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i-type amino aeid transporter 1 (LAT1) is a Na”-independent
neutral amino acid transport agency and essential for the trans-
port of large neutral amino acids. LAT1 has been identified as a
light chain of the CD98 heterodimer from C6 glioma cells. LAT1
also Lorresponds to TA1, an oncofetal antigen that is expressed
primarily in fetal tissues and cancer cells. We bave investigated
for the first time, the expression of the transporter in the human
primary astrecytic tumor tissue from 60 patients. LATI is unique
because it requires an additional single membrane spanning pro-
tein, the heavy chain of 4F2 cell surfa&e antigen (4F2hc), for its
functional expression. 462hc expression was also determined by
immunohistochemistry. Kaplan-Meier analyses demonstrated that
high LAT1 expression correlated with poor survival for the study
group as a whole (p <0.0601) and for those with glioblastoma mul-
tiforme in particular (p = 0.0001). Cox regression analyses dem-
onstrated that LAT1 expression was one of significant predictors
of outcome, independent of all other variables. On the basis of
these findings., we also investigated the effect of the specific inhibi-
tor to LATI, 2-aminobicyele-2 (2,2,1)-heptane-2-carboxylic acid
(BCH), on the survival of C6 glioma cells in vitre and in vivo using
a rat C6 glioma model. BCH inhibited the growth of €6 glioma
cells in vitro and in vivo in a dose-dependent manner. Kaplan-
Meier survival data of rats treated with BCH were significant.
These findings snggest that LATI could be one of the molecular
targets in glioma therapy.
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Glioma, especially glioblastorna, is the most conmmon intrinsic
brain tumor and with the worst prognosis in human malignancy.
The cause of death of glioma patients is not a distant metastasis
but the failure of local control of the tumor. The invasive nature of
glioma often prevents total surgical excision. Adjuvant therapy for
the residual tumor is therefore essential, however, conventional
chemotherapy, mnmmothcrdp» and radiotherapy has been proved
1o be of Hmited value.! Gene therapy for malignant glioma has
been expected to be useful: however, no definitive clinical useful-
ness has been proved. Recently, several candidates for the molecu-
far target of malignant tumors are advoc dted One of them is the
angiogenic and vascular proliferating factor.? The highly prolifer-
ating malignant tumor cells may need much substrate such as sug-
ars and amino acids. If a specific upregulation of amino acid trans-
port system in malignant tumor cells do exist, it could be a molec-
ular target for therapy.

L-type amino acid transporter 1 (1LAT1) is a Na™ -independent
neutral amino acid transport agency and essential for the transport
of large necutral amino acids through the plasma membrane.>*
LATI] exhibifs high affinity for several nutritionally essential
amino acids such as leucine, isoleucine, valine, phenylalanine,
tryptophan and methionine. The molecular nature of LATL was
not characterized until 1998, when using expression cloning, a
¢DNA encoding a transporter subserving the LATI from 4 C6 rat
glioma cell cDNA hbmly was isolated by Kanai er al® Since
LAT] is highly regulated in nature and upregulated upon the isola-
tion and Culti\'ation of cells, it is essential to examine the in vivo
‘afz.?_
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expression of LATI in brain tumor tissues.>® The specific anti-
body to human LATI, which recognizes both rodent and human
1.LAT1, was generated. Using this antibody, we have investigated
for the first time, the expression of the transporter in the human
asirocytic tumor tissue. LATI is unique because it requires an
additional single membrane spanning proiem the heavy chain of
4F2 cell surface antigen (4F2he), for its functional C)\pl‘C\SlOll
When coexpressed with 4F2he, LATI] transports neulval amino
acids with branched or aromatic side (.hdll"lS and does not accept
basic amino acids or acidic amino acids® 4F2he sxpression was
also determined by immunchistochemical staining with a polyclo-
nal rabbit anti-human 4F2Zhe antibody. All astrocytic tumor cells
clearly exhibited positive staining for LAT1 in variable degrees:
however, we found strong expression of LLATI in high-grade
astrocytomas. On the basis of these findings, we also investigated
the effect of the specific inhibitor to LATI, 2-aminobicyclo-
2(2,2.1)- heptdne 7-Ldrboxyhc acid (BCH), on the growth of Cé6
glioma cells in vitro and in vivo using a rat C6 glioma model.”

Material and methods
Patients and tissues

All patients had primary astrecytic tumors of the brain. Patients
were treated surgically for the first tine between 1990 and 1999 in
our hospital. Clinical data were obtained by retrospective chart
review. Survival was determined from the date of initial surgery.
Follow-up was available for all patients. Informed consent was
obtained in all cases. Median follow-up tirme from resection of ini-
tial disease was 40.9 months.

Tumor specimens were obtained by surgical resection in all
cases. Forrnalin-fixed, paraffin-embedded sections were stained
with hematoxylin and eosin, and 4 histological and cytological di-
agnosis was made.

Histological diagnosis and tumor grading were pertomled
dcmrdmg to the grading system established by WHO.® Fifteen
specimens were diagnosed as Grade 2, 17 as Grade 3 and 28 as
Grade 4 (glioblastoma multiforme (GBM)).

Tmmnohistochemistry for human LATI and 4F2hc in the glioma

LAT] expression was detenymined by immunohistochernical
staining with an affinity-purified polyclonal rabbit anti-human
LATI antibody. Oligopeptides corresponding to amino acid resi-
dues 497-507 of human LATI1 (CQKLMQVVPQET) and amino
acid residues 516-529 of human heavy chain of 4F2 cell surface
antigen (4F2hc) (EPHEGLLLRFPYAAC) were synthesized. The
N-terminal cystein residues were introduced for conjugation with
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keyhole limpet hemocyamine. Antipeptide antibodies were pro-
duced as described elsewhere.” For 1mmunoh1stouhenucdl analy-
sis, antisera were affinity-purified as described prcvmusly

Immunchistochemical staining was performed on paraffin
sections using an avidin-biotinyl peroxidase complex method.
Briefly, deparaffinized, rehydrated sections were treated with
0.6% hydrogen peroxide in methanol for 30 min to block endoge-
nous peroxidase activity. Afler rinsing in 0.05 M tris-buffered sa-
line containing 0.1% tween-20, the sections were incubated with
anti-LAT lantiserum (1:250) or anti-4F2hc antiserum (1:500)
overnight at 4°C. Thereafter, they were incubated with Envision
(++) rabbit peroxidase (DAKQ, Carpinteria, CA) for 30 min. The
peroxidase reaction was performed using 0.02% 3,3'-diaminoben-
zidine tetrahydrochloride and 0.01% hydrogen peroxide in 0.05 M
tris-HCl buffer, pH 7.4. Finally, nuclear counterstaining was per-
formed with Mayer’s hematoxylin. To verify the specificity of
immunoreactions by absorption experiments, the tissue sections
were treated with primary antibodies in the presence of antigen
peptides (200 pg/mb).

Analysis of LAT1 and 4F2hc staining

Inmumunoreactivity was graded from — to +++ according to the
percent of positive cells and the intensity of staining. The percent-
age of cells expressing LAT1 and 4F2hc was estimated by divid-
ing the number of positively stained astrocytic tumor cells by the
total number of tumor cells per high-power field. The cases in
which all cells or more than 75% of the cells stained positively
were considered diffuse staining: those in which less than 75% of
the cells stained were considered patchy staining. More than 1.000
tumor cells were counted to determine the percentage of positive
cells. The intensity of staining was determined and recorded as
negative, weak, or strong. The cases in which weak patchy or not
stained were considered (—); diffuse weak staining were consid-
ered (+); strong patchy staining were considered (++); and those
strong diffuse staining were considered (- +-). According to this
grading protocol, 2 observers (HN and NO) of the authors, without
prior knowledge of the clinical data, independently graded the
staining intensity in all cases. To test the intraobserver variability,
all sections were reassessed by one author (HN) after all first
measurements had been completed. The time between the first and
second assessments was at least 4 weeks. The interobserver varia-
bility was determined by comparing the values of the first mea-
surements of 2 authors (HN and NO).

Proliferation rates determined by proliferating cell nuclear
antigen immunostaining

The same tumor specimens were analyzed by immnohistochemn-
istry with an anti-profiferating cell nuclear antigen (PCNA) mono-
clonal antibody (Novocastra Laboratories Litd., Newcastle upon
Tyne. UK). Paraffin-embedded tissue sections (3-pm thick) were
employed for immunohistochemnistry. After deparaffinization in
xylene and blocking of endogenous peroxidase activity with 0.3%
hydrogen peroxide in absolute methanol for 30 min at room tem-
perature, the sections were incubated for 1 hr with aniti-PCNA
monoclonal antibody. The sections were washed with PBS, and
treated with biotynyl anti-rabbit immunoglobulin for 10 min, then
washed with PBS again and treated with peroxydase-labeled strep-
tavidin for 5 min, and incubated in 3,3 -diaminobenzidine (DAB)
sofution, and then counterstained with methylgreen. Control study:
() normal brain slices (megative control) (i) adenocarcinoma
(positive control) (ifi) normal rabbit serum was used instead of the
specific antibodies. The percentages of PCNA-positive cells were
determined by counting 1,000-1,500 cells in at least 2 micropho-
tographs of each section.

Statistical analysis

Survival was analyzed using the Kaplan-Meier methed, and
prognostic factors were assessed by log-rank analysis. Univariate
and multivariate analyses were made of disease-specific survival
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(based on the number of patients who did not die from glioma).
LATI and 4F2hc staining score, and other putative prognostic fac-
tors {age, gender, tumor histology, PCNA staining index) were
used to stratify patients. A stepwise multivariate Cox regression
analysis was also performed to further test the independence of
LAT! expression from other parameters. The distribution of the
LAT! score in relation to tumor and patient characteristics was
investigated using the *-test. Correlations between variables were
obtained using Spedrmdn s rank correlation. All tests were two-
sided. and p < 0.05 was considered significant.

Cell line and culture condition

C6 rat glioma cell line was purchased from Dainippon Pharma-
ceutical Company (Osaka, Japan). Cells were maintained in a CO,
mcubator at 37°C by in vitro passage at 3-4-day infervals in
Ham’s F10 medium with 2 mM r-glutamine (GIBCO BRL, Grand
Island, NY) supplemented with 15% horse serum (GIBCO BRL)
and 2.5% fetal bovine serum (HVUone“) After the cells reached
subconfluence, single-cell suspension was obtained by trypsiniza-
tion and the numbers of cells were counted with a particle counter
(Model PC-607. Erma, Tokye, Japan). Then cell suspensions of
desired concentrations were prepared and used for the following
experiments.

Evaluation of cell survival in vitro (colorimetric MTT assay)

Reagents required for the colorimetric MTT (3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyl tetrasolium bromide) assay were pur-
chased from Chemicon International (Temecula, CA). Cells at a
desired concentration were plated in 96-well flat-bottomed tissue
culture trays (Falcon) and placed gently until they completely
adhered to the bottom. Then the culture medium was replaced by
a new one containing a desired concentration of BCH, and its
effect on the cell growth was evaluated. The vehicle was culture
medium used to introduce the BCH in cell cultures. At the end of
the assay, 10 pl of MTT solution was added to each well and cells
were incubated at 37°C for 4 hr. Then 100 pl of isopropancl/HCl
solution was added fo each well to dissolve the MTT formazan.
Within an hour, the absorbance at a test wavelength of 595 mun
and a reference wavelength of 655 nm (ODsgs_gss) was measured
on an ELISA plate reader (Bio-Rad, Medel 3550 microplate
reader).

A rat glioma model

Adult male Wistar rats weighing 200 g were used for this study.
Animals were maintained and experiments conducted according to
guidelines established by the Institutional Animal Care and Use
Committee of National Defense Medical College.

The rats were anesthetized with isoflurane in 30% oxygen and
70% nitrous oxide gas mixture through a facemask. The rats were
fixed in « stereotactic head holder in a flat-skull position. A buir
hole was made using a 1.4-mm diamond-tipped burr at the follow-
ing coordinates: 1.5 mm anterior to bregma and 3.0 mim lateral of
midline. A needle was inserted into the right caudate nucleus,
depth 5.0 mm from the top of skull. C6 cells were prepared fresh
from culture to ensure optimal viability of cells during tumor inoc-
ulation. Bach rat was injected with 1O X 10° C6 cells in 10 i
phosphate-buffered saline-glucose medium. After injection, injec-
tor remained for 5 min to allow the injected cell suspension to
come to equilibrivm inside the brain.

For continuous infusion of the tumor inoculation site, each rat
was implanted with an osmotic minipump-brain infusion assembly
1 day or & days after tumor inoculation. The minipump (average
infusion rate, 5.0 Vhr; Alzet model 2ML2; Alza, Palo Alio, CA)
was filled with either vehicle alone (saline, control), 50 mM »-
mannitol, or a desired concentration (50 mM or 230 mM) of BCH.
The brain infusion assembly consisted of a catheter tubing and a
stainless steel cannula with two-depth adjustment spacers to obtain
stereotaxically comrect depth. The tubing-cannula assernbly was
also filled with the appropriate solution and joined to the pump.
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Fioure 1 - (@) Glioblastoma with diffuse weak (+) immunoreactivity for LATL. (5} Low grade glioma with diffuse weak () immmunoreac-
tivity for LATI. (¢) Anaplastic astrocytoma with strong patchy {+-+) staining for LATL. (d) Anaplastic astrocytoma with strong patchy (+ )
staining for 4F2he. (¢) Anaplastic astrocytoma (the same specimen as shown in o) with diffuse sirong (- + +) staining for LATL. ( Anaplastic
astrocytoma with intense immuporeactivity for LATI observed predominantly on the plasma membrane (arrow heads). Tnset at higher magnifi-
cation. (g} Glioblastoma with strong diffuse {-+++) cytoplasmic staining (arrows) for LATL. Inset at higher magnification. (4} Glioblastoma
with strong diffuse (++ ) cytoplasmic staining for LATL. () In the absorption experiments, the LAT1 immunostainings were diminished, con-
firming the specificity of the immunoreaction (the same specimen as shown in H). Immunoreactions were visualized with diaminobenzidine and
nuclear counterstaining was performed with Mayer’s hematoxylin. All bars = 20 pym.

One day or 8 days after tumor moculation, the cannula was
inscrted at the inoculation site and secured in position with dental
cemend. The osmotic pusp was housed in a subcuianeous pocket
in the midscapular avez of the back of the rat for 28 days. Animals
recovered from anesthesis and resumed their previous activity in
cages. The animals were housed individually to prevent dislodging
of the brain infusion assembly.

Fifty-one rats were divided into 6 experimental groups. Group 1
{n = 9) were given 230 mM of BCH 1 day after tumor inocula-
tion. Group 2 (n = 9) were given the saline 1 day after tumor inoc-
ulation. In Group 3 (# = 7), antmals were given 230 mM of BCH
& days after tumor inoculation. Group 4 (v = 12) received 50 mM
of BCH 8 days after tumor inoculation. This dose was selected
because cell survival was disturbed in vifre when BCH was added
al 4 conceniration of more than 25 mM. Group 5 (n = 7) were
given the saline § days after twnor inoculation. Group & (n = 7)
were given 50 mM p-wmannitol 8 days affer tumor inoculation.

After tumor inoculation, the body weight of rafs was measured
and recorded every day. All survivors were sacrificed 22 days after
implantation. They were deeply anesthetized with intraperitoneal
pentobarbital (100 mg/kg). Aninuds were perfused transcardially
with normal saline followed by 4% bulfered paraformaldehyde.
The brains were removed and embedded in paraffin after fation
in 4% buffered paraformaldehyde followed by 0.1 mmol/l PBS

(pH 7.4) for 24 hr at 4°C. Serial coronal sections (5-pm-thick)
were prepared. The serial sections were mounted onto silanated
stides and were used for histology and histochemisty. The see-
tions were stained with hematoxylin and eosin to confirm the tu-
mor. The same humor specimens were analyzed by mmmohisto-
chemistry with an anti-PCNA monoclonal antibedy as described
sbove. The extent of the tumor at 20 predetermined levels was
measured with the computer-assisted Image analyzing system
(NIH image 1.57). The tumeor volume was caleulated by taking the
sum of the tumor areas of the different brain slices times the thick-
ness of the slices. Tumeor volumes and the percentages of PCMA-
positive cells in each animals were analyzed by analysis of var-
iance (ANOVA) followed by the Bonferroni/Dunn test o ascertain
significance beiween groups. The body weight of each animal was
analyzed by repeated-measures ANOVA, Statistical significance
was set at p < 0.05.

Resuits

Sixty specimens were obtained from 60 patienis with primary
astrocytic gliomas. Twenty-nine patients were male and 31 were
female. They ranged from 11 to 88 yr in age (mean, 45.1 years =
18.3). Ajl patients had Karnofsky performance scores of at least
70 at diagnosis. Patients were treated with swrgery and adjuvant
chemoradiation therapy (consisting of ACNU, interferon B, local
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Ficure 2 ~ (a) Control LATI staining on normal uninvolved brain. (b) Glioblastoma cells of the sare patient in the border zone with sirong
staining for LAT! showing perineuronal satellitosis (arrow heads). (¢} Control 4F2he staining on normal uninvolved brain in the same patient.
(d) Glivblastoma cells of the same patient in the border zone with weak staining for 4F2he showing perineuwronal satellitosis (arrows). All

bars = 20 pm.

TABLE I~ CORRELATION OF LATI AND 4F2he STAINING WITH CLINICAL AND HISTOPATHOLOGICAL FEATURES OF ASTROCYTIC TUMORS

LATI 4F2he »
(Fyn=121} (++)(n=j8) (+++)@m=21 (T =27} (++ign=22) (+++H)(n=1]
Age (yr)
0-19 6 2 0 0.0658 4 4 i 0.731
20-39 5 4 3 6 4 2
40-59 7 8 8 11 8 4
60+ 3 4 10 6 6 5
Tumor histology
Low-grade astrocytoma 10 4 i 0.0059 3 7 G 01074
AA 4 8 3 10 4 3
GBM 7 6 15 9 11 8
Gender
Male S & 14 (.0853 13 7 7 0.1354
Female 12 12 7 12 i5 4
PCNA index (%)
<5 7 4 G 0.0075 6 5 0 0.0264
5-30 10 10 8 16 ] 3
=30 4 4 13 5 3 8
4F2he
(+) i2 g 6 0.0098
(++) 8 8 &
(+++) 1 1 9

external beam radiation) for all patients with GBM or anaplastic
astrocytoma and adjuvant radiation therapy for most patients with
low-grade astrocytoma. There were 28 GBMs. 17 anaplastic astro-
cytomas and 15 fow-grade fitrillary asirocytomas.

Qualitative immunohistochemical analysis for LATI and 4F2he
LAT) and 4F2hc immunoreactivity was observed in all the -
meor specimens examined. LATI immunostaining was observed
predominanily on the plusma membrane and astrocytic process
(Figs. 1c and 1f). In cases of strong diffuse LATI staining in tu-

mor cells, intense cytoplasmic staining was also evident (Figs. 1g
and 1A). In sections contaiming aveas of normal cortex adjacent to
the tumor, infilvating lumor cells showed more intense LAT]
staining (Fig. 2h). Examples of LAT1 and 4F2he immunostaining
of the swne specimen are shown in Figures 14 and le. In the
absorption experiments in which tissue sections were treaied with
primary antibodies in the presence of antigen peptides, the insnu-
nostaining was drastically decreased, confirming the specificity of
the immunorcaction (Fig. 1/). The nuclear staining for LAT!
might be artifactual; however, the nuclear and perinuciear staining
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Ficure 3 — (¢) Actuarial survival (Kaplan-Meier method) of
patients with astrocytoma whose tumors had LAT! immunostaining
of (+), (++) or (+++). (b) Actuarial survival (Xaplan-Meier
method) of patients with GBM whose turnors had LAT! immunostain-
ing of (-£), {(+-+)or (+++).

was also decreased in the sbsorption experiments. LAT! and
4F2hc immunostaining on normnal uninvolved brain are shown in
Figures 2a and 2¢. No significant immunostaining in neurons or
astrocytes was seen in the uninvolved normal brain. The intraob-
server reproducibility of scoring was high (correlation coefficient,
0.93; p < 0.0001; coefficient of variance, 29.7%). The interob-
server reproducibility of scoring was also high (correlation coeffi-
cient, 0.9; p < 0.001: coefficient of variance, 31.1%).

Correlation of LATI and 4F2he staining with clinical and histo-
pathological features

LAT! immunostaining did not correlate with patient age or gen-
der (Table 1). However, the intensity of LAT1 staining was greater
in GBMs than in low-grade astrocytomas (Table I). The grade of
LAT]1 staining increased with glioma grade, and this finding was
stalistically significant. The grade of LATI staining correlated
statistically with PCNA index (» = 0.0075) and with 4F2hc stain-
ing (p = 0.0098) (Table I). The grade of 4F2hc staining also corre-
lated statistically with PCNA index (p = 0.0264).

NAWASHIRO [T AL.

TABLE II - UNIVARIATE ANALYSIS OF PROGNOSTIC FACTORS
FOR SURVIVAL

No. of patients  3-yr survival (%) p (log rank)

Age (y1)
0-19 8 75.0 0.0006
20-39 12 417
40-59 23 435
60+ 17 59

Tumor histology
Low-grade astrocytoma 15 80.0 <0.0001
AA 17 353
GBM 28 10.7

Gender
Male 29 20.7 0.0227
Female 31 54.8

PCNA index (%)
<5 11 63.6 0.0392
5-30 28 39.3
>30 21 19.0

LAT1
+) 21 61.9 <0.0001
(++) 18 44.4
(+++) 21 0.0

412he
(+) 27 40.7 0.0183
++ 22 45.5
{(+++) i1 9.1

Correlation with patient survival

Kaplan-Meier survival plots for all patients showed a statisti-
cally significant association between high grade of LATI staining
and poor outcome (p < 0.0001; Fig. 3a, Table II). Because sur-
vival of patients with glioma has been associated with several chin-
icopathological variables, we attempted to define the relative
contribution of LAT] immunostaining to survival by using multi-
variate Cox regression analyses with 6 varigbles (age, tumor his-
tology, gender, PCNA index, LAT] staining and 4FF2hce staining).
In the initial univariate analysis, age (p = 0.0006), tumor histol-
ogy (p < 0.0001), 4F2hc staining (p = 0.0183). gender {p =
0.0227), PCNA index (p = 0.0392), and LAT! staining (p <
0.0001) were all significant (Table II). For the multivariate analy-
sis, we used the backward stepwise (Wald) method, in which vari-
ables were removed at cach step, based on a 0.05 level of signifi-
cance. Al the final step. the last 3 variables, tumor histology (p <
0.0001). LAT1 staining (p = 0.0004), and age of patients (p =
0.0244) were found to be significant and independent of one
another (Table II1).

To evaluate the effect of high LAT1 staining grade within tu-
mor grades, we analyzed the GBM subgroup for an association
between LAT] staining and survival. We found that GBM patients
with tumors of high LAT1 staining grade had a statstically signifi-
cant poorer prognosis than did those with tumors of low LATI
staining grade (p = 0.0001 log-rank) (Fig. 35). We also found that
patients with Jow grade atrocytomas of high LATI staining had a
statistically poor prognosis (p = 0.0035 log-rank). In the anaplas-
tic astrocytoma group, no difference in survival was found, but the
numbers of patients in this group was too small for accurate statis-
tical sampling.

In vitro effect of BCH on the survival of Co glioma cells

First, to ascertain the linearity of the MTT assay in C6 glioma
cells, we performed serial dilution of the cells, and effect of cell
number on the colorimeter reading was observed. The ODsgs_gss
well correlated with the actual number of the viable cells in the
tested range. Accordingly, the cell number to give ODsgs_gs5 value
of 0.5 (namely 25,000 cells/well) was used for the following
experiment.

Effect of the various concentration of BCH (from 1 to 100 mM)
on the survival of C6 glioma cells was serjally observed by MTT
assay (Fig. 4). In the control (without BCH), cells continuously
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TABLE TII - MULTIVARIATE COX REGRESSION ANALYSIS OF THE FACTORS ASSOCIATED WITH SURVIVAL

Step Variable Relative risk (95%: Ch p {Jog-rank)
The first Age (yr) 0.0499
0-19 1.040 (0.226-4.790) 0.9600
20-39
40-59! 1.049 (0.404-2.719) 0.9220
60+ 3.073 (1.173-8.048) 0.0223
Tumor histology <0.0001
Low-grade astrocytoma’
AA 3.673 (0.636-21.207) 0.0208
GBM 13.894 (4.287-45.028) <0.0001
LATI 0.0059
(+) 0.179 (0.062~0.516) 0.0014
(++) 0.405 (0.167-0.982) 0.0455
(+++)
4F2he 0.4627
(+) 1.455 (0.614-3.451) 0.3945
(++) 0.925 (0.358-2.391) 0.8714
(+++)
Gender
Male 1.578 (0.764-3.260) 0.2180
Female
PCNA (%) 0.7026
<5 0.376 (0.248-2.186) 0.5813
5-30 0.755 (0.384-1.483) 0.4139
>30'

The final Age (yr) 0.0244
0-19 0.824 (0.192-3.538) 0.7948
20-39"

40-59 0.951 (0.377-2.402) 0.9159
60+ 2.990 (1.162-7.697) 0.0231
Tumor histology <{.0001
Low-grade astrocytoma'
AA 4.153 (1.305-13.218) 0.0159
GBM 11.310(3.819-33.495) <0.0001
LATI 0.0004
(+) 0.167 (0.065-0.430) 0.0002
(++) 0.303 (0.139-0.660) 0.0026
(+++)!

CI, confidence interval.

Reference category. —Potential prognostic factors selected from Table II were used.

increased in number and the ODsgs_gss value at day 5 showed
more than 1.0. In contrast, almost complete suppression of the
cell growth was observed when 25 mM BCH was added to the
culture medium. When BCH was added at a concentration of
more than 25 mM, cell survival was disturbed and a decrease
in the ODsys.s55 value was observed. BCH at a concentration of
1-10 mM revealed a limited effect. We confirmed that this growth
inhibitory effect of the BCH on C6 glioma cells was not due to
high osmolarity of the BCH-added culture medium since addition
of the equivalent molarity of p-mannitol showed no remarkable
effect on the growth of C6 glioma cells (data not shown).

Effects of BCH on tumor sizes in vivo and on swrvival of rats
after tumor inoculution

The volume of tumor averaged 77.9 + 16.7 mm® in Group 1
(n = 9) (BCH230/1 day). 146. 8 * 214 mm' in Group 2 (n = 9)
(suline/1 day), 95.3 = 13 6 mm" in Group 3 (n = 7) (BCH230/8
days), 109.9 £ 12.1 mm® in Group 4 (n = 12) (BCH50/8 days),
1447 + 19.1 mm3 in Group 5 (n = 7) (saline/8 days), and
130.1 + 21.8 mum’® in Group 6 (n = 7) (mannitol50/8 days),
respectively (mean = SE) (Fig. 5). The volume of tumor in Group
1 was significantly smaller than that in Group 2 (p = 0.022). The
volume of tumor in Group 3 was also smaller than that in Group 5,
but the difference was not significant (p = 0.057). All animals lost
weight within 617 days after tumor inoculation and continuously
lost it thereafter. The time point of maximal body weight was sig-
nificantly prolonged in the animals treated with 230 mM of BCH
(Group 1) when compared with that of Group 2 (» = 0.026).
Kaplan-Meier survival data of rats in Group 1 were significant
(Fig. 6), compared to that of rats in Group 2 (p = 0.016 log-rank).

BCH, saline or p-mannitol administration to a concentration of
50-230 mM was not associated with occurrence of seizures, or
changes in behavior (such as sluggishness or inability to eaf) in rats
without tumor cells. The percentage of PCNA-positive cells in Group
1 was significantly smaller than that in Group 2 (p = 0.0182).

Discussion

We have demonstrated for the first time that high LAT! immu-
nostaining predicts a poor prognosis in patients with astrocytic
brain tumors in general and in patients with GBM or low grade
astrocytoma in particular. However, LATT was the second strong-
est predictor of outcome in general. It is speculated that LATI1
expression is upregulated so as to provide cells with essential
amino acids for high levels of protein synthesis associated with
cell activation and also to support rapid growth or continuous pro-
liferation. Indeed, we found that high LAT1 expression correlated
with high proliferating potential of the tumor estimated by PCNA
immunohislochemistry LATI also corresponds to TAL, an onco-
fetal drmccn that is expressed primarily in fetal tissues and cancer
cells.? A high level of LATI expression was also detected in
human tumor cell lines such as stomach signet ring cell carcinoma
(l\ATOIII) malignant melanoma (G-361), and Iunc small-cell
carcinoma (RERF-LC-MA) by Northern blot dndlym The data-
base search indicated that pdmdl or incomplete sequencex of
LAT1 (B16, TA1 and ASUR4b) were already reported.>*!! Ei6
and ASUR4b were identified to be up-regulated upon the mito-
genic stimulation of lymphocytes and the snmuldtlon of A6 epi-
thchdl cell line by aldosterone. rcspu:tlvely ! suggesting highly
regulated nature of LAT1 gene expression. TA1 was identified as
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Ficure 4 — Effect of the various concentration of BCH (from 1 to
100 M) on the survival of C6 glioma cells was serially observed by
MTT assay.

a tumor-dasocmtcd sequence with the oncofetal pattern of cxpres-
sion in rat liver.® TA1 nnmunoredctwny was abundant in human
colon cancer in vivo but barely detected in suuoundmg normal co-
fon tissue,'* confirming the high level of expression of LAT1 pro-
tein in tumor cells. The 4F2hc is thought to be involved in the traf-
ficking and regulation of systemn L neutral amino acid transport in
mammalian cells as mentioned previously. Because 4F2hc is
essential for LATI to be functional, the level of 4F2he expression
would greatly affect the formation of functional system L trans-
porters in the plasma membrane. We found that high 4F2hc immu-
noreactivity also correlated with high LATI expression; however,
LAT1 staining had a major impact on survival rate. Involvement
of LAT1 in tumor progression is also strongly suggested by a
recent study that showed that up-regulation of the CD98 conplex,
but not the CD98 heavy chain (41'2}1(.) alone, in Balb3T3 cells
resulted in tumorigenicity in nude mice."” LAT1 has been shown
to be a transiently cxprcsscd membrane protein with the rapid de-
gradation signal AUUUA® Nakamura ef af. demonstrated that
LATl is expressed minimally at the plasma membrane in cancer
cells, remaining mostly in the Golgi area. and n,qunea 4F2hc to be
sorted to the cell surface.'* The immunoreactivity of LAT] in the
plasma membrane may represent its function. We did not differen-
tiate the immunoreactivity of both cytosol and plasma membrane
when estimating the grade of immunoreactivity of LATIL. How-
ever, the overall immunoreactivity for LATI did correlate well
with the prognosis of patients with astrocytic tumors. Cytoplasmic
LAT] immunoreactivity may represent an intracellular pool of
LATI, and may correlate with the biological activity of cells.

To clarify the role of LAT1 in glioma cells, we tested a relatively
specific inhibitor to LATI, BCH, and found that BCH suppressed
strongly C6 glioma cell growth in vitro. In addition, BCH also inhib-
ited mortality of rats treated with C6 glioma cells. BCH at a concen-
tration of 25 mM showed no significant cffect on normal human
astrocytes in visro (data not shown). BCH is a nonmetabolizable arti-
ficial amine acid and a transportable inhibitor for LAT!. Yanagida
et al. showed that a high-affinity substrate, leucine, and a low-affinity

Ficure § — Average tumor volumes * SE in each group are shown.
Fifty-one rats were divided into 6 experimental groups. Group 1
(BCH230/1 day) (n = 9) were given 230 M of BCH | day after tu-
mor inoculation. Group 2 (saline/1 day) (n = 9) were given the saline
I day after tumor inoculation. In group 3 (BCH230/8 days) (n = 7),
animals were given 230 mM of BCH 8 days after tumor inoculation.
Group 4 (BCH50/8 days) (n = 12) received 50 mM of BCH § days af-
ter turnor inoculation. Group 5 (saline/8 days) (n = 7) were given the
saline § days after tumor inoculation. Group 6 (manmlolSO/S days}
(n = T) were given 50 mM p-mannitol 8 days after tumor inoculation.
Statistical significance was determined by ANOVA followed by Bon-
ferroni/Dunn test.

substrate, glutanine, but not a nonsubstrate, alanine, were effluxed
via LAT! by the application of lcuune in the medium, confirming
that LAT! is an amino acid exchanger.'” This, furthesmore, suggest\
that the substrate selectivity of the infracellular substrate binding site
of LATI is similar 1o that of the extracellular substrate binding site.
Amino acids are released vie LAT] in exchange for the influx of
amino acids; thus, no net amino acid influx should be observed. Glu-
tamine. which is abundantly present in cells and generated intracellu-
tarly, is transported by LAT] albeit with low dihﬂllv consistent with
a previous report for Xenopus LATL.” Yanagida et af. further demon-
strated that intracellularly loaded gul‘mune is effluxed in exchange
for extracellularly applied leucine." Therefore, they propose: that
extracellular high-affinity LATI substrates, most of which azre essen-
tial amino acids, are taken up by cells via LAT] driven by the
exchange for mtrdccllulcu glutamine, which results in the net influx
of essential amino acids.'® An mtejestmg fuldmg of the Norther blot
analysis of the turnor cell line is that the expression level of 4F2he is
quite varied among tumor cell lines, particularly in leukemia cell
fines.”® Yanagida ez @/, found 3 leukemia cell lines in which 4F2he
messages were nol detected.”” In those cell lnes that lack 4F2he
expression, LATI was still expressed, suggesting different mecha-
misms of regulation in LAT1 and 4F2hc gene expression. Consistent
with this, it was shown that LAT1 and 4F ’hc respond differently to
armino acid availability in rat hepatic cells.!

Several clinical investigations demonstrated the significant relu-
tion of the uptake of radiolabeled amine acid in gliomas and pro-
liferation, biological aggressiveness or histological grading of
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Fioure 6 — Kaplan-Meier survival curves of C6 glioma-bearing rats after implantation of turor cells.

these tumors.' 1% A ugmﬁcdm correlation of iodine-123-methyl-
tyrosine (IMT) upmke in gliomas and the ex xp*fess]on of the prolif-
eration yparker Ki-67 has been reported.”” Recent studies also
demonstrated significant longer survival times in patients with cer-
ebral gliomas with low .ﬂmno acid uptake than in gliomas with
high amino acid uptake.'® The results of this study support the hy-
pothesis that the uptake of radiolabeled amino acids such as IMT
is dependent on the proliferative activity of human gliomas. It is
noteworthy that in cultured human glioma cells, membrane trans-
port of IMT is dominated by BCH-sensitive transport syvstem,

LAT1.%2! L ATl-mediated IMT transport and 4F2 antigen
expression are dependent on proliferation rate of human [ghomd
cells in vitro and are significantly correlated to each other.™ These
data give funhbr support to the involvement of the LATI in cell
proliferation. Thompson and coworkers recently reported the
role of LATI as a potential therapeutic target in hepatic tumor
cells in vitro.

The present study suggests that LAT1 may play an important
role in hurpan high-grade gliomas. In addition, inhibitors to LAT1
may be an effective therapeutic option for high-grade gliomas.
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Abstract. Renal organic anion transporters play an important role in the handling of a number
of endogenous and exogenous anionic substances in the kidney. In this study, we investigated
prostaglandin E, (PGE:) transport properties and intrarenal localization of mouse organic anion
transporter 3 (mQOat3). When expressed in Xenopus oocytes, mOat3 mediated the time- and
concentration-dependent transport of PGE, (Kim: 1.48 uM). PGE, transport mediated by mQOat3
was frans-stimulated by intracellular glutarate injected into the oocytes. PGE, efflux via mQat3
was also trans-stimulated by extracellular glutarate. Thus, mOat3 was shown to mediate the
bidirectional transport of PGE,, partly coupled to the dicarboxylate exchange mechanism.
Immunohistochemical study revealed that mOat3 protein was localized at the basolateral
membrane of renal proximal and distal tubules. Furthermore, diffuse expression of mOat3,
including expression in the basolateral membrane in macula densa (MD) cells, was observed.
These results indicate that mOat3 plays an important role as a basolateral transport pathway of
PGE; in the distal nephron including MD cells that may constitute one of the indispensable steps
for renin release and regulation of the tubuloglomerular feedback mechanism.

Keywards: organic anion transporter, OAT, prostaglandin E,, glutarate, macula densa

Introduction

(MD) cells synthesize and release PGE, when luminal
salt content is reduced, and it has been suggested that

Prostanoids, which include prostaglandins (PGs) and
thromboxanes (TXs), are cyclooxygenase (COX)-
dependent metabolites of arachidonic acids and play
various physiological and pathophysiological roles
(1, 2). Among them, PGE; is the major prostanoid in the
kidney and is synthesized at high rates along the
nephron, particularly in the collecting duct (3). PGE;
plays an important role in the tubular reabsorption of
salt and water as well as in the control of renal vascular
resistance and the maintenance of glomerular hemo-
dynamics. In addition, PGE, stimulates the release of
renin from the juxtaglomerular apparatus (JGA). Re-
cently, it has been reported that intact macula densa
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this response is involved in the control of renin release
and renal vascular resistance during salt deprivation (4).
In these functions, PGE, mediates autocrine and para-
crine signaling over short distances through the activa-
tion of its four receptor subtypes (EP,, EP,, EPs, and
EP.) (3). Thus, to maintain the extracellular concentra-
tion of PGE,, the termination of PGE,; signaling requires
rapid re-uptake of released PGE; followed by cyto-
plasmic oxidation (5). Since PGE, possesses anionic
moieties at physiological pH and diffuses poorly through
the lipid bilayer, it is thought that PGE; transport across
the plasma membrane is a carrier-mediated transport
process (5). However, little is known about the mole-
cular mechanism of the release of PGE; in distal nephron
including MD cells.

To date, several PG carriers have been characterized
(5). Prostaglandin transporter PGT (Slc21a2, oatp2Al)
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is broadly expressed in COX-positive cells and is
coordinately regulated with COX. By analogy with
neurotransmitter release and re-uptake, PGT may regu-
late pericellular PG levels via re-uptake (6). Immuno-
cytochemical study has revealed that PGT in rat kidneys
was expressed in glomerular endothelial and mesangial
cells, arteriolar endothelial and muscularis cells, princi-
pal cells of the collecting duct, medullary interstitial
cells, and the medullary vasa rectae endothelia (7). In
the collecting duct, PGT is expressed in subapical
vesicles. These results indicate that PGT is unlikely to be
involved in the basolateral transport of PGE; in distal
nephron including MD cells. Certain PGs are actively
extruded from cells by multidrug resistance-associated
proteins (MRPs) (5); these may play a role in metabolic
clearance of PGs. However, the expression of MRPs in
MD cells is still unclear.

Organic anion transporter (OAT) family members are
other PG transporters (8). OATs play important roles in
the elimination of a variety of endogenous substances,
xenobiotics and their metabolites, many of which are
potentially toxic to the body (9 — 14). Recently, cDNAs
encoding OAT family members, including OATI,
OAT2, OAT3, OAT4, URATI (urate transporter 1), and
Qat5, have been successively cloned (9). Among these
clones, OATI(human)/Oatl(rodents) and OAT3/Oat3
were shown to be localized to the basolateral side of the
proximal tubule, whereas OAT4, URATI, and Oat5
were shown to be localized to the apical side of the
proximal tubule. In contrast, the exact localization of
OAT?2 protein in the kidney is still controversial: Rat
Oat2 was formerly identified at the apical membrane of
the thick ascending limb of Henle and cortical coliecting
ducts (15), but recently it has been shown to be localized
at the apical side of proximal straight tubules (S,
segment) (16), whereas human OAT2 was found to be
localized to the basolateral membrane of the proximal
tubule (17).

Among the OATs, OAT3 protein expression was
detected in nearly all of the nephron segments in the rat
kidney (15). Thus, OAT3 is likely to be a transporter
responsible for the basolateral transport of PGE; in
distal nephron including MD cells. Although Oat3
knockout mice have been generated several years ago
(18), information on the functional properties of mouse
Oat3 (mOat3) is limited (19-21). In this study, we
examined PGE, transport properties and intrarenal
localization of mOat3.

Materials and Methods

Materials
The materials used in this study were purchased from

the following sources: ["“Clp-aminohippurate (PAH)
(1.90 GBg/mmol) was from Moravek Biochemicals
(Brea, CA, USA); [*Hlestrone-3-suifate (E;S) (2.0 TBq
/mmol), [*Clglutarate (2.035 GBq/mmol), and ["H]PGE,
(7.429 TBq/mmol) were from PerkinElmer Life Science
Products (Boston, MA, USA); and glutarate was from
Wako (Osaka). All other chemicals and reagents used
were of analytical grade and obtained from commercial
sources.

Animals

Six-week-old male ICR mice were purchased from
Saitama Experimental Animal Co., Ltd. (Saitama) and
kept under routine laboratory conditions with free access
to standard laboratory chow and water.

Isolation of mQOat3

A nondirectional ¢cDNA library for screening was
prepared from mouse kidney poly(A)” RNA using a
Superscript Choice System (Invitrogen, Carlsbad, CA,
USA) and was ligated into the phage vector ZipLox
EcoRI arms (Invitrogen). The library was screened by
homology using full-length rOat3 ¢cDNA labeled with
[P*P]dCTP by random priming (T7Quick Prime Kit;
Amersham Pharmacia Biotech, Uppsala, Sweden) as a
probe as described previously (22). cDNA mserts in
positive ZipLox phages were recovered in the plasmid
pZL1 vector by in vitro excision and completely
sequenced with specially synthesized oligonucleotide
primers by the dye terminator method using an ABI
3100 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA).

cRNA synthesis and uptake experiments using Xenopus
laevis oocytes

c¢RINA synthesis and uptake experiments were per-
formed as described previously (23). The capped cRNA
of mOat3 was synthesized in vitro by T7 RNA
polymerase from a plasmid linearlized with Xba L
Defolliculated oocytes were injected with 10 ng of the
capped mOat3 ¢cRNA or water (control) and incubated in
Barth’s solution (88 mM NaCl, | mM KCl, 0.33 mM
Ca(NO;);, 0.4mM CaCl,, 0.8 mM MgSO,, 2.4 mM
NaHCOQs;, and 10 mM HEPES) containing 50 pug/ml
gentamicin at 18°C. After 2 to 3 days of incubation,
uptake experiments of radiolabeled substrates, as
indicated in each experiment, were performed at room
temperature in ND96 solution (96 mM NaCl, 2 mM
KCl, 1.8 mM CaCl, 1 mM MgClh, and 5 mM HEPES,
pH 7.4). Each experiment was repeated more than
two times to confirm the results. Representative results
are shown in the figures.

Kinetic parameter for the uptake of PGE; via mOat3
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was estimated from the following equation: v=
(Vox X S) 7/ (K,y + S), where v is the rate of substrate
uptake (pmol/h- oocyte), S is the substrate concentration
in the medium (M), K. is the Michaelis-Menten
constant (M), and Vau is the maximum uptake rate
(pmol/h-oocyte). These kinetic parameters were deter-
mined with the Eadie-Hofstee equation.

To examine the frams-stimulatory effects of both
the uptake and efflux of radiolabeled substrates, cold
glutarate (50 mM) (Fig.3) or 50nl of [*HJPGE,
(0.6 uM) (Fig. 4) was injected into oocytes expressing
mOat3 with a fine-tipped glass micropipette as described
previously (24). Then individual oocytes were washed
twice with ice-cold ND96 solution, placed on ice for
5 min, then incubated with ND96 at room temperature
for 1 h, and finally transferred into a medium with or
without radiolabeled ES (Fig. 3A) or PGE, (Fig. 3B) or
with cold glutarate (10 mM) (Fig. 4) and incubated at
room temperature for 1 h. ["H]PGE, before and after
taken up by the oocytes was little degraded as Chan et al.
reported previously (25). Radioactivity in both the
medium and oocytes was determined after a 1-h incuba-
tion.

For the uptake and efflux measurements in the present
study, 810 oocytes were used for each data point.
The values are expressed as means+S.EM. Each
experiment was repeated at least twice to confirm the
results. Results from representative experiments are
shown in the figures.

Immunohistochemical analysis

For immunohistochemical analysis, rabbits were
immunized with a keybole limpet hemocyanin-
conjugated synthesized peptide, CKASQTIPLKTGDPS,
corresponding to cysteine and the 14 amino acids of
the COOH terminus of mOat3. Two-micrometer wax
sections of nephrectomized mouse kidney were pro-
cessed for light microscopic immunohistochemical
analysis using the streptavidin-biotin-horseradish
peroxidase complex technique (LSAB kit; DAKO,
Carpinteria, CA, USA). Sections were dewaxed,
rehydrated, and incubated with 3% H,O, for 10 min to
eliminate endogenous peroxidase activity, After rinsing
in 0.05 M Tris-buffered saline containing 0.1% Tween-
20, sections were treated with 10 ug/ml of primary
rabbit polyclonal antibody (at 4°C overnight). There-
after, the sections were incubated with the secondary
antibody, biotinylated goat polyclonal antibody against
rabbit immunoglobulin (DAKOQO), diluted 1:400 for
30 min with horseradish peroxidase-labeled streptavidin.
This step was followed by incubation with diamino-
benzidine and hydrogen peroxide. The sections were
counterstained with hematoxylin and examined by light
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microscopy. For a preabsorption experiment, the mOat3
peptide (200 zg/ml) was added to the mOat3-specific
antibody solution and incubated overnight at 4°C. Using
this preabsorbed antibody, immunohistochemistry was
performed as described above.

Statistical analysis

Data are expressed as means+ SEM. Statistical
differences were determined using Student’s 7-test. The
reproducibility of the results in the present study was
confirmed using two or three separate experiments.
Results from representative experiments are shown in
the figures.

Results

mQat3 cDNA was isolated from the kidney. As shown
in Fig. 1, mOat3 mediated the transport of ['*C]PAH,
[HIES, [*Hlglutarate, and [*H]JPGE,. These results
indicate that our mQat3 clone is functional and its
transport activity is compatible with that reported pre-
viously (18 —20).

The uptake by mOat3 cRNA-injected oocytes
increased linearly for about 180 min (Fig. 2A). Accord-
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Fig. 1. Functional expression of mOat3 in Xenopus oocytes. mOat3
mediated the transport of several organic anions. The uptakes of
radiolabeled ["Clp-aminohippurate (PAH) (124M), [*Hlestrone
sulfate (550M), [“Clglutarate (5.5 M), and [*H]prostaglandin B,
(PGEz) (5 nM) by water-injected control oocytes and by mQat3-
expressing oocytes were determined over a period of 1h (mean
S.EM., n =8~ 10). ***P<0.001 versus control.
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ingly, analysis was performed at 60 min in the following
experiments. The concentration dependence of the
uptake of [PH]PGE, via mOat3 is shown in Fig. 2B. The
mOat3-mediated ["H]PGE; uptake showed saturable
kinetics and could be modeled by the Michaelis-Menten
equation. Eadie-Hofstee plot analyses yielded a Kn
value of 1.48 uM for PGE..

It is well established that OATI is a classical PAH
/dicarboxylate exchanger (9). In addition, Sweetet al.
and Bakhiya et al. reported that rat and human Oat3
/OAT3 functions as an organic anion/dicarboxylate
exchanger (26, 27). Given the high sequence identity
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Fig. 2. Transport properties of PGE, via mQat3. A: Time-depen-
dent uptake of "H]PGE: via mOat3. The uptake of S nM ["H]PGE:
was measured for 3h in control oocytes and oocytes expressing
mQat3 (mean £ S.EM., n=_8-10). B: Concentration-dependence of
mOat3-mediated uptake of PGE.. The uptake rate of PGE: by control
or mOat3-expressing oocytes for 1h was measured at various
concentrations (mean +S.EM., n=8-10). Inset: Eadie-Hofstee
plot. V, velocity; V/S, velocity per concentration of PGE..

between rat Oat3 and mOat3, we assumed that their
functions are very similar. However, a recent study by
Ohtsuki et al. failed to demonstrate the E,S/dicarboxy-
late exchange mechanism in mQat3 (19). Therefore, we
next examined whether mQat3 is also organic anion
/dicarboxylates exchanger or not. The uptake of [PH]E;S
via mQOat3 was frans-stimulated by the injection of cold
glutarate into the oocytes (Fig. 3A). In addition, mQat3
mediated PGE,/dicarboxylate exchange (Fig. 3B). We
conclude that mOat3, as well as rat and human
0at3/0AT3, functions as an organic anion/dicarboxy-
late exchanger.

Then we examined the efflux of [PHJPGE, from
oocytes expressing mQat3. mQat3 exhibited significant
efflux for [PH]PGE,, compared with water-injected

A

Estrone sulfate uptake (pmol/h-oocyte)

Water-injected Glutarate-injected

HRR

PGEz uptake {pmol/h-cocyte)
&
L

Water-injected Glutarate-injected
Fig.3. Effects of glutarate on mQat3-mediated transport. Trans-
stimulatory effect of glutarate on the uptake of ["H]estrone sulfate
(ES) (A) or PH]PGE; (B) via mQat3. Control (open column) and
mOat3-expressing oocytes (closed column) were injected with
50 mM unlabeled glutarate (right columns) or water (left columns)
and incubated for 5 min on ice. Then the oocytes were incubated with
[PH]ES (100 nM) or PH]PGE: (5 nM) and the amount of ["H]ES or
[PH]PGE; accurmulated for 1h was determined (mean+S.EM.,,
n=_8-10). *¥*P<0.001.
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control vocytes (Fig. 4, left two columns). In addition,
as would be expected for an exchanger, [*H]PGE,
efflux via mOat3 was significantly frans-stimulated by
unlabeled glutarate in the medium (10 mM) (Fig. 4, right
two colummns).

Among the OAT isoforms, OAT3 as well as CATI
are known to be polyspecific organic anion transporters
that are responsible for the basolateral uptake of various
organic anions (9 - 14). Although functional analysis of
an Oat3 knockout mouse model strongly suggested that

304

25-

20+

15+

10+

PGE, efflux (fmol/h-oocyte)

ND86 +10 mM gluiarate
Fig.4. mOat3-mediated butyrate efflux. Trans-stimulatory effect
of glutarate on the efflux of ["HJPGE: via mOat3. Control {open
column) and mOQat3-expressing {(closed column) cocytes were
injected with [PH]PGE.. After washing, the cocytes were incubated
with 10 or O mM unlabeled glutarate. The amount of ["H]PGE,
effluxed for 1 h was determined. *P<0.05, ***P<0.001.

Fig.5. Immunohistochemical analysis of Oat3 in mouse kidney.
Two-micrometer sections were incubated with a polyclonal antibody
against mQOat3. Basolateral membsane of proximal wbules and that of
distal tubules and collecting ducts were stained (proximal < distal),
and no staining was observed in the glomeruli. Immunoreactivity in
macula densa was also observed (arrows) at the basolateral side as
well as the cytoplasm. (400x). Scale bars = 150 um for A, 20 um for
BwoD.
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murine Oat3 was present in the basolateral membrane of
renal proximal tubular cells (18), its exact localization in
the kidney has not been demonstrated yet. Therefore, to
clarify the intrarenal localization, we raised an antibody
against the mOat3 C-terminal region and performed
immunohistochemical analysis.

As shown in Fig. 5A, broad immunoreactivities of
mQat3 were observed throughout the cortex under low
magnification. There was no staining in the glomerulus.
Under high magnification, mOat3 was found to be
localized not only at the basolateral membrane of the
proximal tubules but also at the same side of the distal
tubules and of the collecting ducts (Fig. 5B). Interest-
ingly, the intensities of mOat3 immunoreactivity seem
stronger in the distal tubules and collecting ducts than in
the proximal tubules. In addition, mOat3 immuno-
reactivity was detected in MD cells (Fig. 5C). By
preincubation of the antibody with mQat3 peptide, the
immunoreactivity disappeared (Fig. 5D). The specificity
of the antibody for mOat3 was verified by these results.

Discussion

In this study, we analyzed mOat3-mediated PGE,
transport properties and the intrarenal localization of
mOat3 to determine whether mOat3 contributes to the
basolateral transport of PGE, in distal nephron including
MD cells.

PGE, is a major prostanoid derived from COX
metabolism and modulates salt and water homeostasis
in the kidney. In the renal cortex, COX-1 expression
predominates in the collecting duct, vascular tissue, and
glomerular mesangial cells, while COX-2 is expressed
and presumably mediates PG production in the MD and
surrounding cortical thick ascending limb (¢TAL) cells
{(28-31). MD cells are in direct contact with the
vascular pole of the same glomerulus from which the
filirate originates. They sense changes in tubular NaCl
concentration and send signals to control preglomerular
vascular resistance and glomerular filtration rate in 2
process named tubuloglomerular feedback (TGF). MD
cells also control the renin release from juxtaglomerular
granular cells (28-30). COX-2-derived PGs may
participate in MD-mediated control of juxtaglomerular
function, particularly in high renin states such as low salt
intake, loop diuretic treatment, and renovascular hyper-
tension (29, 31). PGE, produced by MD cells has been
suggested to be the mediator of renin release induced by
low laminal NaCl concentration (30— 36). In addition,
PGE,, as a potent vascdilator, may also modulate
preglomerular vascular resistance (3, 37) and TGF (38).
Recently, it has been reported that PGE, release from
MD cells is important in the control of renin release and
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EP./EP to be a transporter responsible for the rapid
oKG 2 4 re-uptake of released PGE, using the out-

DCT/MD cells

renal vascular resistance during salt deprivation (4).
However, little is known about the molecular mecha-
nism of the transport of PGE, in distal nephron including
MD cells.

The OAT family plays important roles in the elimina-
tion of a variety of endogenous substances, xenobiotics
and their metabolites (9 — 14). We previously reported
that human OATs (OAT1 to OAT4) mediate the
transport of PGs (8). At present, there is little informa-
tion on the functional properties of mouse Oat isoforms,
particularly mOat3 (19 —-21), although Oat3 knockout
mice have been generated several years ago (18).
Among the OATs, OAT3 is likely to be a transporter
responsible for the basolateral transport of PGE; in distal
nephron including MD cells based on its broad localiza-
tion in the rat kidney (15). In this regard, the current
results support this possibility. mOat3 mediates both the
uptake and the efflux of PGE; as shown in Figs. 2~4.
Furthermore, mQOat3 functions as an exchanger for both
directions (Figs. 3 and 4). As shown in Fig. 5, mOat3 is
localized at the basolateral membrane of proximal
tubules, distal tubules including MD cells, and collecting
ducts. These characteristics are compatible with the
PGE; transport pathway in MD cells (Fig. 6).

As shown in Figs. 3 and 4, glutarate, a non-metabo-
lized dicarboxylate, trans-stimulated mOat3-mediated
PGE, transport in both directions. Taking the existence
of the outwardly directed dicarboxylate gradient in
tubular cells into account, endogenous dicarboxylates
such as a-ketoglutarate (K G) seem to contribute to the
uptake of PGE; into cells. This supports the idea that
QOat3 at the basolateral membrane of distal nephron
functions as a re-uptake pathway of released PGE,. As
Pritchard mentioned (39), oKG is the most abundant
within the proximal tubular cell. However, to date, there
is no information concerning its concentration in distal
nephron. Furthermore, energy-utilizing processes are
different from segment to segment, based on the
observation of ATP production in microdissected

JGA cells

wardly directed gradient of dicarboxylates
such as a-ketoglutarate (aKG).

nephron segments shown by Uchida and Endou (40).
Therefore, we could not exclude the possibility that Oat3
functions as an efflux pathway for PGE,. As aKG is
unlikely to be the endogenous counterion for PGE,
efflux in MD cells, it seems necessary to identify such an
endogenous counterion(s) for PGE; efflux in MD cells to
further consider the role of PGE, as a signal, although
the efflux of PGE, occurs without the counterion
(Fig. 4).

Recently, Soodvilai et al. reported that the exposure of
PGE; enhanced the OAT3-mediated estrone sulfate
transport in isolated rabbit renal proximal tubules (41).
Although no PGE,-receptor isoform was detected in
proxima! tubules and distal tubules in renal cortex (3),
this phenomenon seems compatible for the role of re-
uptake of PGE, to maintain its extracellular concentra-
tion.

The K value for PGE, (1.48 uM) is different in
humans and mice (more than 4-fold difference, ref. 8).
The reason for this may be due to the interspecies
difference in the interactions of OAT3/Oat3 with this
substance or the difference in the expression system, that
is, mammalian expression system for hOAT3 (8) versus
Xenopus oocytes expression system for mOat3 (this
study).

The generation of gene knockout animals could pro-
vide new information on the contribution of individual
transporters in intact organs. Knockout mice for Oat3
have been generated several years ago (18). This model
revealed the loss of organic anion transport and indi-
cated the importance of drug uptake of Oat3 in the
kidney and choroids plexus (42), although no morpho-
logical changes were found. Considering the novel role
of mOat3 as a basolateral transport pathway of PGE; in
MD cells, it would be interesting to observe changes in
phenotype in mice under high renin states such as salt
deficiency, administration of angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers,
diuretic administration, or experimental renovascular
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hypertension.

Since the molecular cloning of OAT1, first isoform of
the OAT family, OATs were recognized mainly as an
influx pathway of numerous endogenous and exogenous
organic anions (12— 14). However, recent studies by
Aisfetal. unveiled the novel role of OAT3 as an efflux
pathway of cortisol in endocrine tissues such as
adrenocortical cells (43, 44). Therefore, the maintenance
of homeostasis through the efflux of some endogenous
substances such as PGs and steroid hormones would be
another important role of the OAT family (9).

In conclusion, the current results indicate that mOat3
may play an important role in the basolateral efflux
pathway of PGE; in the renal tubules including MD cells
that may constitute one of the indispensable steps for
renin release and the regulation of the TGF mechanism.
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Abstract, Organic anion transporters (OATs) play an essential role in the elimination of
numerous endogenous and exogenous organic anions from the body. The renal OATs contribute
to the excretion of many drugs and their metabolites that are important in clinical medicine.
Several families of multispecific organic anion and cation transporters, including OAT family
transporters, have recently been identified by molecular cloning. The OAT family consists of six
isoforms (OAT! -4, URATI, and rodent Oat5) and they are all expressed in the kidney, while
some are also expressed in the liver, brain, and placenta. The OAT family represents mainly the
renal secretory and reabsorptive pathway for organic anions and is also involved in the distri-
bution of organic anions in the body, drug-drug interactions, and toxicity of anionic substances
such as nephrotoxic drugs and uremic toxins. In this review, current knowledge of and recent
progress in the understanding of several aspects of OAT family members are discussed.

Keywords: organic anion, p-aminohippurate, organic anion transporter (OAT), kidney
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organic anions and cations. Their elimination is essential
for the maintenance of homeostasis. Excretory organs
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more than 70 years ago that phenolsulphophthalein, an
anionic dye, was highly concentrated in renal convoluted

DOT: 10.1254/jphs.CRI06006X tubules, suggesting a tubular secretion process (1).

Transport systems responsible for renal tubular secretion
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of endogenous or exogenous substances have been
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Table 1. Organic anion transporter (OAT) family

Gene name Protein name Tissue distribution Predominant substrates

SLC22A6 OATI kidney PAH, PGE,, urate, NSAIDs, antiviral agents, MTX, OTA, f-lactam antibiotics,
ACE inhibitors, uremic toxins

SLC22A7 OAT2 liver PGE., PGF, tetracycline

SLC22A8 OAT3 kidney, brain ES, cAMP, cGMP, E,178G, DHEAS, PGE,, PGF,,, OTA, MTX, cimetidine,

tetracycline, uremic toxins

SLC22A11 OAT4
SLC22A12 URAT1
Slc22a19 Qat$

kidney, placenta
kidney urate

kidney

ES, DHEAS, PGEz, PGFa,, tetracycline, MTX, OTA

ES, DHEAS, OTA

PAH, p-aminohippurate; PG, prostaglandin; NSAIDs, nonsteroidal inflammatory drugs; MTX, methotrexate; OTA, ochratoxin A; ACE,
angiotensin-converting enzyme; ES, estrone sulfate; E»175G, estradiol 176-D-glucuronide; DHEAS, dehydroepiandrosterone sulfate.

divided into organic anion and organic cation transport
systems based on their preferential substrate selectivity
(2). The process of secreting organic anions and cations
through proximal tubular cells is achieved via unidirec-
tional transcellular transport, involving the uptake of
organic ions into the cells from the blood across the
basolateral membrane followed by extrusion across the
brush-border membrane into the proximal tubular fluid
(3). During the last decade, several families of multi-
specific organic anion transporters, including organic
anion transporter (OAT) family (Table 1), organic
anion-transporting polypeptide (oatp) family, sodium-
phosphate transporter (NPT) family, and peptide trans-
porter (PEPT) family, has been identified by molecular
cloning (Fig.1). Additional findings also suggested
ATP-dependent organic anion transporters such as
multidrug resistance-associated protein (MRP) as efflux
pumps (Fig. 1). This review focuses on the recent
progress in the understanding of various aspects of the
OAT family. A number of reviews (4~ 9) on organic
anion transporters are available.

2. General characteristics of OATSs

2.1. Organic anion transport systems

Substrates for the renal organic anion transport system
include a number of chemically heterogeneous weak
acids with a carbon backbone and a net negative charge
at physiological pH (pK, <7). Their structures may be
aromatic or aliphatic. Historically, p-aminohippurate
(PAH) has been used as a prototypical substrate for the
renal organic anion transport system (2). PAH is a
high-affinity substrate and is almost completely
extracted by the renal organic anion transport system
during a single pass through the kidney when its serum
concentration is low. Thus, PAH clearance has been
used to estimate renal plasma flow, and the renal organic
anion transporter has been alternatively called PAH

Lumen
Blood

Fig. 1. Proposed model of organic anion transporters in renal
proximal tubules. OAs: organic anions, DCs: dicarboxylates, MCs:
monocarboxylates.

transporter. A prominent feature of the PAH transporter
is that it interacts with and transports a variety of
organic anions with unrelated chemical structures
(2—-4). Various endogenous organic anions, uremic
substances, drugs, and environmental compounds have
been assumed to be substrates of the PAH transporter.
The multispecificity of the PAH transporter is suitable
for elimination of a variety of endogenous metabolites
and xenobiotics; and in renal physiology, the PAH
transport system has been regarded as a representative of
“tubular secretion”. In 1997, the PAH transporter was
isolated by several groups using expression cloning
methods and designated OAT1 (organic anion trans-
porter 1) (10— 12). Subsequently, several organic anion-
transporting proteins have been identified at both sides
of the renal proximal tubules and our knowledge of
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organic anion transporter systems has been increased
(Fig. 1).

2.2. Functional characteristics of organic aniom
transport systems

In the kidney, the secretion of organic anions takes
place in the proximal tubular epithelial cells via at least
two steps. The first step is the transport of organic anions
from the peritubular plasma across the basolateral
membrane into proximal tubular cells. The transport of
PAH across the basolateral membrane of proximal
tubular cells against the electrochemical gradient occurs
in exchange for intracellular dicarboxylates such as a-
ketoglutarate (13). Two organic anion transporters,
OAT1 (10— 12) and OAT3 (14), have been proposed to
be responsible for this step. The second step is the exit of
organic anions across the apical membrane at the tubular
epithelial cells into the urine. Although this process is
energetically downhill for organic anions, it has been
believed that this process is also mediated by specific
transporters. The luminal efflux system for PAH has
been investigated mostly using brush border membrane
vesicles. In dogs and rats, anion exchange mechanisms
have been demonstrated for the luminal efflux systems
(15). They mediate probenecid-sensitive electroneutral
exchange of anionic compounds, including both organic
(e.g., PAH, urate, and lactate) and inorganic (e.g., CI,
HCOy", OH") anions. A distinct efflux system involving
voltage-driven transport was demonstrated in the pig
and rabbit (15). PAH transport at the apical membrane in
the OK kidney epithelial cell line was shown to be
mediated by a voltage-driven transport system but not by
an anion exchange system (16). In physiological condi-
tions, a major component of the exit path of organic
anions from renal proximal tubular cells has been
proposed to be the facilitated diffusion along the
electrochemical potential gradient (3, 17). Voltage-
driven organic anion transport plays an important role in
this step. However, the molecular nature and precise
functional properties of these efflux systems were
unknown for a long time.

2.3. Melecular identification of OATs

OATI: Several research groups have cloned the first
member of the OAT family, OAT] (10-12). OATI
mRNA is expressed predominantly in the kidneys and
weakly in the brain. In the kidneys, OAT! protein is
localized at the basolateral membrane of proximal
tubular cells. OAT1-mediated uptake of PAH is stimu-
lated by an outwardly directed concentration gradient of
dicarboxylates such as a-ketoglutarate, which is consis-
tent with the previous notion that OAT! is an organic an-
ion-dicarboxylate exchanger (13). The substrate selec-
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tivity of OAT! is markedly broad, and substrates include
endogenous substances such as dicarboxylates, cyclic
nucleotides, and prostaglandins and exogenous sub-
stances such as various anionic drugs and environmental
compounds (15). The affinities of OATl for these
compounds are similar to reported values for the
basolateral PAH transporter (2), and the functional
properties and localization of OAT! are identical to
those of the renal PAH transport system.

OAT2: OAT2 was isolated originally from the rat liver
as a novel liver-specific transport protein with unknown
function (18). Because of its structural similarities to
OATI, OAT2 was functionally characterized (19).
OAT2 is expressed predominantly in the liver and
weakly in the kidneys. Typical substrates of OAT2 are
salicylate, acetylsalicylate, prostaglandinE, (PGE,),
dicarboxylates, and PAH. Transport of tetracycline by
hOAT?2 as well as other hOATs has been also reported
by us (20). Recently, hOAT2 was proposed to be a
sodium-independent multi-specific organic anion/di-
methyldicarboxylate exchanger (21).

OAT3: OAT3 was isolated from the rat (14), and it
seems to us structurally identical to Roct, which has
been identified as a transporter-like protein that exhibits
a reduced expression in osteosclerosis mice (22). OAT3
mRNA is expressed in the kidneys, liver, brain and eyes
(14). In the kidneys, OAT3 is localized at the basolateral
membrane of proximal tubular cells (23, 24). In the
brain, OATS3 is localized at the brush border membrane
of choroid plexus cells (25, 26) and in capillary endo-
thelial cells (27). Like OAT1, OAT3 recognizes a broad
spectrum of substrates, and it mediates the high-affinity
transport of PAH, estrone sulfate, ochratoxin A, and
various drugs, including the cationic drug cimetidine,
in exchange for dicarboxylates inside cells (28, 29).

OAT4: OAT4 was cloned from human kidneys (30).
OAT4 mRNA is expressed in the kidneys and is
localized at the apical membrane of proximal tubular
cells. In the placenta, OAT4 is expressed on the foetal
side of syncytiotrophoblast cells (31). When expressed
in Xenopus oocytes, OAT4 mediates the Na™-indepen-
dent, high-affinity transport of estrone sulfate, dehydro-
epiandrosterone sulfate, ochratoxin A, and PGE, and
PGF»,. We recently reported that OAT4 is not a facili-
tated transporter but an organic anion/dicarboxylate
exchanger and that it mediates bidirectional organic
anion transport (32). The results indicate that OAT4 is a
renal apical organic anion/dicarboxylate exchanger and
mainly serves as a tubular reabsorptive pathway for
some organic anions, including sulfate conjugates,
driven by an outwardly directed gradient of dicarboxy-
lates such as a-ketoglutarate. However, it seems unlikely
that two exchangers of the same type existing in both
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