10
increased the expression of pl6 and p21, and inhibited the
phosphorylation of Rb at Ser807/811. We speculate that the
precise cause of the Al0-induced G, arrest of SKBR-3 cells
was the inhibition of Rb protein phosphorylation associated
with the up-regulation of pl6 and p21 protein expression.
However, in the present study, A10 did not induce changes in
cyclin expression, suggesting that G, arrest in these cells
might be caused by a reduction of cdk kinase activity or some
other unidentified factor.

These data lead us to conclude that the exposure of
SKBR-3 breast cancer cells to A10 caused the down-regulation
of PKCu protein expression, resulting in inhibition of ERK
MAPXK phosphorylation, increasing p16 and p21 protein
expression, with the resultant inhibition of Rb phosphorylation
leading to G, arrest. Our data indicate the existence of a path-
way in which A10 arrests SKBR-3 cells in the G, phase via
PKC and MAPK. This is the first report, to our knowledge,
describing the relationship between antineoplaston and PKXC
or MAPK. In conclusion, this study suggests that once the
mechanism underlying the antineoplaston antitumor effect is
fully elucidated, it may provide an effective therapy for breast
cancer patients.
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ABSTRACT

The aim of this study is to investigate the placental transport
mechanism of cationic compounds by comparison of the up-
take of an organic cation into human placental basal membrane
vesicles (BLMVs) with that into organic cation transporter 3
(OCT3)-expressing cells. Reverse transcription-polymerase
chain reaction analysis demonstrated that OCT3 is the only
OCT isoform expressed in the human placenta. The function of
OCT3 was investigated by measuring the uptake of 1-methyl-
4-phenylpyridinium (MPP™) into human embryonic kidney
(HEK)293 cells stably expressing OCT3 (HEK/OCT3 cells). The
OCT3-mediated uptake of MPP* was sodium- and chloride-
independent and saturable, with a Michaelis constant (K, of
82.5 uM. The OCT3-mediated uptake was inhibited by various

cationic drugs in a concentration-dependent manner but not by
anionic compounds, such as p-aminohippuric acid and capto-
pril, or a zwitterion, carnitine. Western blotting analysis of mem-
brane vesicles prepared from human term placenta revealed
that OCT3 is expressed only in BLMVs but not in microvillous
membrane vesicles. The uptake of MPP™* into BLMVs was
membrane potential-dependent and saturable, with a K,,, value
of 51.8 uM, which is similar to that in HEK293/OCT3 cells. The
inhibitory spectrum of various compounds on MPP™ uptake by
BLMVs was also similar to that in HEK293/0CT3 cells. These
results suggest that OCT3 is expressed on the basal membrane
of human trophoblast cells and plays an important role in the
placental transport of cationic compounds.

Throughout gestation, the placenta plays an important
role in regulating the supply of nutrients to the fetus, excre-
tion of metabolic waste products from the fetus, and so on. In
the placenta, trophoblast cells, which face the maternal
blood, are considered to be the functional entity of the blood-
placental barrier. Various transporters have been identified
on both microvillous membrane and basal membrane, which
face the maternal and fetal side, respectively, of trophoblast
cells and are considered to regulate the exchange of various
materials between mother and fetus.

Monoamines, including serotonin and norepinephrine, and
cationic drugs, such as cimetidine and procainamide, are
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transported by organic cation transport systems in the kid-
ney and liver (Koepsell, 1998; Kamisako et al., 1999; Dresser
et al., 2000; Hohage and Gerhardt, 2000; Suzuki and Sug-
iyama, 2000). Rat organic cation transporter 1 fOCT1) was
first cloned from rat kidney as a component of the organic
cation transport system (Griindemann et al., 1994). Whereas
mouse and rat OCT1 are expressed in both liver and kidney
(Griindemann et al., 1994; Schweifer and Barlow, 1996),
hOCT1 is mainly expressed in the liver (Gorboulev et al,,
1997; Zhang et al., 1999). It has also been shown by immu-
nohistochemical study that rOCT1 is expressed on the sinu-
soidal membrane of hepatocytes (Meyer-Wentrup et al.,
1998) and the basolateral membrane of renal tubular epithe-
lium (Karbach et al., 2000; Sugawara-Yokoo et al., 2000).
rOCT2 was cloned as a homolog of rOCT1 from rat kidney
(Okuda et al., 1996). Unlike hOCT1, OCT2 is expressed pre-
dominantly in the kidney (Okuda et al., 1996; Gorboulev et
al., 1997) and is localized on the basolateral membrane of

ABBREVIATIONS: rOCT, rat organic cation transporter; OCT, organic cation transporter; hOCT, human organic cation transporter; BLMV, human
placental basolateral membrane vesicle; MPP*, 1-methyl-4-phenylpyridinium; RT-PCR, reverse transcription-polymerase chain reaction; HEK,
human embryonic kidney; BBMV, human placental microvillous membrane vesicle; PBS, phosphate-buffered saline; ALP, alkaline phosphatase;

ANOVA, analysis of variance; PAH, p-aminochippuric acid.
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renal proximal tubules (Karbach et al., 2000; Sugawara-
Yokoo et al., 2000).

Organic cation transporter 3 (OCT3) was first cloned from
rat placenta (Kekuda et al., 1998), and its orthologues were
also cloned from humans and mice (Griindemann et al., 1998,
Verhaagh et al., 1999). Because hOCT3 has high affinity for
monoamines, such as histamine, it is also designated as
extraneuronal monoamine transporter (Griindemann et al.,
1998). In contrast to OCT1 and 2, OCT3 is widely expressed
(Kekuda et al., 1998; Verhaagh et al., 1999), although its
expression is particularly high in the placenta (Verhaagh et
al., 1999). Recently, it has been reported that pregnant
OCT3-knockout mice exhibit reduced accumulation of MPP™*
in the embryo compared with pregnant control mice, al-
though the MPP* concentration in placenta and amniotic
fluid was not affected, suggesting that OCT3 mediates the
transport of MPP* from the placenta to the fetus but not
from the maternal circulation (Zwart et al., 2001). These
findings emphasize the importance of OCT3 in the placental
transfer of cationic compounds, although its subcellular lo-
calization in the placenta and other tissues still remains
unknown.

Besides OCTs, various transporters of organic cations have
been identified in the human placenta. The expression of
OCTN1, a member of a new subfamily of OCTs, has been
reported in the human placenta, .but its subcellular localiza-
tion remains to be identified (Tamai et al., 1997). Another
OCTN, OCTN2, has been demonstrated to be expressed on
the maternal side (microvillous membrane) of trophoblast
cells by Western blotting (Lahjouji et al., 2004). An organic
cation/proton antiporter, norepinephrine transporter, seroto-
nin transporter, and P-glycoprotein have been found on the
microvillous membrane of trophoblast cells (Ganapathy et
al., 2000; Ushigome et al., 2003), but the identity of the
transporter of organic cations on the basolateral membrane
remains unknown. The aim of this study is to investigate the
placental transport mechanism of cationic compounds by
comparison of the uptake of a model organic cation into
human placental basal membrane vesicles (BLMVs) with
that into OCT3-expressing cells.

Materials and Methods

Materials and Reagents. [PHJMPP* (85.0 Ci/mmol), [*H]quinine
(14.5 Ci/mmol), and [*H]dihydroalprenolol (60 Ci/mmol) were pur-
chased from American Radiolabeled Chemicals (St. Louis, MO).
[*4C]Tetraethylammonium (2.4 Ci/mmol) was purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA). [*H]Theo-
phylline (18.5 Ci/mmol) was purchased from Moravek Biochemicals
(Brea, CA). Anti-OCT3 goat polyclonal antibody OCT3 (C-14) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Horseradish peroxidase-labeled anti-goat IgG antibody was pur-
chased from Valeant Pharmaceuticals (Costa Mesa, CA). All other
chemicals used in this study were commercial products of reagent
grade. ) :

Functional Expression of OCT3 in Mammalian Cells. Hu-
man OCT3 cDNA was obtained from human kidney total RNA by
RT-PCR using KOD-plus-polymerase (Toyobo Engineering, Osaka,
Japan). Sequence analysis revealed that the obtained OCT3 ¢cDNA
was 300 base pairs shorter than the OCT3 cloned previously (Gen-
Bank accession no. AJ001417; Griindemann et al., 1998). The miss-
ing part of the OCT3 ¢cDNA was obtained by PCR using an Advan-
tage-GC Genomic PCR kit (BD Biosciences Clontech, Pale Alto, CA)
and human liver cDNA (BD Biosciences Clontech) under the follow-

Functional Analysis of OCT3 in Human Placenta 889
ing conditions: 1) 94°C X 3 min; 2) 94°C X 30 s, 68°C X 3 min (35
cycles); and 3) 68°C X 3 min. The full-length OCT3 ¢cDNA was
generated using the restriction enzyme Bglll and subcloned into
pIRESneo vector.

Sequencing of the ¢cDNA was carried out with an ABI Prism
BigDye Terminator Cycle Sequencing kit and 373 DNA sequencer
(Applied Biosystems, Foster City, CA), and the sequence was ana-
lyzed by Sequencing Analysis 3.0 (Applied Biosystems). Sequence
analysis showed that there was a G1260A mutation compared with
the sequence already published by Griindemann et al. (1998), but it
was a silent mutation. '

An aliquot of 1 pg of OCT3/pIRESneo vector was transfected into
HEK293 cells with LipofectAMINE 2000 Reagent (Invitrogen, To-
kyo, Japan). After incubation for 24 h, cells were released by trypsin
treatment and cultured in minimal essential medium containing 500
pg/ml geneticin. The cells were grown for 3 to 4 weeks and then used
as HEK293 cells stably expressing OCT3 (HEK/OCT3 cells).

Preparation of Human Placental BLMVs and Microvillous
Membrane Vesicles (BBMVs). Human placental BLMVs were pre-
pared by the method of Inuyama et al. (2002) with minor modifica-
tions. Human term placentas from uncomplicated pregnancies were
obtained within 15 min after vaginal or cesarean delivery and placed
in 0.9% NaCl. After removal of the cord, amniochorion, and decidua,
placental tissue was cut from the maternal side and washed in
phosphate-buffered saline (PBS) (—). Tissue was stirred in PBS (-)
for 30 min and collected on a nylon mesh. The filtrate was washed
three times with ice-cold 50 mM Tris-HC), pH 7.4, collected on a
250-pm pore size nylon mesh, and divided into several equal por-
tions. Each portion was sonicated in 100 m! of the same Tris buffer
using a 3/4-inch-high gain probe for 10 s at 240 W (Vibra-cell; Sonics
and Materials, Newtown, CT). The suspensions were kept on ice. The
sonication procedure selectively removes any remaining microvillous
membrane. Sonicated tissue was collected on the mesh, washed
three times with 5 mM Tris-HCl, pH 7.4, and then stirred gently for
60 min in the same buffer. Tissue was then collected on the nylon
mesh and washed again in the same buffer. This procedure disrupts
and removes the intracellular components, thus exposing the baso-
lateral membranes. Tissue portions of 25 to 30 g were resuspended in -
approximately 100 ml of 50 mM T'ris-HCl, pH 7.4, containing 10 mM
EDTA and 250 mM sucrose and incubated for 30 min with occasional
stirring. The portions were then sonicated twice for 20 s at 250 W to
release the basolateral membranes. The suspensions were strained
through nylon mesh, and the supernatant was centrifuged at 3430g
for 10 min to remove debris. The supernatant from this spin was
recentrifuged at 80,000g for 40 min to yield the basolateral mem-
brane pellet, which was resuspended, using a Dounce homogenizer
in 25 mM HEPES-Tris, pH 7.4, containing 1 mM EDTA and 275 mM
sucrose. This fraction was further purified by centrifugation on a
discontinuous gradient of 10% (w/v) Ficoll (Pfizer, Inc., New York,
NY) in the resuspension buffer overlaid with 4% Ficoll (as described
by Kelley et al., 1983) prepared in 25 mM HEPES-Tris, pH 7.4,
containing 1 mM EDTA and 275 mM sucrose. Ficoll gradient tubes
were spun at 90,000g for 6 to 8 h. The material at the density
gradient interfaces was collected, washed, and resuspended in 25
mM HEPES-Tris, pH 7.4, containing 275 mM sucrose. The suspen-
sion from this run was resuspended in 25 mM HEPES-Tris buffer
containing 150 mM KCl, pH 7.4 (E buffer) with a 25-gauge syringe
needle. All of the operations were carried out at 4°C.

BBMVs were prepared according to the method described by Na-
kamura et al. (2002) with minor modifications. Human term placen-
tas from uncomplicated pregnancies were obtained within 15 min
after vaginal or cesarean delivery and placed in 0.9% NaCl. After
removal of the cord, amniochorion, and decidua, placental tissue was
cut from the maternal side and washed in 250 mM mannitol, 10 mM
HEPES-Tris at pH 7.4 (MHT buffer). The mince was stirred for 1 h
to loosen the microvilli and filtered through two layers of woven
cotton gauze. A sample of this starting mince was taken for enzyme
analysis. The filtrate was centrifuged at 800g for 10 min. The pellet
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was discarded, and MgCl,, was added to the supernatant to a final
concentration of 10 mM. After 10 min, with occasional stirring, the
supernatant was centrifuged at 10,500g for 10 min. The pellet was
discarded, and the supernatant was centrifuged at 20,000g for 20
min. The pellet from this run was suspended in B buffer with a
25-gauge syringe needle. All of the subsequent procedures were
performed at 4°C. BLMVs and BBMVs were quickly frozen and
stored at —80°C and used within a month.

Tissue homogenate was prepared by the method previously de-
scribed by Kelley et al. (1983). Approximately 3 g of whole villous
tissue was homogenized in 10 ml of buffer E using a Waring blender
(PHYSCOTRON Micro Teq.; Nichion Co., Chiba, Japan) for 2.25 min
and further with a homogenizer for eight strokes. The material was
filtered through six layers of gauze.

Binding activity of [PH]dihydroalprenolol as a marker of the basal
membrane and alkaline phosphatase (ALP) activity as a marker of
the microvillous membrane was assayed as reported by Kelley et al.
(1983) and Bessey et al. (1946), respectively. The dihydroalprenolol
binding of BLMVs was 25.2-fold higher than that of the homogenate,
whereas the ALP activity was only 3.07-fold higher. On the other
hand, the dihydroalprenoclol binding of BBMVs was only 1.07-fold
higher than that of the homogenate, whereas the ALP activity was
18.3-fold higher. The amount of protein in the sample was measured
by the method of Lowry et al. (1951).

RT-PCR Analysis of OCTs mRNA in Human Placenta and
BeWo Cells. The total RNAs of BeWo cells and human placenta
were extracted with an RNeasy mini kit (QIAGEN GmbH, Hilden,
Germany). Human liver total RNA was purchased from Cell Appli-
cations, Inc.” (San Diego, CA), and human kidney total RNA was
purchased form Stratagene (La Jolla, CA). First-strand ¢cDNA was
synthesized from total RNA (50 ng), using random primer and Sh-
perSeript II reverse transcriptase (Invitrogen, Carlsbad, CA). PCR
was performed with a T-Gradient Thermoblock (Biometra, Gottin-
gen, Germany) using KOD-plus-polymerase (Toyobo Engineering)
and primers specific for each family member. Table 1 shows the
primer sets used in RT-PCR and the accession number of each
transporter.

Western Blotting. HEK293/OCT3 ‘cells, BLMVs, and BBMVs
were collected and suspended in lysis buffer containing 100 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM CaCl,, 1% Triton X-100, 0.1%
SDS, 0.1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 0.01
mg/ml leupeptin, 0.01 mg/ml aprotinin, and 1 mM sodium vanadate
and incubated for 30 to 45 min at 4°C. After incubation, the suspen-
sion was centrifuged at 15,000g for 15 min at 4°C. SDS-polyacryl-
amide gel electrophoresis was performed according to the method of
Laemmli (1970). The proteins were transferred electrophoretically
onto a 0.2-um pore size Clear Blot Membrane-P (Atto Corporation,
Tokyo, Japan). Blots were blocked overnight at 4°C with 5% nonfat
powdered milk in PBS (—). OCT3 (C-14) was used as the primary
antibody for OCT3, and horseradish peroxidase anti-goat IgG
(Valeant Pharmaceuticals) was used as the secondary antibody. De-
tection was done with enhanced chemiluminescence reagents (GE
Healtheare, Little Chalfont, Buckinghamshire, UK) according to the
instructions of the manufacturer.

Uptake Experiment into HEK/OCT3 Cells. HEK/OCT3 cells
were seeded at 5 X 10* cells/well on 96-well plates (NUNC A/S,

TABLE 1
Oligonucleotides used for RT-PCR

Roskilde, Denmark) and grown for 2 days until used for the uptake
study.

After reaching confluence, cells were washed twice with uptake
buffer (125 mM NaCl, 4.8 mM KCl, 5.6 mM b-glacose, 1.2 mM
KH,PO,, 1.2 mM MgS0,, and 25 mM HEPES, pH 7.4) before the
study. Uptake was initiated by adding 100 pl of uptake buffer con-
taining unlabeled MPP* and 10 nM. [BHIMPP™, For the Na* depen-
dence study, NaCl was replaced with LiCl, mannitol, or sodium
gluconate. After incubation at 37°C for an appropriate time, uptake
was terminated by aspiration of the buffer followed by two washes
with 1 ml of ice-cold uptake buffer. Cells were then dissolved in 150
i of 1 N NaOH, and the solution was neutralized with 150 pl of I N
HCl. Scintillation cocktail (Clear-sol I, Nacalai Tesque, Kyoto, Ja-
pan) was added, and the radioactivity of PHIMPP" was determined
with a liquid scintillation counter (1.56500; Beckman Coulter, Ful-
lerton, CA). The amount of protein in the cells was measured by the
method of Lowry et al. (1951).

Measurement of Uptake into BLMVs and BBMVs. The up-
take of [PHIMPP™ into membrane vesicles was measured by using a
rapid filtration technigue (Russel et al., 1988). Uptake was initiated
by the addition of 90 pl of incubation buffer to 10 ul of BLMV
suspension containing 40 to 50 pg of protein. The incubation buffer
consisted, in general, of unlabeled MPP*, 25 mM HEPES-Tris, pH
7.4, 150 mM NaCl, and [PHIMPP™* (0.08 uCi/point).

At the designated time, uptake was terminated by adding 1 ml of
ice-cold stop buffer followed immediately by filtration (HAWP 0.45
wpm; Millipore Corporation, Billerica, MA). The filter was washed
twice with 4 ml of ice-cold stop buffer. In general, stop buffer con-
tained 10 mM sucrose in incubation buffer. Nonspecific binding was
determined by adding 1 ml of ice-cold stop solution and 90 pl of
ice-cold incubation buffer to the ice-cold BLMV suspension followed
by the same treatment as in the uptake experiments.

To assay radiclabeled compounds, filters were placed in counting
vials and mixed with 4 ml of scintillation fluid, Clear-sol 1. Radicac-
tivity was measured with a liquid scintillation counter (I.S6500).

Data Analysis. The [*HJMPP* uptake into HEK/OCT3 cells is
expressed as the cell-to-medium ratio calculated from the intracel-
lular uptake per milligram of protein (disintegrations per minute per
milligram of protein) of the cells relative to the initial drug concen-
tration (disintegrations per minute per microliter).

As for the uptake into membrane vesicles, obtained radioactivity
was normalized with respect to the protein amount of vesicles. Val-
ues were determined by subtracting nonspecific binding from total
uptake (in the investigation of osmolarity effects as well), and data
are presented as the vesicle-to-medium ratio (microliters per mﬂh-
gram of protein).

To determine the kinetic parameters, K, Jy,., and &y, the follow-
ing Michaelis-Menten equation was fitted to the data using the
nonlinear least-squares regression analysis program MULTI
(Yamaoka et al., 1981): J = J . X SAK, + 8) + kg X S, where J and
S represent the transport rate and concentration of substrate, re-
spectively. J_ .. (nariomoles per milligram of protein per 30 s), K
(millimolar), and kg (mictoliters per milligram of protein per 30 s)
represent the maximum uptake rate for a carrier-mediated process,
the Michaelis constant, and the rate constant for the nonsaturable
component, respectively.

Open reading frame positions of OCT1, 2, and 3 are 1-1665, 1-1668, and 1-1671, respectively.

Family Member Sequence Position Accession No.
0OCT1 Forward 5-ACTCCGCTCTGGTCGAAATC-3’ 1142—1161 X98332
Reverse 5'-CGACATCGCCGCAAAACATC-3' 1670<-1689
0OCT2 Forward 5. ACTCTGCCCTGGTTGAATTC-3’ 1145—1164 X98333
Reverse 5'-GCAACGGTCTCTCTTCTTAG-3' 16651684
OCT3 Forward 5'.CAGAGATCACTGTTACAGAT-3' 971990 AJ001417
’ Reverse 5'-GATAGCTCCTTCTTTCTGTC-3' 1685<-1704




Comparisons between two and among more than three groups
were performed with the unpaired Student’s ¢ test and with nonre-
peated analysis of variance (ANOVA) followed by Dunnett’s test,
respectively. The Spearman rank correlation test was used to deter-
mine the degree of association between the inhibitory effects on
MPP* uptake into HEK/OCT3 cells and BLMVs. A P value of less
than 0.05 was considered statistically significant.

Results

Expression of OCT mRNAs in Human Placenta and
BeWo Cells. The expression of OCTs in human placenta and
BeWo cells was examined by RT-PCR analysis. Total RNAs
from human liver and kidney were used as positive controls
for OCT1 and OCT2 and 3, respectively. In placenta, only
OCT3 and the positive control were detected (Fig. 1). The
PCR product was confirmed to be in accord with the sequence
of human OCT3. With regard to BeWo cells, no band was
detected, suggesting that OCTs are not expressed in these
cells.

Expression of OCT3 Protein in HEK/OCT3 Cells and
Human Placenta. The expression of OCT3 was examined
by Western blotting analysis of HEK/OCT3 cells and mock
cells (HEK293 cells transfected with vector alone). As ex-
pected, a band of 70 kDa was detected only in HEK/OCT3
cells (Fig. 2A).

The expression of OCT3 on human placental trophoblast
membrane was also examined by Western blotting analysis
using BLMVs and BBMVs prepared from human placenta.
The band corresponding to OCT3 was detected in BLMVs at
about 70 kDa, as well as in HEK/OCT3 cells, but not in
BBMVs (Fig. 2B).

Time Course of the Uptake of MPP™. The uptake of 1
M MPP* into HEK293/0CT3 cells was significantly higher
than that into mock cells (Fig. 3). This uptake was linear for
at least 2 min and was attenuated at 4°C. In the following
experiments, the initial uptake rate was determined at 30 s.

Effects of Extracellular Ion Composition on the Up-
take of MPP™ . The effects of Na™ and C1™ on the uptake of
MPP™* were examined by isoosmotic replacement of NaCl
(Na*, +; CI™, +) with mannitol (Na*, —; ClI7, —), sodium
gluconate (Na™*, +; C17, =), and LiCl Na™, —; C17, +) in the

. OCTi i _ 0OCT2 _ : ., OCT3 _,
- (550bp) (530bp) |  (700bp)
ey E D

Fig. 1. RT-PCR analysis of the distribution of OCT mRNAs in the human
placenta and BeWo cells. Total RNAs from the placenta, liver, kidney,
and BeWo-cells were reverse-transcribed and used for PCR amplification
with oligonucleotide primers specific for OCT1, 2, and 3.
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A) HEK/OCT3 B) Placenta
75 kDa—e |

HEK/OCT3 Mock
cells
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HEK/OCT3 Mock
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Fig. 2. Western blotting analysis of OCT8 in HEK/OCTS3 cells and human
placenta. Ten micrograms each of HEK/OCT3 cells and mock (A) and 50
pg each of BLMVs and BBMVs (B) were resolved by SDS-polyacrylamide
gel electrophoresis with a 10% polyacrylamide gel and transferred onto
Clear Blot Membrane-P. Imniunoblots were performed with OCT3-C-14
and anti-B-actin mouse monoclonal antibody and developed with the
enhanced chemiluminescence detection reagent. OCT3 and B-actin were
detected at 70 and 40 kDa, respectively.
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Fig. 3. Time course of OCT3-mediated uptake of 1 pM MPP*. HEK/OCT3
cells were incubated at 37 (closed circle) and 4°C (closed triangle).
HEK293 cells transfected with vector alone (open circle) were incubated
at 37°C. Each point represents the mean = S.E.M. of four determinations.
%, P < 0.05 versus control (Student’s ¢ test).

240

uptake buffer. As shown in Fig. 4, the uptake of MPP* was
not affected by any replacement of NaCl, suggesting that
OCT3-mediated uptake of MPP* is independent of both Na™*
and C1™. .

Concentration:Dependent Uptake of MPP*. The
OCT3-mediated uptake was saturable with a Michaelis con-
stant (K,) of 82.5 uM.(59.7-113.8) [mean (mean — S.D. —
mean + S8.D.)] and a maximal uptake velocity (J,.,) of
2538 * 567.4 pmol/mg protein/30 s (mean * S.D.) (Fig. 5)
obtained from three separate experiments.

Inhibitory Effects of Various Cationic Compounds
on the OCT3-Mediated Uptake of MPP™*, The OCTS3-
mediated uptake of 10 uM MPP™ was significantly inhibited
by various cationic drugs, such as cimetidine, ranitidine,
verapamil, quinine, quinidine, imipramine, trimethoprim,
and procainamide, in a concentration-dependent manner
(Figs. 6 and 7). In contrast, anionic compounds [p-aminohip-
puric acid (PAH), captopril, and phenobarbital], a zwitterion
(carnitine), and a cationic compound (lamivudine) showed
little or no inhibitory effect.
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Fig. 4. OCT3-mediated uptake of MPP™ in the presence or absence of
Na* or C1~. HEK/OCTS cells were incubated at 37°C for 30 s with 10 pM
MPP*. Uptake buffers of different ionic composition were used: NaCl
(Na*, +; C1~, +), mannitol (Na*, —; CI7, —), sodium gluconate (Na*: +,
Cl~: =), LiCl (Na*, —; C1~, +). Each point represents the mean * S.EM.
of four determinations.
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Fig. 5. Concentration-dependent uptake of MPP* into HEK/OCTS3 cells.
Uptake of MPP* into HEK/OCT3 cells and mock was measured at con-
centrations between 1 uM and 3 mM. Data are presented as the OCT3-
specific uptake calculated by subtracting the uptake obtained with mock
from that obtained with HEK/OCTS3. Each point represents the mean =
S.E.M. obtained from three different experiments.

Uptake of Various Cationic Compounds. To search for
novel substrates of OCT3, we examined the uptake of 10 uM
tetraethylammonium, quinine, theophylline, and ramosetron
into HEK/OCT3 cells. No OCT3-mediated uptake of these
compounds was observed (data not shown).

Uptake of MPP™* into BLMVs. The vesicle-to-medium
ratio of MPP™ in BLMVs was linear for at least 30 s (Fig. 8).
The vesicle-to-medium ratio at 10 min was reduced with
increasing extracellular osmolarity, suggesting that MPP™*
was not only bound to the vesicles but also was taken up into
the vesicles.

This uptake was significantly attenuated by replacing ex-
travesicular NaCl with KCl and was potentiated by the ad-
dition of valinomycin, a potassium ionophore. The uptake of
MPP* was not affected by the replacement of NaCl with LiCl
(Fig. 9). These results suggested that the uptake of MPP*
into BLMVs is dependent on membrane potential and inde-
pendent of Na™.

Concentration-Dependent Uptake of MPP™ into
BLMVs. The uptake of MPP* into BLMVs was saturable
with a Michaelis constant (K,) of 51.8 uM [34.9-113.8] (mean
fmean — S.D. — mean + S.D.]) and a maximal uptake veloc-

120

Cell/medium ratio
(% of control)

Fig. 6. Inhibitory effects of several drugs on the uptake of MPP* into
HEK/OCT3 cells. HEK/OCT3 cells were incubated at 37°C for 30 s with
10 uM MPP” in the absence or presence of 1 mM various compounds.
Results are given as percentage of control uptake measured in the ab-
sence of inhibitors. The control and control [+0.5% dimethyl sulfoxide
(DMSO0)] values were 27.38 and 25.04 pl/mg protein/30 s. Each point
represents the mean * S.E.M. of four determinations. #, P < 0.05 versus
respective control (ANOVA; Dunnett’s test).

ity (J max) of 332 *+ 30.8 pmol/mg protein/30 s (mean = S.D.)
(Fig. 10) obtained from three separate experiments.
Effects of Various Compounds on the Uptake of
MPP* into BLMVs. We examined the effects of various
compounds of the uptake of MPP* into BLMVs. We selected
noninhibitors (PAH, captopril, and lamivudin), modest inhib-
itors (carnitine and procainamide), and strong inhibitors (ci-
metidine, imipramine, quinidine, verapamil, and quinine) of
OCT3-mediated uptake. As shown in Fig. 11, PAH and pro-
cainamide showed little or no inhibitory effect, whereas qui-
nine, quinidine, imipramine, and verapamil inhibited the
uptake of MPP* into BLMVs. The rank order of the inhibi-
tory effects of MPP* uptake into HEK/OCT3 cells was highly
correlated with that in BLMVs (2 = 0.688, P < 0.05; Fig. 12).

Discussion

To investigate the placental transport mechanism of cat-
jonie compounds, we focused on OCTs in this study. Because
the only OCT detected in human placenta by RT-PCR anal-
ysis was OCT3, this molecule is expected to play an impor-
tant role in the transport of cationic compounds across the
human placenta.

hOCT1 and hOCT2 are predominantly expressed in the
liver and kidney, respectively (Gorboulev et al., 1997). Unlike
OCT1 and OCT2, OCT3 is widely expressed (Kekuda et al.,
1998; Verhaagh et al., 1999). The OCT3 mRNA level in the
placenta is. particularly high, being 2.5 and 5 times that in
the liver and kidney, respectively. OCTS3 is considered to be
one of the most abundantly expressed transporters in the
placenta (Leazer and Klaassen, 2003). Our results are con-
sistent with that finding and underscore the key role of OCT3
in the transport of cationic compounds in the placenta. '

We also investigated OCTs in a human choriocarcinoma
trophoblast cell line, BeWo cells, and found no expression of
OCTs. This finding is in accordance with the results of Wu et
al. (2000). Although the BeWo cell line originated from pla-
centa, it has the characteristics of cytotrophoblast cells and is
functionally and morphologically distinct from normal syn-
cytiotrophoblast cells (Ugele and Simon, 1999). Thus, it is not
surprising that OCT3 is not expressed in BeWo cells.
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Fig. 8. Influence of Na* on the uptake of MPP* into BLMVs. Uptake was
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mM/K* 3 mM (closed circle) or Na* 3 mM/K* 100 mM (open circle). Each
point represents the mean * S.E.M. of three determinations. *, P < 0.05
versus control (Student’s ¢ test).
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Fig. 9. Influence of membrane potential on the uptake of MPP* into
BLMVs. Uptake was initiated by the addition of 10 M MPP*. Ionic
composition of uptake buffers is shown below the figure. Each point
represents the mean * S.E.M. of three determinations. ¥, P < 0.05 versus
control (ANOVA; Dunnett’s test).

Western blotting demonstrated predominant expression of
OCT3 in HEK/OCTS cells. It was detected as a band of 70
kDa, which is larger than expected from the amine acid
sequence (62 kDa) (Fig. 2). Because both mouse and rat
OCT3 have four to five N-glycosylation sites (Burckhardt and
Wolff, 2000) and hOCT3 shows 90% homology to them, the
difference in size is likely to be attributable to glycosylation.
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Fig. 7. Inhibitory effects of several drugs on the
uptake of MPP* into HEK/OCTS3 cells. HEK/OCT3
cells were incubated at 37°C for 30 s with 10 pM
MPP™, in the absence or presence of 10 or 100 uM or
1 mM inhibitors. Results are given as percentage of
control uptake measured in the absence of inhibi-
tors. The control and control [+0.5% dimethyl sul-
foxide (DMSO)] values were 29.97 ul/mg protein/30
s and 28.54 pl/mg protein/30 s. BEach point repre-
sents the mean * S.E.M. of four determinations. *,
P < 0.05 versus respective control (ANOVA; Dun-
nett’s test).
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Fig. 10. Concentration-dependent uptake of MPP* into BLMVs. Uptake
of MPP* into BLMVs was measured at concentrations between 1 uM and
1 mM. Uptake was initiated by the addition of 10 pM MPP* in the
presence of Na* 100 mM/K* 3 mM. Each point represents the mean +
S.E.M. obtained from three different experiments.
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Fig. 11. Inhibitory effects of several drugs on the uptake of 10 pM MPP*
into BLMVs. BLMVs were incubated at 37°C for 30 s with 10 uM MPP*,
in the absence or presence of 1 mM various compounds. Results are given
as percentage of control uptake measured in the absence of inhibitors.
The control values were 4.02 ul/mg protein/30 s. Each point represents
the mean = S.E.M. of three determinations. *, P < 0.05 versus control
(ANOVA; Dunnett’s test).

Indeed, the size of the bands of OCT3 from both BLMVs and
HEK/OCTS cells was 70 kDa. The established HEK/OCT3
cells transported MPP™ with a K, value of 69 uM (Fig. 5),
which is in good agreement with the values reported for
human retinal pigment epithelial cells (47 pM; Wu et al,,
2000) and HEK293 (104 uM; Martel et al., 2001).
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Fig. 12. Comparison of inhibitory effects on MPP™* uptake between HEK/
OCT3 cells and BLMVs. The solid line shows the linear regression and
the dashed line shows the 1:1 line. The concentration of each inhibitor
was 1mM. Each point represents the mean + S.E.M. of three (BLMVs) or
four (HEK/OCT3 cells) determinations.

The uptake of MPP*, a typical substrate of OCT3, into
HEK/OCTS cells was inhibited by cationic compounds, such
as cimetidine, verapamil, quinine, quinidine, ramosetron,
and trimethoprim, in a concentration-dependent manner. In
contrast, anionic compounds, including PAH, captopril, and
phenobarbital, and a zwitterion, carnitine, showed little or no
inhibitory effect (Figs. 6 and 7). In addition to well known
inlibitors of OCTS, such as cimetidine, imipramine, and
ginine (Griindemann et al., 1998; Wu et al., 2000), we have
identified a variety of cationic drugs that inhibit OCT3. In-
terestingly, a cationic compound, lamivudine, did not inhibit
OCT3 function, suggesting that cationic character alone is
not sufficient for recognition by OCT3. Among therapeutic
drugs, only cimetidine is known to be a substrate of OCT3
(Griindemann et al., 1999). Because various cationic drugs
were found to inhibit OCTS, some of them might be sub-
strates of OCT3.

To search for novel substrates of OCT3, we also examined
the uptake of tetraethylammonium, quinine, theophylline,
and ramosetron into HEK/OCTS cells. Although tetraethyl-
ammonium is a typical substrate of OCT1 and 2 as well as
MPP*, none of the above-mentioned drugs was a substrate
for OCT3. Our finding in the case of tetraethylammeonium is
consistent with previous reports that the affinity of tetraeth-
ylammonium for mouse and rat OCT3 is ‘approximately 10-
fold weaker than that for OCT1 and 2 (Kekuda et al., 1998;
Wu et al,, 2000) and that hOCT3 does not interact with
tetraethylammonium (Griindemann et al., 1999). In contrast,
OCT3 has high affinity for monoamines (Griindemann et al,,
1998). Overall, OCT3 seems to have a substrate specificity
distinct from those of OCT1 and 2.

Western blot analysis of BLMVs and BBMVs showed that
OCT3 is predominantly expressed on the basolateral mem-
brane of trophoblast cells (Fig. 2). Recently, it has been
reported that accumulation of MPP* in the embryo was
reduced in OCT3-knockout pregnant mice, although MPP™*
concentrations in the placenta and amniotic fluid were com-
parable (Zwart et al., 2001), suggesting that OCT3 mediates
the transport of MPP™ from the placenta to the fetus but not
from the maternal circulation to the placenta. This finding is
consistent with our results that OCT3 is expressed on the
basolateral membrane of trophoblast cells. Although various

transporters, such as organic cation/proton antiporter, nor-
epinephrine transporter, and serotonin transporter, were
shown to be localized at the microvillous membrane of pla-
cental trophoblast cells (Ganapathy et al., 2000), nothing was
known about the expression of transporters for cationic com-
pounds on the basolateral membrane of trophoblast cells.
Herein, we have demonstrated for the first time the expres-
sion and function of OCT3 on the basal membrane, where 1t
presumably plays a role in the excretion of metabolic waste
products or xenobiotics from the fetus. With regard to the
transport direction, OCT3 has been considered to transport
cationic compounds bidirectionally in a concentration-depen-
dent manner (Kekuda et al., 1998). OCT3 may transport the
maternally administered cationic compounds from the pla-
centa to the fetal side and transport oppositely the cationic
compounds whose level is higher in the fetal blood.

We compared quantitatively the transport properties of
cationic compounds in human placental membrane vesicles
with those of HEK/OCTS cells. The uptake of MPP™* into
BLMVs was membrane potential-sensitive and Na*-inde-
pendent (Fig. 9). The K, values of MPP™ uptake into BLMVs
and HEK/OCTS3 cells were similar (39 and 70 uM, respec-
tively). Moreover, the inhibitory effects of various compounds
on the uptake of MPP™* into. BLMVs were highly correlated
with those on uptake into HEK/OCT3 cells (Fig. 12). Because
we did not examine detailed mechanism for the inhibition by
drugs, we cannot exclude the possibility that they inhibited
OCT3 in a noncompetitive manner by a nonspecific mecha-
nism, such as membrane depolarization and so on. Although
the inhibitory mechanism by these compounds remains to be
further investigated, the inhibitory nature is unlikely to sig-
nificantly affect the conclusion that OCT3 plays an important -
role in the placental transport of cationic compounds.

In summary, we have identified the expression of OCTS3 on
the basal membranes of trophoblast cells. Because the prop-
erties of MPP* uptake into BLMVs are similar to those in
HEK/OCTS cells, OCT3 is likely to be predominantly respon-
sible for the transport of cationic compounds across the ba-
solateral membranes of trophoblast cells.
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