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SITIP2 negatively regulates the insulin-induced translocation
and phosphorylation of Akt2 at the PM mediated via both the
IRS-1 and IRS-2 pathway.

EXPERIMENTAL PROCEDURES

Muaterinfls—Human crystal insulin was provided by Novoe Nordisk
Pharmaceutical Co., (Copenhagen, Denmark). The two polyclonal anti-
SIITP2 antibodics were desceribed previously (5). The anti-SIITP2 anti-
bodies raised against the C terminus and N terminus were used for the
immunoprecipitation and immunobletting, respectively. A monoclonal
anti-phosphotyrosine antibody (PY20) was purchased from Transduc-
tion Laboratories (Lexington, KY). A polyclonal anti-The**® phospho-
specific Akt antibody and a polyclonal anti-Ser*™ phospho-specific Akt
antibody were obtained from New England Biolabs, Inc. (Beverly, MA),
A polyclonal anti-Akt antibody and a polyclonal anti-Aktl-specific an-
tibody were from Santa Cruz Biotechnology (Santa Cruz, CA). A poly-
clonal anti-Akt2-gpecific antibody was from Calbiochem. Enhanced
chemiluminescence reagents were from Amersham Bioaciences. Dul-
becco’s modified Eagle’s medium (DMEM), minimum essential medium
vitamin mixtures, and minimum esgential medium amino acid solu-
tions were from Invitrogen. All other reagents were of analytical grade
and purchased from Sigma or Wako Pure Chemical Industrics, Ltd.
(Osaka, Japan).

Construction of Adenoviral Vectors—¢DNAs encoding rat WT-SHIP2
and AIP-SHIP2 were subcloned into the vector pAxCAwt and trans-
ferred to recombinant adenovirus by homologous recombination utiliz-
ing an adenovirus expression vector kit (Takara Biomedicals, Tokyo,
Japan) as described previously (7), The adenoviral vector encoding the
constitutively active form of bovine p110 with a Sre myristration signal
sequence at the N terminus (myr-p110) was reported previously (21).

Cell Culture and Infection with Adenovirus—3T3-L1 fibroblasts were
grown and passaged in DMEM suppleraented with 10% newborn calf
scrum. Cells at 2 to 3 days post-confluence were used for differentiation.
The differentiation medium contained 10% fetal calf serum (FCS), 250
nM dexamethasone, 0.5 mM isobubyl methylxanthine, and 500 nM insu-
lin. After 3 days, the dilferentiation medium was replaced with post-
differentiation medium containing 10% FCS and 500 nM insulin. After
3 more days, the post-differentiation medium was replaced with DMEM
supplemented with 10% FCS (7). Preparation of IRS-1{—/-) and IRS-
2(—/-) embryonic fibroblasts from IRS-1- and IRS-2-deficent mice was
described previously (22), Embryonie fibroblasts were cultured with
a-minimum essential medium supplemented with 10% FCS. WT-
SHIP2, AIP-SHIP2, and myr-p110 were transiently expressed in differ-
entiated 3T3-I.1 adipocytes and embryonic fibroblasts by means of
adenovirus-mediated gene transfer. A multiplicity of infection (m.0.i.) of
10-40 pfu/eell was used to infect 3T3-L1 adipocytea and embryonic
fibroblasts in DMEM containing 2% FCS, with the virus being left on
the cells for 18 h prior to removal. Subsequent experiments were con-
ducted 24 to 48 h after initial addition of the virus, The efficiency of the
ndenovirus-mediated gene transfer of WT-SHIP2, AIP-SI1IP2, and myr-
pl110 was ~95%.

Subcellular Fractionation—3T3-L1 adipocytes were washed twice
with phosphate-buffered saline and once with HES buffer (2556 m™
sucrose, 20 mM HEPES, 1 mM EDTA, 1 muM phenylmethylsulfonyl
fluoride, 1 raM Na,VO,, 2 pg/ml aprotinin, and 50 ng/m! okadaic acid,
pH 7.4) and immediately homogenized by 20 strokes with a motor-
driven homogenizer in HES buffer at 4 °C. The homogenates (two
10-cm-diameter dishes per condition) were subjected to subcellular
fractionation as described previcusly to isclate PM, high density micre-
somes, low density microsomes (LDM), and cytosol (23, 24). In brief, the
homogenates were centrifuged at 19,000 X g for 20 min. The resulting
supernatant was centrifuged at 41,000 X g for 20 min, yielding a pellet
of high density microsomes. The supernatant from this spin was cen-
trifuged at 250,000 X g for 90 min, yielding a pellet of LDM. Remaining
supernatant was concentrated by Centricon-30 (Amicon Inc., Beverly,
Mass.) and used as cytosol. The pellet obtained from the initial spin was
resuspended in HES buffer, layered onto a 1.12 M sucrose cushion, and
centrifuged at 100,000 % g in a swing rotor for 60 min. A white fluffy
band at the interface was collecled and resuspended in HES buffer and
centrifuged at 10,000 X g for 20 min, yielding a pellet of PM. All
fractions were adjusted to a final protein concentration of 1 to 3 mg/ml,
which was measured by the Bradford method, and stored at ~80°C
until use.

Immunoprecipitation and Western Blotting~—3T3-L1 adipocytes and
embryonic fibroblasts grown in 6-well multiplates were serum-starved
for 16 h in DMEM. The cells were treated with 17 nM insulin at 37 °C
for various periods. They were then lysed in a buffer containing 20 mM
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FiG. 1. Structures of SHIP2 constructs and expression in
3T3-L1 adipocytes. A, structures of wild-type SHIP2 and 5°'-phospha-
tase-defective SHIP2 containing Pro®*” to Ala, Asp®' to Ala, and Argt™
to Gly changes are shown, The three domains of SHIP2 are an SH2
domain, a 5'-phosphatase (5'-ptase) domain, and a C-terminal proline-
rich domain containing a tyrosine phosphorylation site (NPAY). B,
3T3-L} adipocytes were transfected with LacZ, WT-SHIP2, or AIP-
SHIP2 at an m.o.i. of 40 pfu/cell. Following the infection, the cells were
stimulated with 17 nM insulin for 5 min. The cells were lysed and
subjected to immunoblot analysis with anti-SHII2 antibody. Regults
are representative of three separate experiments.

Tris, 150 mM NaCl, 1 mm EDTA, 1 mM EGTA, 2.6 mM sodium deoxy-
cholate, 1 mm B-glycerophosphate, 1% Triton X-100, 1 mM phenylmneth-
yisulfony! fluoride, 1 mM Na,VO,, 50 mM sodium flucride, 10 pug/ml
aprolinin, and 10 pM leupeptin, pH 7.4, for 15 min al 4 °C. Lysates
obtained from the same number of cells were centrifuged to remove
insoluble materials. The supernatants (100 pg of protcin} were immu-
noprecipitated with antibodies for 2 h at 4 °C, The precipitates or whole
cell lysates were then scparated by 7.5% SDS-PAGE and transferred
onto polyvinylidene difluoride membranes using a Bio-Rad Transblot
apparatusa. The membranes were blocked in a buffer containing 50 mm
Tris, 150 mM NaCl, 0.1% T'ween 20, and 2.5% bovine serum albumin or
5% non-fat milk, pH 7.5, for 2 h at 20 °C. The membranes were then
probed with antibodies for 2 h at 20 °C or for 16 h at 4 °C. After the
membranes were washed in a buffer ¢ontaining 50 mm Tris, 150 mM
NaCl, and 0.1% Tween 20, pH 7.5, blots were incubated with a horse-
radish peroxidase-linked secondary antibody and subjected to enhanced
chemiluminescence detection using ECL reagent according to the man-
ufacturer’s instructions (Amersham Biosciences) (5, 7).

Statistical Analysis—The data are represented as means + §E. p
values were determined using a Student's ¢ test, and p < 0.05 was
considered statistically significant.

RESULTS

Structures of SHIP2 Constructs and the Expression in
3T3-L1 Adipocytes—SHIP2 is a 140-kDa protein composed of
an SH2 domain at the N terminus, a central 5'-phosphatase
catalytic domain, and a proline-rich region including the phos-
photyrosine binding domain binding consensus at the C termi-
nus. Three amino acids, located within the catalytic domain of
SHIP2, that are highly conserved among known 5°'-phosphata-
ses were mutated to generate AIP-SHIP2 (7) (Fig. 14). WT-
SHIP2 and AIP-SHIP2 were transiently expressed in 3T3-L1
adipocytes by adenovirus-mediated gene transfer. Endogenous
SHIP2 was seen in control 3T3-L1 adipocytes transfected with
LacZ alone. On transfection with either WT-SHIP2 or AIP-
SHIPZ2 at an m.o.i. of 40 pfu/cetl, we observed similar levels of
expression of WT-SHIP2 and AIP-SHIPZ2, which were 5-fold
greater than the levels of endogenous SHIP2. Insulin treat-
ment did not affect the expression of WT-SHIP2 and AIP-
SHIP2 (Fig. 1B).
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Effect of SHIP2 Expression on Insulin-induced Phosphoryla-
tion of Akt in Whole Cell Lysates—Akt is a downstream target
of PI3-kinase important for mediation of the metabolic actions
of insulin (1—4). Because Akt is primarily activated as a result
of its phosphorylation at the Thr*%® (Akt2 at Thr®*) and Ser®™
(AktZ at Ser'™) residues (13, 16-20, 25), we examined the
effect of SHIP2 expression on the insulin-induced phospheryl-
ation of Akt in 3T3-L1 adipocytes. Treatment with insulin
induced phosphorylation of Akt at Thr**® and Ser*™in a time-
dependent manner in LacZ-transfected control 3T3-L1 adipo-
cytes. Transfection of WT-SIIIP2 decreased insulin-induced
phosphorylation of Akt at both Thr®*® and Ser*". In contrast,
insulin-induced phosphorylation of Akt at Thr*™ and Ser'™
was increased by transfection with AIP-SHIP2 (Fig. 2, A and
B). These results are summarized in Fig. 2, E and F. Following
15 min of insulin treatment, the phosphorylation of Akt at
Thr3%® was significantly decreased 30.1 * 4.9% by the expres-
sion of WT-SHIP2 and increased 34.6 + 5.7% by the expression
of ATP-SHIP2. Similarly, the phosphorylation of Akt at Ser*™

was decreased 27.9 * 3.4% by the expression of WI-SHIP2 and
increased 31.8 *+ 4.4% by the expression of AIP-SHIP2 follow-
ing 5 min of insulin stimulation compared with that in control
3T3-L1 adipocytes transfected with LacZ. To assure equal
amounts of protein were loaded ameng the samples, the cell
lysates were immunoblotted with anti-Akt antibody (Fig. 2C).
Similar expression levels of WT-SHIP2 and AIP-SHIP2 were
detected on the immunoblotting of the cell lysates with anti-
SHIP2 antibody (Fig. 2D).

Effect of SHIP2 Expression on Insulin-induced Phosphoryl-
ation of Akt at Subcellular Locations—Because it is known
that Akt is localized in the cytosol, PM, and LDM fractions
(10), we next examined the effect of SHIP2 expression on the
insulin-induced phosphorylation of Akt at subcellular loca-
tions (Fig. 3). Insulin induced the phosphorylation of Akt at
Thr®®® and Sert™ in the cytosol, PM, and LDM fractions.
Although a large amount of Akt resides in the eytosol, the
insulin-induced phosphorylation of Akt at Thr*" and Ser'™
in the eytosol was not significantly affected by the expression
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FiG, 4. Effect of SHIP2 expression on insulin-induced phos-
phorylation of Aktl and Akt2 isoforms. 3T3-L1 adipocytes were
transfected with LacZ, WT-SHIP2, or AIP-SHIP2 at an m.oi. of 40
pfu/cell. The cells were serum-starved for 16 h and then treated with 17
nM insulin for 5 min. The cell lysates were immuncprecipitated with
anti-Aktl antibody. The precipitates (A-C) and the supernatants (D-F)
were separated by SDS-PAGE and immunoblotted with anti-
Thr**®-phospho-specific Akt antibody (A and D), anti-Ser*’*.phos-
phospecific Akt antibody {B and E), or anti-Akt] and anti-Akt2 antibody
(C and F). The amount of Akt! and Akt2 phosphorylated at Thr****™
and Ser*™*™ carrected for the amount loaded was quantitated by
densitometry. Results are means * S.E. of four separate experiments.
*, p < 0.05 versus the phosphorylation of Akt after insulin stimulation
in LacZ-transfected control cells using the Student’s ¢ test.

of either WT-SHIIP2 or AIP-SHIP2. In contrast, the phospho-
rylation of Akt in the PM and LDM was affected by the
expression of SHIP2. Notably, the insulin-induced phospho-
rylation of Akt at both Thr3®® and Ser*?? in the PM fraction
was markedly decreased by the expression of WT-SHIPZ,
whereas it was increased by the expression of AIP-SHIPZ.
Densitometric analysis revealed that insulin-induced phos-
phorylation of Akt at Thr*™™® and Ser'™ was decreased by
47.3 = 1.2% and 45.7 * 3.1%, respectively, in WT-SHIP2-
expressing cells, whereas it was enhanced by 44.3 * 5.6% and
45.3 * 6.6% in AIP-SHIP2-expressing cells.

Effect of SHIP2 Expression on Insulin-induced Phosphoryla-
tion of Aktl and Akt2 Isoforms—Because Aktl and Akt2 are
the main isoforms expressed in 3T3-L1 adipocytes (17), we next
examined the effect of SHIP2 expression on the insulin-induced
phosphorylation of Aktl and Akt2. The cell lysates were
immunoprecipitated with anti-Aktl antibody, and the precipi-
tates were immunoblotted with anti-phosphospecific Akt anti-
body. As shown in Fig. 4C, Aktl is efficiently immunoprecipi-
tated by this procedure, and the Akt2 isoform is not present in
the precipitates. Insulin induced phosphorylation of the Aktl
isoform at Thr™*® and Ser'” in anti-Aktl immunoprecipitates,
and this phosphorylation was not affected by the expression of
either WT-SHIP2 or AIP-SHIP2 (Fig. 4, A and B). Because an
anti-Akt2 antibody was not available for the immunoprecipita-
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tion, we performed an immunodepletion experiment. After the
cell lysates were effectively immunoprecipitated with anti-
Akt] antibody, the supernatants were used for the experiment
with Akt2. As can be seen in Fig. 4F, only Akt2, not Aktl, is
present in the sample obtained by this procedure. Importantly,
insulin-induced phosphorylation of Akt2 at Thr3®® and Ser*™*
was markedly decreased by the expression of WT-SHIP2,
whereas it was increased by the expression of AIP-SHIP2 (Fig.
4, D and E). These results indicate that SHIP2 regulates the
insulin-induced phosphorylation of Akt2, and not Aktl, in
3T3-L1 adipocytes.

Effect of SHIP2 Expression on the Insulin-induced Subcellu-
lar Distribution of Akt Isoforms—1It is known that growth facter
induces a subcellular relocalization of Akt to the plasma mem-
brane to be phosphorylated (10, 20, 25). Although SHIP2 neg-
atively regulates insulin-induced Akt2 phosphorylation, it is
unclear whether SHIP2 affects the phosphorylation of Akt di-
rectly or via its translocation to the PM. To address this issue,
we next examined the effect of SHIPZ expression on the insu-
lin-induced subecellular redistribution of Aktl and Akt2. The
Aktl isoform mainly resides in the cytosol fraction, and insulin
treatment did not appear to induce apparent subcellular redis-
tribution. In addition, overexpression of neither WT-SHIPZ2 nor
AIP-SHIP2 appeared to aflect the subcellular localization of
Aktl (Fig. 5A). Thus, the amount of Akt] in the cytosol did not
significantly alter in respeonse to insulin. The Akt2 isoform is
also mainly localized in the cytosol fraction in the basal state.
Compared with the results obtained with Aktl, insulin effi-
ciently elicited a subcellular redistribution of the Akt2 isoform
from the cytosol and LDM to the PM. Importantly, the redis-
tribution was markedly decreased by the expression of WT-
SHIPZ2, whereas it was enhanced by that of AIP-SHIP2 (Fig.
5B). These results indicate that SHIP2 appears to regulate the
subcellular redistribution of Akt2, and not Aktl, in 3T3-L1
adipocytes.

Insulin-induced Subcellular Redistribution of SHIP2—Qur
previous study (26) indicated that the membrane localization of
SHIP2 is important for its functioning via the 5'-phosphatase
activity. Expression of SHIP2 with the myristoylation signal
efficiently inhibited insulin-induced phosphorylation of Akt in
Ratl fibroblasts (26). Given this, we reasoned that SHIP2
might elicit this function by changing the subcellular localiza-
tion to efficiently regulate the phosphorylation of Akt in the PM
fraction. We examined whether insulin induces the subcellular
redistribution of SHIP2 (Fig. 64). WT-SHIP2 resides largely in
the eytosol and partly in the LDM and PM fractions in the basal
state. Insulin treatment significantly induced a redistribution
of some of the expressed WT-SHIP2 and AIP-SHIP2 to the PM
fraction. We further assessed the role of PI3-kinase in the
insulin-induced redistribution of SHIP2. Prelreatment of the
cells with the PI3-kinase inhibitor LY294002 partly, but sig-
nificantly, inhibited the insulin-induced redistribution of both
WT-SHIP2 and AIP-SHIP2 to the PM, Densitometric analysis
demonstrated that the redistribution of WT-SHIP2 and AIP-
SHIP2 to the PM was inhibited 41.3 = 7.2 and 51.7 = 6.6%,
respectively, by treatment with LY294002. A similar degree of
inhibition was obtained on treatment with wortmannin (data
not shown). To assure that the LY294002 used in the experi-
ment effectively inhibited the Pl-kinase activity, the effect of
pretreatment on insulin-induced phosphorylation of Akt was
examined. Pretreatment with LY294002 effectively inhibited
the insulin-induced phosphorylation of Akt (Fig. 6B). These
results indicate that insulin induces a redistribution of SHIP2
from the cytoscl to the PM fraction independent of the 5'-
phosphatase activity of SHIP2 and that this redistribution is
partly dependent on the PI3-kinase activity.
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Effect of SHIP2 Expression on myr-pl 10-induced Subcellular
Distribution and Phosphorylation of Akt—A number of growth
factors stimulate PI3-kinase activity in addition to insulin (2,
3). We next examined the effect of SIIIP2 expression on the
PI3-kinase-induced subcellular distribution and phosphoryla-
tion of Akt. To this end, we employed myr-pl10, which is a
constitutively active from of the catalytic subunit of PI3-kinase
(21). Similar to insulin, myr-p110 induced a recruitment of
SHIP?2 to the PM fraction (Fig. 7A). In addition, myr-p110 also
induced phosphorylation of Akt at Thr®*® in the cytosol, PM,
and LDM fractions. Similarly, the myr-p110-induced phospho-
rylation of Akt in the cytosol fraction was apparently not af
fected by the expression of WT-SHIP2, SHIP2 regulated the
insulin-induced phosphorylation of Akt at Thr’®® in the PM
fraction, but the degree to which the myr-pl 10-induced phos-
phorylation of Akt was regulated by SHIP2 relatively mild (Fig.
7B). Thus, expression of WT-SHIP2 inhibited myr-pl10-in-
duced phosphorylation of Akt by 27.3 * 4.2%. Similar results
were obtained concerning the effect of SHIP2 expression on
myr-pl10-induced phosphorylation of Akt at Ser*”? (data not
shown). Interestingly, the myr-p110-induced redistribution of
Akt2 to the PM fraction was not affected by SIHIP2 expression
(Fig. 7C).

Effect of SHIP2 Expression on Insulin-induced Phosphoryla-
tion of Akt in Embryonic Fibroblasts Derived from IRS-1 and
IRS-2 Knockout Mice—The metabolic action of insulin is medi-
ated via IRS-1 and/or IRS-2 (1, 4, 27-31). Although IRS-1 and
IRS-2 have structural similarities, each coordinates, at least in
part, different insulin actions (22, 27, 32-34). We further in-
vesligated whether IRS-1- and IRS-2-mediated insulin signal-
ing can be regulated by SHIP2. To this end, we employed
embryonic fibroblasts derived from IRS-1 and IRS-2 knockout
mice (22). Insulin induced the phosphorylation of Akt at Thr®*®
and Ser'™ in control embryonic fibroblasts expressing both
IRS-1 and IRS-2. The phosphorylation of Akt waa also seen in
IRS-1(-/—) and IRS-2(—/~) embryonic fibroblasts. The insulin-
induced phosphorylation of Akt at Thr*®® and Ser'”® was de-
creased by the expression of WT-SHIPZ, whereas it was en-
hanced by the expression of AIP-SIIP2 in control, IRS-1(-/-),
and IRS-2(—/-) embryonic fibroblasts (Fig. 8, A and B). These
results indicate that SHIP2 is involved in the negative regula-
tion of both IRS-1- and IRS-2-mediated insulin signaling. To
assure equal amounts of protein were loaded among the sam-
ples, the cell lysates were immunoblotted with anti-Akt anti-
body. Similar expression levels of WT-SHIP2 and AIP-SHIP2
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were confirmed on immunoblotting of the cell lysates with
anti-SHIP2 antibody (Fig. 8C).

DISCUSSION

The STIIP family is composed of SHIP1 and SHIPZ2, and
overall, the SHIP2 protein exhibits about 40% amino acid iden-
tity to SHIP1 {5, 6). Despite their similarities, differences be-
tween SHIP1 and SHIP2 have been identified. First, SHIP2 is
expressed relatively ubiquitously including in the targets of
insulin such as skeletal muscles and fat cells, whereas the
expression of SHIP1 is restricted to hematopoietic and sper-
matogenetic cells (6, 35, 36). Second, these two SHIP isozymes
appear to have different substrate specificities. SHIP2 may
have greater activity than SHIP1 for the hydrolysis of the
PI3-kinase product PI(3,4,5)P; (37). These reports suggest that
SHIP1 and SHIP2 regulate different inositol-mediated path-
ways and/or interact differently with effector molecules. Along
this line, our previous studies (7, 8) with cultured cells showed
that overexpression of SHIPZ negatively regulated insulin-
induced metabolic signaling via 5'-phosphatase activity in
3T3-L1 adipocytes and L6 myocytes. Experiments with knock-
out mice revealed that disruption of SHIP2 expression caused
hyperinsulin sensitivity without affecting biological systems
other than insulin signaling (9). In addition, the expression of

'SHIP2 was enhanced leading to an attenuation of insulin sig-
naling distal to PI3-kinase in an animal model of type 2 diabe-
tes (38). Furthermore, mutations in the SHIP2 gene may con-
tribute, at least in part, to the genetic susceptibility to type 2
diabetes in humans (39). Taken together, SHIP2 appears to be

a physiologically important negative regulator that is rela-
tively specific to insulin signaling and has a fundamenta! im-
pact on the pathological state of type 2 diabetes.

To understand the novel control mechanisms in the repula-
tion of insulin signaling by the lipid phosphatase SHIP2, il is
important to elucidate how SHIP2 functions following stimu-
lation with insulin. The total 5'-phosphatase activity of SHIP2
is known not to be altered following stimulation with growth
factors including insulin (40). Instead, the relocalization of
SHIP2 to the vicinity of the plasma membrane would appear to
be critical for the functioning based on experiments with
SHIP1 (41). Targeting of SHIP2 to the plasma membrane on
addition of the myristoylation signal efficiently inhibited the
insulin-induced phosphorylation of Akt in Ratl fibroblasts ex-
pressing insulin receptors, although the level of SHIP2 expres-
gion in the plasma membrane was low (26). Given this, we
reasoned that insulin treatment changes the subcellular relo-
calization of SHIP2. In fact, insulin induced a redistribution of
WT-SHIP2 from the cytosol to the plasma membrane fraction.
The insulin-induced loealization of SHIP2 to the membrane
appears to be critical for the functioning possibly by providing
appropriate access to the substrate PI(3,4,5)P;. In addition,
treatment with the PI3-kinase inhibitor LY29004 partly inhib-
ited the insulin-induced redistribution of SHIPZ to the plasma
membrane fraction, These results indicate that insulin causes
SHIP2 to be redistributed to the plasma membrane where it
functions to hydrolyze the PI3-kinase product, and the activa-
tion of PI3-kinase itself is required, at least in part, for the
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FI6. 8. Effect of SHIP2 expression on insulin-induced phos-
phorylation of Akt in embryonic fibroblasis derived from IRS-1
and IRS-2 knockout mice. Control, IRS-1{~/-), and IRS-2(~/-) em-
bryonic fibroblasts were transfected with LacZ, WT-SHIP2, or AIP-
SIIIP2 at an m.a.i. of 10 pfu/cell. The cells were serum-starved for 16 b
and then treated with 17 nM insulin for 5 min. The cell lysates were
separated by 7.5% SDS-PAGE and immunohlotted with anti-Thr®s-
phospho-specifie (4) or anti-Ser**-phosphospecific (B) Akt antibody. C,
the cell lysates were immunoblotted with anti-SIIP2 antibedy, anti-
Akt antibody, anti-IRS-1 antibody, or anti-IRS-2 antibody. The amount
of Akt phosphorylated at Thr**® and Ser*™ corrected for the amount
Ioaded was quantitated by densitometry. Results are means + S.E. of
four separate experiments. *, p < 0.05 versus the phosphorylation of
Akt after insulin stimulation in LacZ-transfected control cells using the
Student’s ¢ test.

T

appropriate targeting of SHIP2 to the plasma membrane. It is
possible that other signaling molecules, in additien to PI3-
kinase, are involved in the subcellular redistribution of SIHIIP2.
Along this line, the association of SHIP2 with Shc appears to be
required for the efficient negative regulation of insulin-induced
phosphorylation of Akt, at Jeast in part, in Rat1 fibroblasts (26).
The assaciation of SHIP2 with Chl is also reported in Chinese
hamster ovary cells (42). Because She and Cbl are known to be
tyrosine-phosphorylated and undergo a subcellular redistribu-
tion to the plasma membrane following insulin stimulation, the
tyrosine phosphorylated molecules associated with SHIP2 may
have a critical role in the targeting of SHIP2 to the plasma
membrane (26, 42). The function of SHIPZ in the negative
regulation of insulin signaling remains to be more precisely
elucidated.

We have previously reported (7) that SHIP2 inhibits the
insulin-induced activation of Akt via 5'-phosphatase activity.
The main isoforms of Akt in 3T3-L1 adipocytes are Aktl and
Akt2 (17). Although the two have structural similarities, their
physiological roles appear to differ (10, 43-46). Mice with a
targeted disruption of Aktl revealed a defect in growth. How-
ever, Aktl-deficient mice are normal with respect to glucose
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tolerance and insulin-stimulated disposal of blood glucose (43,
44). In contrast, mice lacking Akt2 demonstrated insulin re-
sistance in target tissues of insulin (45, 46). It is also known
that Akt2 is abundant in insulin-responsive tissues, and insu-
lin increases the association of Akt2 with Glut4-containing
vesicles (10). These results indicate that Akt2 is more impor-
tant than Aktl to the metabolic actions of insulin. In this
regard, SHIP2 appeared to predominantly regulate the insulin-
induced phosphorylation of Akt2, and not Aktl, in 3T3-L1
adipocytes as shown in Fig. 4. Concerning the subcellular lo-
calization of Akt, both isoforms were rnainly concentrated in
the cytosolic fraction of 3T8-L1 adipocytes in the basal state as
reported previously (10, 20). Although insulin treatment stim-
ulated phosphorylation of Aktl in the cytosolic fraction, it did
not appear to induce the subcellular redistribution of Aktl. It is
of note that, because lesser levels of Aktl than Akt2 are ex-
pressed in differentiated adipocytes (20}, lack of the transloca-
tion of Aktl to the plasma membrane may be below the detec-
tion limit of our Western blot analysis. In centrast, insulin
clearly induced the subcellular redistribution of Akt2 from the
cytosol to the plasma membrane fraction and stimulated phos-
phorylation of Akt2 in all subcellular fractions. The issue of an
insulin-induced redistribution of Akt2 to the plasma membrane
is controversial, as there is a report that no such redistribution
of Akt2 was found in rat fat cells (10). However, our findings
are consistent with reports that insulin treatment induces the
translocation of Akt2 to the plasma membrane dependent on
the PI3-kinase activity in human ovarian cells and 3T3-L1
adipocytes (20, 46, 47). The difference may arise from the
experimental conditions used or cells employed among previous
reports. Interestingly, the insulin-induced phosphorylation of
Aktl in the cytosolic fraction and the localization of Aktl did
not appear to be affected by the expression of either WT-SHIP2
or AIP-SHIP2. In contrast, the insulin-induced phosphoryla-
tion of Akt2 was apparently regulated by SHIP2. Furthermore,
the degree of inhibition was greater in the plasma membrane
fraction than cytosolic fraction. The SHIP2 regulation of Akt
phosphorylation and the isoform specificity observed with max-
imal insulin stimulation (17 n) appeared to be similarly main-
tained at a lower concentration of insulin (1.7 nM) stimulation
(data not shown). These results indicate that SHIP2 preferen-
tially regulates insulin-induced phosphorylation of Akt2 in the
plasma membrane rather than cytosolic fraction. Our results
do not rule out the possibility that SHIP2 regulates phospho-
rylation of Akt2, albeit to a lesser extent, in the cytosolic
fraction. It is also possible that the insulin-induced phosphe-
rylation of Akt2 is regulated by SHIP2 exclusively in the
plasma membrane fraction, and the weak effect seen in the-
cytosol fraction was derived from Akt2 returning from the
plasma membrane.

Insulin alone can effectively transmit the signaling leading
to glucose uptake, although PI3-kinase is activated by a num-
ber of growth factors (1-4). Interestingly, platelet-derived
growth factor was more effective than insulin in stimulating
Akt phosphorylation in fibroblasts, whereas platelet-derived
growth factor did not stimulate Akt2 phosphorylation to any
significant extent in adipoeytes (20). Moreover, insulin, but not
platelet-derived growth factor, induced the translocation of
Akt2 to the plasma membrane and high density microsome
fractions of 3T3-L1 adipocytes (20). These results prompted us
to examine the notion of another rele for SHIPZ2, in addition to
the regulation of Akt2 phosphorylation, in the control of insu-
lin-induced metabolic signaling. In this regard, we further fo-
cused on the part of SHIP2 in the insulin-induced subcellular
redistribution of Akt2. Our results showed that SHIP2 regu-
lates myr-p110-induced phosphorylation of Akt mainly in the
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plasma membrane fraction. However, the degree of the inhibi-
tion was relatively low compared with that for insulin. Fur-
thermore, expressionn of SHIP2 affected the insulin-induced,
and not myr-pl10-induced, translocation of Akt2 to the plasma
membrane, These results further indicate the molecular mech-
anism by which SHIP2 relatively specifically regulates insulin-
induced metabolic signaling in 3T3-L1 adipocytes.

The insulin-induced activation of PI3-kinase is mediated via
insulin receptor substrates (1, 4). Tyrosine-phosphorylated IRS
binds to the p85 regulatory subunit of PI3-kinase leading to an
activation to generate PI(3,4,6)P; (1-4). IRS-1 and IRS-2 are
the two most ubiquitously expressed members of the IRS fam-
ily of proteins, which regulates the metabolic actions of insulin
(1, 4, 27). Indeed, disruption of the genes for IRS-1 and IRS-2
was shown to result in insulin resistance in mice (27). Although
the structures of these two proteins are very similar, targeted
diaruption of the IRS-1 and IRS-2 gene in mice produced dis-
tinct phenotypes (28 -31). Some previous studies demonstrated
that IRS-1 has a major role in adipocyte differentiation (22, 33).
In addition, the IRS-1-PI3-kinase, but not IRS-2-PI3-kinase,
pathway was essential for SREBP1c and glucokinase gene ex-
pression in rat hepatocytes (32). Furthermore, IRS-2, but not
TRS-1, was predominantly involved in Glut4 translocation and
glucose uptake in brown adipose tissue (34). Therefore, IRS-1
and IRS-2 regulate the specific biclogical actions in addition to
the redundant metabolic actions of insulin. It is therefore im-
portant to clarify whether SHIP2 specifically or non-specifi-
cally regulates IRS-1- and IRS-2-mediated insulin signaling.
Qur results provide direct evidence of a role for SHIP2 in the
regulation of IRS-1- and IRS-2-mediated phospherylation of
Akt in IRS-1- or IRS-2-deficient cells. Because the insulin-
induced phospherylation of Akt was similarly regulated by the
expression of WT-SHIP2 and AIP-SHIP2 among control celis,
IRS-1-deficient cells, and IRS-2-deficient cells, SHIP2 appears
to have a similar impact on the regulation of insulin signaling
by both IRS-1 and IRS-2.

In summary, our results clarified the molecular mechanism
by which SHIP2 relatively specifically regulates the metabolic
actions of insulin seen in mice with a targeted disruption of
SHIP2 (9). First, SHIP2 appears to specifically regulate the
metabolic functions of ingulin, at least in part, by inhibiting the
insulin-induced phosphorylation of Akt2, and not Aktl, in the
plasma membrane in 3T3-L1 adipocytes. Second, upon insulin
stimulation, SHIP2 is translocated to the plasma membrane,
where it inhibits the insulin-specific subcetlular redistribution
of Akt2. Third, SHIP2 regulates the insulin-induced phospho-
rylation of Akt mediated via both IRS-1 and IRS-2. Although
we clarified the mechanisms of SHIP2 in the regulation of Akt,
atypical PKCs including PKCA and PKC{ are another down-
stream target of PI3-kinase important for the metaholic actions
of insulin. Because the insulin-induced activation of aPKC is
also known to be regulated by SHIP2, further study will be
required to clarify the molecular mechanism of the regulation
of aPKC by SITIP2. Clarification of the novel control mecha-
nisms for insulin could provide a new insight into the develop-
ment of therapeutic drugs. Thus, inhibition of an endogenous
amount and/or function of SHIP2 would be an important ther-
apeutic target of insulin resistance in type 2 diabetes.
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Abstract

The purpose of this study was to efucidate the mechanisms of
blood-to-retina creatine transport across the blood—retinal
barrier (BRB) /i vivo and in witro, and to identity the respon-
sible transporter(s). The creatine transport across the BRB
in vivo and creatine uptake in an in vitro mode} of the inner
BRB (TR-BRB2 cells) were examined using [*Cloreatine.
Identification and localization of the creatine transporter (CRT)
were camied out by RT-PCR, westem blot, and immunoper-
oxidase electron micrascopic analyses. An in vivointravenous
administration study suggested that [*“Clcreatine Is trans-
ported from the blood to the retina against the creatine con-
centration gradient that exists between the retina and blood.
['*CICreatine uptake by TR-IBRB2 cells was saturable,

Na*- and CI"-dependent and inhibited by CRT inhibitors,
suggesting that CRT is involved in creatine transport at the
inner BRB. RT-PCR and westem blot analyses demonstrated
that CRT is expressed in rat retina and TR-IBRE2 cells.
Moreover, using an immunoperoxidase electron microscopic
analysis, CRT immunoreactivity was found at both the luminal
and abluminal membranes of the rat retina) capillary endo-
thefial cells. In conclusion, CRT is expressed at the inner BRB
and plays a role in blood-to-retina creatine transport across
the inner BRB.

Keywords: blood—retinat barrier, carrier-mediated transpor,
creatine, creatine transporter, retinal capillary endothefial
cells.

J. Neurochern. (2004) 89, 1454-1461.

Creatine plays an essential role in the storage and transmis-
sion of phosphate-bound energy due to the conversion of
creatine to phosphocreatine catalyzed by creatine kinase.
Creatine would therefore be present at a high concentration
in celtular ATP homeostasis, particularly in tissues subject to
high metabolic demands, such as the retina, brain, heart, and
muscle (Wyss and Kaddurah-Daouk 2000). Although there is
no published study of the creatine concentration in the
mammalian retina, it has been reported to be 10-15 mm in
chicken photoreceptors (Wallimann ef al. 1986). Therefore, it
is hypothesized that the creatine concentration in the
mammalian retina is at least a 2-log scale order of magnitude
greater than that in plasma, since the plasma creatine
concentration is 50-100 pm in humans (Marescan et al.
1986; Haris ef al. 1992) and 140-600 pM in rats (Fitch and
Shields 1966; Hom et al. 1998). To maintain a high
concentration of creatine in the retina, the blood—retinal

barrier (BRB) may regulate creatine movement between the
circulating bloed and the neural retina.

Creatine is biosynthesized mainly in the kidney and liver
in two steps by L-arginine:glycine amidinotransferase
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(AGAT) and  S-adenosylmethionine:guanidinoacetate
N-methyltransferase (GAMT) from L-arginine and glycine,
and also absorbed from the diet via the intestine (Walker
1979). Mardashchev (1975) reported that GAMT activity is
present in the rat, rabbit, bovine, and hen retina. Neverthe-
less, there is no report of the measurement of AGAT activity
in the retina and so it is not known whether creatine is
biosynthesized in the retina. Although the creatine transpor-
ter (CRT) in muscle and heart plays a role in transporting
creatine from the circulating blood (Murphy et al. 2001;
Boehm et al. 2003), there are few direct studies of creatine
transport at the BRB.

The BRB, which is composed of retinal capillary
endothelial cells (inner BRB) and retinal pigmented
epithelial cells (RPE, outer BRB), plays a key role in
restricting the non-specific transport of hydrophilic com-
pounds and facilitating the influx and efflux transport of
essential molecules and xenobiotics, respectively, from the
circulating blood to the retina and vice versz (Cunha-Vaz
1976). Using in situ hybridization and northern blot analy-
ses (Jones 1995; Saltaretli ef al. 1996), CRT mRNA has
been shown to be expressed in the bovine and rat retina,
tespectively; however, our knowledge of the transport
mechanism for creatine at the BRB is still incomplete.
We recently found that creatine is transported via CRT at
the mouse blood-brain barrter (BBB) and even the brain
appears to have its own mechanism of creatine synthesis
(Defalco and Davies 196]; Braissant ef al. 2001; Ohtsuki
et al. 2002). We hypothesize that the BRB plays a role in
supplying cteatine to the retina from the circulating blood
even if creatine can be biosynthesized in the retina. Creatine
supplementation has been shown to be beneficial in animal
models of amyotrophic lateral sclerosis, Parkinson's disease,
and Huntington’s discase (Matthews ef al. 1998, 1999,
Klivenyi et al. 1999). Gyrate atrophy (GA) of the choroid
and retina with hyperomithinemia results in high omithine
and low creatine concentrations in body fluids and leads to
chorioretinal degencration (Sipila efal. 1992). In GA
patients, however, the effect of creatine supplementation
on the progression of ¢ye symptoms appears to be small
compared with the skeletal muscles (Vannas-Sulonen er al.
1985). Consequently, it is important to clucidate the blood-
to-retina transport mechanism(s) of creatine at the BRB as
far as the supply of creatine to the neural retina is
concerned.

We report here evidence supporting the hypothesis that
creatine in the retina is transported from the circulating blood
across the BRB. The characteristics and functions of creatine
transport at the BRB were examined by in vive integration
plot analysis and an in vifro model of the inner BRB. The
identification of the creatine transporter was performed by
RT-PCR and western blot analyses and the localization of
CRT at the inner BRB was determined by immunoperoxidase
electron microscopic analysis.

Creating transport across the BRB 1455

Materials and methods

Animals

Male Wistar rats (250-300 g) and male ddY mice (25-30 g) were
purchased from SLC (Shizuoka, Japan). The investigations using
rats and mice described in this report conformed to the provisions of
the Animal Care Committee, Toyama Medical & Pharmaceutical
University (# 2002-37) and the ARVO Statement on the Use of
Animals in Ophthalmic and Vision Research,

Determination of influx permeability clearance

of [MClcreatine in vivo

The rats were anesthetized with an intramuscular injection of
ketamine—xylazine (1.22 mg xylazine and 125 mg ketamine/kg) and
then [4-"*Clcreatine ([*C]creatine, 55 mCi/mmol, American Radi-
olabeted Chemicals, St. Louis, MO, USA) (6 pCithead) was
injected via the femoral vein, Tissue sampling and determination
of radioactivity were performed according to a previous report
(Ohtsuki ef of. 2002). The apparent influx permeability clearance
(CL) of [**CJcreatine in the retina (CLyeyn,) [1L/(min-g retina)] was
determined by integration plot analysis (Yang ef al. 1997, Ohtsuki
et al. 2002). As an index of the tissue distribution characteristics of
cach compound, the apparcnt tissue-to-plasma concentration ratio
(K'p.app) was used. This ratio [Kp .pp(f)] (mb/g tissue) was defined as
the amount of [**C) per gram tissue divided by that per millifiter
plasma, calculated over the time-petiod of the experiment. In bricf,
the tissue uptake rate of [*Clereatine can be described by eqn 1:

Kpapolt) = Clusion x AUC()/Cp(8) + K )

where Cp(s) {(dpm/mL) and ¥; (inL/g tissue) represent the plasma
concentration at time ¢ and the rapidly equilibrated distribution
volume of ['*Clcreatine, respectively; AUC() (dpmmin/mE) is the
area under the plasma concentration time curve of ["*Ccreatine
from time O to .

HPLC analysis

The metabolism of ['*C]creatine in the retina after intravenous
injection was determined by HPLC according to a previous report
(Ohtsuki ef al. 2002). Briefty, the retinas and plasma were collected
15 min after intravenous injection of ['*Clereatine (24 pCi/400 uL
saling). The samples were treated and subjected to HPLC using a
system equipped with a 4.6 mm x 150 mm Inertsil ODS-3™
column (GL Sciences, Tokyo, Japan).

["C]Creatine uptake by TR-iIBRB2 cells

The conditionally immortalized rat retinal capillary endothelial cell
line (TR-iBRB2), which had been established and characterized
previously (Hosoya et al, 2001a,b; Tomi et al. 2002), was used as
an in vitro model of the inner BRB to characterize the creating
transport. The net transendothelial electrical resistance of TR-IBRB2
cells grown on a filter was approximately 30 ohm'em?, Therefore,
the creatine transport mechanism was evaluated in an uptake stdy
rather than in a transcelluar study. TR-IBRB2 cells (passage number
27-38) were cultured at 33°C in Dulbecco’s modified Eagle's
medium (Nissui Pharmaceutical Co., Tokyo, Japan) under 5% CO,/
air as described previously (Hosoya et al. 2001b). For the uptake
study, cells (5 x 10 cellslcmz) were cultured at 33°C for 2 days on
a rat tail collagen type I-coated 24-well plate (BD Biosciences, San
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Jose, CA, USA). The uptake procedure and determination of
radioactivity in the cells were performed according to previous
reports (Ohtsuki et al. 2002; Tomi et al. 2002). For the concentra-
tion-dependent study, a concentration range of creatine from 1.7 pm
to 150 pM was preparced using ['*Clereatine from 18.7 nCi to
1.65 pCi.

RT-PCR analysis

Total cellular RNA was prepared from phosphate-buffered saline-
washed cells using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). Single-strand ¢DNA was made from 1 pg total RNA
by reverse transeription using oligo dT primer. The PCR was
performed using a gene amplification system (GeneAmp PCR
system 9700; PE-Applicd Biosystems, Foster City, CA, USA) with
creatine transporter through 35 cycles of 94°C for 30 s, 65°C for
1 min, and 72°C for 1 min. The sequences of the specific primers
were as follows: the sense sequence was 5-GAAATGGTGCTG-
GTCCTTCYTCAC-3 and the antisense sequence was 5-GTCA-
CATGACACTCTCCACCACGA-Y fot rat CRT (Sc6a8, GenBank
Accession no. X66494). The PCR products were scparaied by
electrophoresis on an agarose gel in the presence of ethidium
bromide and visualized under ultraviolet light. The molecular
identity of the resultant product was confirmed by a scquence
analysis using a DNA sequencer (AB! PRISM 310; PE-Applied
Biosystems).

Immunocytochemical study of CRT transfected HEK293 cells
Anti-mouse CRT antibody was raised against amino acid residues
578635 of mouse CRT (GenBank Accession no. AB077327),
which are identical to rat CRT as desctibed previously (Ohtsuki
et al. 2002). For the rat CRT expeession in HEK293 cells, an open
reading frame subcloned into IRES-neo vector (BD Biosciences)
was used. PCR was performed with KOD DNA polymerase
(Toyobo, Osaka, Japan) using primer sets: rat CRT sense primers,
5".CACCCTCGAGACGCCGCGAC-3" and antisense  primer,
5~ AGGATGAGCTGGTGATGTGAGCT-Y. HEK293 cells were
cultured at 37°C in an atmosphere of §% COy/air in minimum
essential medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 2.2 g/L sodium bicarbonate, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 10% fetal bovine serumn. For transfection, 1 x 10°
HEK293 cells were sceded on 24-well plates (BD Biosciences).
After 24 h cultivation, cells were transfected using a complex of
98 pl. OPTI-MEM! (Invitrogen), 2 pL. LIPOFECTAMINE 2000
reagent (Invitrogen) and 0.8 pg of the indicated plasmid. After 48 h,
transfected cells were fixed in 4% paraformaldehyde/0.1 M sodium
phosphate buffer (pH 7.2). After incubating in MeOH : acetic acid
solution (90 : 5) for 10 min at —20°C, cells were reacted with rabbit
anti-mouse CRT antibody {2 pg/mL) in 1% bovine serum albumin
for 16 h at 4°C, and then with FITC-conjugated donkey anti-rabbit
IgG (1 : 50 dilution) in 1% bovine serum albumin for 2 h at room
temperature. Cells were viewed under 2 fluorescence microscope
(1X70, Olympus, Tokyo, Japan).

Western blot analysis

Tissue and cell lysates of mouse brain, rat brain, rat retina, and
TR-iBRB2 cclls were prepared in buffer containing 50 m Tris-
HCL, 25 mm KCI, 250 mm sucrose, 1 mM MgCly6H;0, and a
protease-inhibitor cocktail (Sigma, St Louis, MO, USA).

Preparation of crude membrane fractions and western blot analysis
were performed according to a previous report (Ohtsuki ef af. 2002).

Immunoperexidase electron microscopic analysis

Under deep pentobarbital anesthesia (100 mg/kg body weight, ip.),
Wistar rats were perfused transcardially with 4% paraformaldehyde
in 0.1 M sodium phosphate buffer (pH 7.2). Microsticer sections
through the retina (100 pm in thickness, VT10008; Leica, Nussloch,
Germany) were subjected to immunoperoxidase using a Histofine
SAB-PO(R) kit (Nichirei, Tokyo, Japan). Sections were incubated at
room temperature with 0% normat goat serum for 20 min, rabbit
anti-mouse CRT antibody (2 pg/mL) overnight, biotinylated goat
anti-rabbit IgG for 2 h, and streptavidin—peroxidase complex for
30 min, followed by visualization with 3,3’-diaminobenzidine.
Sections were further treated with 1% osmium tetraoxide for
15 min, 2% urany! acetate for 60 min, dehydrated using graded
aleohol concentrations, and embedded in Epon 812. Electron
micrographs were taken with an H7100 electron microscope
{Hitachi, Tokyo, Japan).

Data analysis

The uptake of ['*Clcreatine by TR-BRB2 cells was expressed as the
cell-to-medium {cell/medium) ratio according to previous reports
(Ohtsuki ef al, 2002; Tomi et af. 2002). The [*H]o-mannitol (17 C¥
mmol, PerkinElmer Life Sciences, Boston, MA, USA) uptake study
was performed to estimate the volume of adhering water. The
resulting cell/medium ratio was 0.1-0.2 pL/mg protein and > 10-
fold fower than that of ["*C]creatine. Therefore, adhering water was
ignored when calculating the cell/medium ratio.

For kinetic studies, the Michaelis constant {X,,,) and the maximal
rate (/e OF creatine uptake were calculated from the following
equation (eqn2) using the non-lincar least-squarc regression
analysis program, MULTI (Yamaoka et af, 1981).

J = Sy % [8]/(Ke + (D) o

where J and [S] arc the uptake rate of creatine at 10 min and the
concentration of creatine, respectively.

Unless otherwise indicated, all data represent means + SEM.
Statistical significance of differences among means of several
groups was determined by one-way analysis of variance
(anova) followed by modified Fisher’s least squares -difference
method.

Results

Blood-to-retina transport of creatine across the BRB

The in vivo blood-to-retina influx transport of creatine from
the circulating blood to the retina through the BRB was
evaluated by integration plot analysis after intravemous
administration of ['*Clcreatine to rats (Fig. 13). The CLuctina
of ["*C]creatine was determined to be 10.7 £ 3.8 pL/(min'g
retina) from the slope representing the apparent influx
permeability clearance across the BRB using eqn 1. In order
to compare the tissue distribution of ['*Clereatine, the tissue
accumulation of creatine at 15 min and 2 h was examined in
the retina, brain, skeletal muscle, and heart (Fig. 1b). The
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Fig. 1 Blood-to-retina fransport of creatine. (a) Integration plot ana-
lysis of the Initial uptake of ["*Clcreatine by the retina after intravenous
administration. [C]Creatine (6 pCithead) was injected via the fernoral
vein, The apparent influx permeability clearance of ['*Clcreatine per
gram retina (Clesuna) Was delermined to be 10.7 + 3.8 pl/(ming
retina), calculated from the slope of X anff) vs. AUC{A/Cp(f plot.
Each point represents the mean £ SEM (n = 3-5). (b) The apparent
tissue-to-plasma concentration [Kp xp(f] of ["“Clcreatine was deter-
mined 15 min {open colurnn) and 2 h {closed column) after intraven-
ous administration {6 pCishead). Each column represents the mean +
SEM (n = 3-5).

apparent tissue-to-plasma concentration ratio, K ,p(f), of
the retina at 15min and 2 h was 0.603 £ 0.070 and
4.31 £ 0.26 mL/g retina, respectively. The K, ., (1), of the
brain, heart, and skeletal muscle at 2 h was 0.127 £ 0.009,
1.45 + 0,14, and 0.991 + 0.113 mL/g tissue, respectively.
The values of K. (1), for the retina were significantly
greater than the apparent luminal volume of the retinal
capillaries. The p intercept of the integration plot (¥} value
was 0.0763 mL/g tissue (Fig. la) and the K, ..(¢) for the
retina determined at 15 min by [‘H]o-mannitol, which is
used as a non-permeable paracellular marker, was
0.0575 £+ 0.0017 mL/g tissue (» = 4). These values corres-
pond to the apparent luminal volume of the retinal capillaries,
HPLC analysis revealed that over 85% of the recovered [*C]
activity in plasma and retina was detected at the same
retention time as creatine and no metabolites were
detected 15 min  after intravenous administration
(Figs 2a and b). These results demonstrate that creatine is
transported in unchanged form from the blood to the retina
across the BRB.

Creating transport across the BRB 1457
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Fig. 2 Typical HPLC chromatogram of samples of plasma (a) and
retina (b) after intravencus adminlstration of ['“Clcreatine. ['“C]Cre-
atine (24 pCihead)was injected via the femoral vein and retinas and
plasma were collected at 15 min.

Characterization of creatine transport

In order to elucidate the transport mechanism of creatine,
TR-~iBRB2 cells were used as an in vifro model of the rat
inner BRB. The ["*C]creatine uptake by TR-iBRB2 cells
exhibited a time-dependent increase for at least 30 min and
reached a celt/medium ratio of 45.5 & 3.3 pl/mg protein at
30 min (Fig. 3a). In contrast, the absence of either Na* or
CI" reduced the [**Clcreatine uptake by more than 80%
(Fig. 3b), supporting the hypothesis that creatine uptake by
TR-iBRB2 cells takes place in an Na*- and CI'-dependent
manner. Figure 4 shows the concentration-dependent
[*Clereatine uptake by TR-iBRB2 cells. The Eadie-
Scatchard plot (Fig. 4, insct) gave a single straight line,
indicating that one saturable process was involved in
creatine uptake by TR-iBRB2 cells. Kinetic analysis of the
uptake data using eqn2 by non-linear least-squares
regression analysis, yielded a K, of 149+ 13 pm and a
Jnax of 493 £+ 1.7 pmol/(min'mg protein) (mean & SD).
The inhibition study was performed to characterize the
['*Clereatine  uptake by TR-BRB2 cells (Table 1).
p-Guanidinopropionate and y-guanidinobutyrate, potent
inhibitors of CRT (Moller and Hamprecht. 1989; Sora
et al. 1994), markedly inhibited [**Clereatine uptake by
91.3% and 72.3%, respectively, whereas phosphocreatine
had a weaker effect and creatinine, c-arginine, and
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Flg. 4 Concentration-dependence of creatine uptake by TR-IBRB2
cells, [**C]Creatine uptake by TR-BRB2 cells was performed at
10 min and 37°C, over the concentration range 1.7 pM {18.7 nCi) to
150 pm (1.85 pCi). Each point represents the mean + SEM {n = 4).
The inset graph shows the Eadie-Scatchard plot. Solid lines were
fitted using the non-finear least-squares regression analysls program.
Using eqn 2, the K, 8nd Jnax values wers found to be 14.9 £ 1.3 M
and 49.3 + 1.7 pmol/{min-mg protein), respectively {mean + SD).

y-aminobutyric acid (GABA) had no significant effect.
This type of inhibition of ['*Clcreatine uptake suggests
that CRT is involved in the uptake process by TR-iIBRB2
cells.

Table 1 Eifect of several compounds on {‘Clcreatine uptake by
TR-IBRB2 cells

Inhibitors Percentage of control (%}
Controt 100+2

Creatine 5.97 + 0.56*
p-Guanidinopropionate 8.74 + 1.01*
y-Guanidinobutyrate 277 30"
Phosphocreatine 57732

Creatinine 911219

L-Arginine 86139

GABA 9391222

{C]Creatine uplaka {18.2 pm) by TR-BRB2 cells was performed in
the absence (control) or presence of 1 mm inhibitors at 10 min and
47°C. Each value represents the mean + SEM (n = 4).

* p < 0.01, significantly different from control,

Expression and localization of creatine transporter

To determine the CRT expression in rat retina and TR-iBRB2
cells, RT-PCR analysis was performed using total RNA
isolated from TR-iBRB2 cells, rat retina, rat brain, and rat
skeletal muscle as positive controls for CRT and a specific
primer set of rat CRT (Fig. 5a). CRT mRNA was amplified at
353 bp in TR-IBRB2 cells, rat retina, brain, and skeletal
muscle. The anti-mouse CRT antibody was raised against
amino acid residues 578-635 of mouse CRT as described
previously (Ohtsuki ef al. 2002). Although amino acid
residues 578-635 of mouse CRT are identical to rat CRT, we
examined CRT immunoreactivity for anti-mouse CRT anti-
body using rat CRT transfected HEK293 cells (Fig. 5b).
Immunoreactivity was observed in rat CRT transfected
HEK293 cells (Fig. 5bi), but not in vector transfected
HEK293 cells {Fig. 5biii), supporting the hypothesis that
anti-mouse CRT antibody can react with rat CRT. Western blot
analysis with anti-mouse CRT antibody was conducted using
total protein of mouse brain, rat brain and rat retina, and crude
membrane of rat brain and TR-iBRB2 cells (Fig. 5c). Bands at
85 kDa and 71 kDa, which were detected in all samples, show
that CRT is expressed in rat retina and TR-iBRB2 cells. The
locatization of CRT was determined in rat retinal capillary
endothelial cells by immunoperoxidase electron microscopic
analysis (Fig. 6). Immunoreaction products for CRT were
detected at high concentrations in the luminal and abluminal
membranes of the retinal capillary endothelial cells. The CRT
immunoreactivity at the abluminal membrane tended to be
greater than that at the luminal membrane. These featurcs
indicate that CRT is expressed at the luminal and abluminal
membranes of rat retinal capillary endothelial cells.

Discussion

The present study demonstrates, for the fisst time, that
creatine is transported from the circulating blood to the retina
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Fig. 5 Expression of creatine transporter mRNA and protein in rat
retina and TR-BAB cells. {a) RT-PCA analysis of rat CRT mBNA.
Lane 1, rat skeletal muscle; lane 3, rat brain; lane 5, rat reting; lane 7,
TR-iBRB2 c¢ells. Lanes 2, 4, 6, and 8 are in the absence of reverse
transcriptase for each left-hand side lane. Rat skeletal muscle and
brain were used as positive contrals. (b) Immunocytochemical analysis
of rat CRT-transtected HEK293 cells with anti-mouse CRT antibody.
The immunoreactivity was examined in HEK293 cells transfected with

rat CRT (i) and vector alone (jii) after incubation of FITC-conjugated

donkey antl-rabbit Ig3. The phase-contrast images (ii and iv) corres-
pond to left-hand fields (i and ili). Scale bar: 100 pm. (c) Western blot
analysis of rat CRT protein in retina and TR-iBRB2 cells. Lane 1, total
protein of adult mouse brain; lane 2, total protein of adult rat brain; fane
3, total protein of adult rat retina; lane 4, crude membrane fraction of
adult rat brain; lane 5, crude membrane fraction of TR-BRB2 cells.
Mouse and rat brain were used as positive controis. The DNA and
protein size makers are indicated on the left-hand side (a, ¢).

across the BRB and that CRT is expressed and localized in
retinal capillary endothelial cells. The characteristics of
[“Clcreatine uptake by TR-iBRB2 cells used as an in vitro
model of the inner BRB support the belief that CRT is
involved in creatine transport at the inner BRB. Creatine was
transported from the blood to the retina across the BRB and
accumulated in unchanged form in the retina with a CL,oyns
of 10.7 pL/min-g retina) (Figs 1 and 2). This figure is
approximately 20-fold greater than that of ["*Clsucrose

Flg. 6 Localization of creatine transporter in rat retinal capillary
endothelial cells. Immunoperoxidase electron microscopy of CRT in
rat retinal capillary endothelial cells. Immunoperoxidase labeling
(arrowheads} was detected on the surlace of both luminal and abiu-
minal membranes of rat retinal capillary endothelial cells (End). Scale
bar; 0.5 pm.

[approximately 0.5 pL/(min-g retina)] used as a non-per-
meable paracellular marker (Ennis and Betz 1986). This
evidence suggests that creating is transported via some
carrier-mediated transport process, rather than by passive
diffusion, from the circulating blood to the retina against the
concentration gradient between the retina and blood since
creatine has a net positive charge and an estimated log
partition coefficient of —2.7 (Persky and Brazean 2001).

The characteristics of ['*C]creatine uptake by TR-iBRB2
cells support the belief that the creatine transport process is
mediated by a secondary active transporter, since it is a Na*-,
CI'- and concentration-dependent process (Figs 3 and 4).
The corresponding K, value of 149 uM is in good
agreement with an apparent K, of 29 and 16 pm for rat
and mouse CRT, respectively (Saltarelli e al. 1996; Ohtsuki
et al. 2002). This K, value is 10- to 40-fold lower than the
plasma creatine concentration (140-600 pm) in the rat (Fitch
and Shields 1966; Hom et al. 1998), suggesting that creatine
transport is saturated by endogenous plasma creatine. This
possibility further raises the question as to whether creatine is
transported to the retina across the BRB. The intravenous
administration of ['*Clcreatine demonstrates that the K, ,pp(1)
of the retina is greater than that of skeletal muscle and heart
(Fig. 1b), which express CRT and undergo creatine uptake
from the circulating blood (Murphy et al. 2001; Bochm ef al.
2003). These results suggest that the creatine transport
process at the BRB plays a key role in supplying creatine to
the retina as CRT does in skeletal muscle and heart, even
though CRT is completely saturated by plasma creatine.
Although the blood-to-retina transport of [**CJcreatine in the
presence of CRT specific inhibitors in vive is direct evidence
of creatine transport via CRT at the BRB, further inhibition
cannot be predicted because of the plasma creatine concen-
tration, Therefore, further studies are needed to investigate
the blood-to-retina transport of ['*C]creatine using CRT
knock-out mice.
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The in vitro inhibition study suggests that CRT is involved
in creating transport, since P-guanidinopropionate and
y-guanidinobutyrate produce marked inhibition of "*Clere-
atine uptake by TR-IBRB2 cells as reported elsewhere (Moller
and Hamprecht 1989; Sora ef al. 1994), but not of creatine
metabolites, such as phosphocreatine and creatinine, and
precursors, such as L-arginine (Table 1). RT-PCR and western
blot analyses revealed that CRT mRNA and protein arc
expressed in rat retina and TR-iBRB2 cells as well as rat brain
(Figs 5a and c). The bands at 85 kDa and 71 kDa seem to be
glycosylated and non-glycosylated forms of CRT, respectively
(Dodd and Christie 2001; Ohtsuki et al. 2002). Morcover,
immunoperoxidase electron mictoscopic analysis revealed
that CRT is localized at the luminal and abluminal membrane
of rat retinal capillary endothelial cells (Fig. 6). The CRT
immunoreactivity at the abluminal membrane tended to be
greater than that at the luminal membrane. Similar evidence
concerning GLUT! determined by immunogoeld electron
microscopy showed that GLUT] expression at the abluminal
membrane of rat retinal capiltary endothelial cells is three-fold
greater than that at the luminal membrane (Fernandes ef al.
2003). It remains to be seen whether CRT at the abluminal
membrane plays a role in transporting creatine in the blood-to-
retinal direction and how RPE (outer BRB) contributes to the
supply of creatine to the retina. Although further studies are
needed to address these questions, our in vivo transport
studies support the hypothesis that CRT at the luminal
membranc transports creatine in the blood-to-retina direction
(Fig. 1). Taking these results into consideration, CRT is
localized in retinal capillary endothelial cells and plays an
important role in transporting creatine from the circulating
blood to the retina across the inner BRB. Our findings increase
our understanding of the physiologic role of the BRB and the
regulation of the creatine concentration in the retina in order to
maintain ATP homeostasis in the neural retina which is
required when there is a high metabolic demand.

Creatine deficiency syndromes, which involve an inbon
deficiency of GAMT, AGAT, or creatine transporter 1
(SLC6AS, CT1, CRT1), cause depletion of creatine in the
body (Schulze 2003). Except for an inbom deficiency of
CRT1, our findings suggest that creatine is transported from
the circulating blood to the retina in children with an inborn
error of GAMT or AGAT by creatine replacement therapy.
Oral administration of creatine is a potential treatment for
neurodegenerative disease owing to the neuroprotective
effects found in animal models of amyotrophic lateral
sclerosis, Parkinson’s disease, and Huntington’s disease
(Matthews et al. 1998, 1999; Klivenyi et al. 1999). These
reslts suggest that CRT at the BBB plays an important role
in supplying creatine to the brain (Ohtsuki ef al. 2002). In
contrast, in the long-term therapy of GA patients, the effect
of creatine supplementation on the progression of eye
symptomns appears to be small compared with the skeletal
muscles (Vannas-Sulonen etal 1985). The lack of

agreement between GA patients and animal meodels for
neurodiseases needs an explanation. Conceivably, creatine
transport at the BRB is nearly saturated, even though the
creatine plasma concentration is reduced in GA patients
(Sipila et al. 1992). Another possibility is that CRT regula-
tion at the BRB may occur during long-term therapy. This is
because CRT expression at the plasma membrane and
creatine uptake activity in the rat heart are reduced by
creatine supplementation (Boehm ef o/, 2003). Moreover,
translocation of CRT and creatine uptake activity appear to
be affected by hormones, such as insulin-like growth factor I,
insulin, and thyroid hormone (T3) (Haugland and Chang
1975; Odoom et al. 1996; Steenge et al. 1998; Queiroz ef al.
2002). Further studies are needed to elucidate the regulation
of CRT expression and translocation at the plasma membrane
of retinal capillary endothelial cells as far as efficient creatine
supplementation therapy is concemed.

In conclusion, this study provides the first evidence that
CRT, expressed in rat retinal capillary endothelial cells, is
involved in the blood-to-retina influx transport of creatine,
Thesc findings regarding the creatine transport and CRT
expression at the inner BRB are important for increasing our
understanding of the mechanism governing the supply of
creatine to the neural retina,
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Retinal selectivity of gene expression in rat retinal versus brain
capillary endothelial cell lines by differential display analysis
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Purpose: The retina is 2 neural tissue especially diffcrentiated for vision and, thus, the inner blood-retinal barricr (inner
BRB) specific molecules may play an essential role in maintaining neural functions in the retina. The purpose of the
present study was 1o identify selectively expressed genes at the inner blood-retinal barrier compared with the blood-brain
barrier (BBB).

Methods: A comparison of expressed genes between conditionally immortalized rat retinal (TR-iBRB) cell lincs and
brain capillary endothelial (TR-BBB) cell fines was performed using mRNA difTerentizl display analysis and quantitative
rcal time PCR analysis. The rat M-cadherin gene was cloncd by performing 5' RACE, and its protein expression was
detected by immunoblot analysis.

Results: Eight clones were identified as highly expressed genes in TR-iBRB cells including GATA-binding protein-3
(GATA-3), eytosolic branched chain amino transferase (BCATE), and M-cadhetin (cadherin-15). The rat M-cadherin gene
was cloned from TR-BRB cells, for the first time, and has >86% amino acid sequence identity to the proviousty cloned
mammalian M-cadherins. Rat M-cadherin expression in TR-iBRB cetls was much greater than that in TR-BEB cellsas far
as mRNA and protein levels were concemed.

Conclusions: M-cadherin, GATA-3, and BCATG are highly expressed in TR-iBRB cells compared with TR-BBB cells
and may indeed be involved in unique functions at the inner BRB.

Tn neural tissues like the retina and brain, the retinal and
brain capillary endothelial cclls form the inner blood-retinal
(inner BRB) and blood-brain barricrs (BBB), respectively.
These barricrs strictly regulate molccular transport between
the circulating bloed and ncural tissues to maintain neural ac-
tivities. Ttis believed that the molecules expressed at both bar-
riers are almost identical and both barriers possess rigid tight-
junctions to prevent the free diffusion of substances from the
blood to neural tissues [1]. Several common transporters, such
as D-glucosc transporter [ (GLUT]1}, creatine transporter
(CRT), and P-glycoprotcin, at both barricrs arc involved in
the influx and cfllux transport of cssential substances and
xenobiotics [2-7]. Nevertheless, the retina is especially differ-

We recently established conditionally immortalized rat
retinal and brain capillary cndothelial cell lines (TR-iBRB and
TR-BBB cclls, respectively) from transgenic rats harboring a
temperature sensitive simian virus (SV) 40 large T-antigen gene
[9,10]. TR-iBRB and TR-BBB cells possess cndothelial mark-
ers and express GLUT1 and P-glycoprotein [9,10] which are
expressed at the inner BRB and the BBB in vivo as shown by
immunohistochemical analysis [2,3,6,7]. Thus, TR-IBRB and
TR-BBB cells maintain certain in vivo functions and are a

‘suitable in vitro model for the inncr BRB and BBB, respec-

entiated for vision. This prompts the hypothesis that the inner

BRB expresses different molecules [rom the BBB. We previ-
ously reported that the system x_* mediated L-cystine trans-
port process is present at the inner BRB to protect the rctina
from light-induced oxidative stress, but it may not be at the
BBB under normal conditions [8]. It is important to obtain
morc information about the inncr BRB specific molecules,
since they are intimately involved in retinal function.

Correspondence to; Ken-ichi ITosoya, Faculty of Pharmaceutical
Sciences, Toyama Medical and Pharmaceutical University, 2630,
Sugitani, Toyama, 930-0194, Japan; Phone: +81-76-434-7505; FAX:
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tively [11].

The purpose of the present study was to identify selce-
tively expressed genes at the inner BRB by mRNA differen-
tial display analysis of TR-iBRB and TR-BBB cells. The
mRNA differential display technique works by systematic re-
verse transcription, polymerase chain reaction (PCR) ampli-
fication of the 3' termini of mMRNAs, and resolution of those
fragments on a polyacrylamide gel. This allows dircct side-
by-side comparison of the expressed genes under different
conditions by using multiple primer combinations.

METHODS
Cell culture: TR-iBRB2, TR-iBRB9, TR-BBBII and TR-
BBBI3 cclls were established and characterized as deseribed
previously [9,10}. Cells were sceded onto rat tail collagen type
T-coat tissuc culture dishes (Becton Dickinson, Bedford, MA).
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The ¢ells were cultured in Dulbeeco’s modificd Eagle’s me-
dium supplemented with 10% fetal bovine serum (Morcgate,
Bulimbra, Australia) and 15 pg/L endothclial ccll growth fac-
tor (Roche Diagnostics, Mannheim, Germany) at 33 *C in a
humidified atmosphere of 5% CO /air. The permissive-tem-
perature for TR-iBRB and TR-BBB cell culture is 33 °C due
to the presence of the temperature sensitive SV 40 large T-
antigen in both cells.

mRNA differential display analysis: Differential display
was performed using the rhodamine version of a fluorescence
differential display kit (Catalog numbcr 6626; Takara, Shiga,
Japan). Briefly, total RNA was prepared from TR-iBRB2, TR-
iBRBY, TR-BBBI1 and TR-BBB13 cells using Trizol reagent
{Invitrogen, Carlsbad, CA). DNase | was added to RNA inthe
presence of RNase inhibitor and incubated at 37 °C for 20
minto get rid of any potentially contaminating genomic DNA
that would intercfere with subscquent differential display. RNA
(300 ng) was reverse transcribed with a thodamine labeled
arbitrary anchored oligo dT primer (5'-rhodamine labeled-
T VV-3', where n=13-15, and V represents any base cxcept
T). The resulting cDNA was PCR amplified using 48 combi-
nations of the rhodamine labeled arbitrary anchored oligo dT
primer and an arbitrary decamer (5'-NNNNNNNNNN-3")
through 35 cycles at 94 °C for 305,40 °C for 2 min, and 72 °C
for 1 min. PCR products were mixed with formamide leading
buffer and incubated for 3 min at 94 °C prior to loading on to
6% polyacrylamide gels. Gels were run at 30 W constant cur-
rent, and DNA bands were visualized using a fluorescent im-
age analyzer (FLA3000; Fujifilm, Tokyo, Japan). DNA bands
differentially displayed between TR-iBRB and TR-BBB cells
were excised from the pel and boiled in watcr for 30 min, The
clited DNA was reamplificd using the same primer set and
PCR conditions, Reamplified PCR products were run on 3%
agarose gel containing H. A.-Yellow™ (Catalog number
HAOD02, Takara) and visualized using the fluorescent image
analyzer. H. A.-Yellow selectively binds to AT base pairs, and
thus loaded DNA fragments are scparated according to their
AT contents. Differeatially displayed DNA bands were ex-
cised and the DNA was cluted using spin columns (Ultrafirce-
DA; Millipore, Billerica, MA). The eluted DNA was cloned
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into a plasmid (pBlucscript SKII+; Stratagene, La Jolla, CA),
and amplified in E. coli. Scveral clones were sequenced in
both directions using a DNA sequencer (model 4200; Li-COR,
Lincoln, NE). Similarities with other sequences in GenBank
were examined using the BLAST program at the National
Center for Biotechnology Information.

Quantitative real time PCR analysis: Quantitative real
time PCR for specific genes was performed to confirm the
differences in genes identificd by diffcrential display analy-
sis. Single-strand cDNA was synthesized from TR-iBRB2, TR-
iBRBY, TR-BBB11 and TR-BBB13 ccll total RNA (1 pg) by
reverse transcription using oligo dT as the primer. According
to the manufacturer’s protocol, quantitative real time PCR was
performed using an ABT PRISM 7700 sequence detector sys-
tem (PE-Applicd Biosystems, Foster City, CA) with a 2X
SYBR Green PCR master mix (PE-Applied Biosystems), re-
verse transcribed ¢cDNA, and gene specific primers, To quan-
tify the amount of targct mRNA in the samples, a standard
curve was preparcd for each run using the plasmid containing
the target genc. This enabled standardization of the initial
mRNA content of cells relative to the amount of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The scquences
of the specific primers were as follows: the scnse scquence
was 5-GTT CAC CAA GGATGA GTT CTT TAT GG-3' and
the antisense sequence was 5-AGG ATG GTG AAC CTG
GCC ACC CAG TT-3' for rat M-cadherin, and the sensc se-
quence was 3'-TGA TGA CAT CAA GAA GGT GGT GAA
G-3' and the antisense sequence was 5'-TCC TTG GAG GCC
ATG TAG GCC AT-3' for GAPDIL. The data represent
meanszstandard error of the mean. Statistical significance of
differences among means of scveral groups was determined
by on¢ way analysis of variance (ANOVA) followed by the
modified Fisher’s least squares difference method.

3' Rapid amplification of cDNA ends (5" RACE): Since
difTerential display could only identify the 3' terminal of
mRNAs, the 5' sequence was amplified using total RNA of
TR-iBRB2 cclls, a SMART RACE ¢DNA amplification kit
(CLONTECH, Palo Alto, CA), and the clonc 1 (Table 1) spe-
cific reverse primer (5-AGATGC CTG CTTTCATACAGA
GGT GA-3"), according to the manufacturer’s protocol. The

TaBLE |. GENES MIGHLY EXPRESSED IN TR-IBRB cELLS

Clone Expression Clone Sequence  Accession
number ratio length type number
1 213 251 bp mRNA NM_007662
2 23.9 417 bp mRNA KM 008091
3 20.0 354 bp Genome NW_0476395
4 5.46 114 bp mRNA AJ278701
5 4.54 as5 bp Genome NW_047430
6 4.00 209 bp EST Rn. 954
{UniGene)
7 3.25 153 bp Genome NW_048042
8 2,44 142 bp Genome NW_047657

Gene locus

Species Name (Rat}
Mouse M-cadherin (Cadherin-15) 19q12
Mouse GATA-binding protein 3 (GATA-3) 17412.3
Rat 434
Rat Cytosolie branched chain amino 4g44

transferase (BCATc)
Rat l4qg22
Rat Transcribed sequences 1Spll
Rat Xq22
Rat 3q34

Selectively expressed genes in TR-iBRB cells were identilied by mRNA diflerential display and quantitative real lime PCR analyses, Expres-
sion ratio represents ratio of MRNA level between TR-IBRB and TR-BBB cells (TR-iBRB/TR-BIB),
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purificd 5 RACE PCR product was cloncd into a plasmid
(pBluescript SKII+) and then amplified in E. coli. Several
clones were sequenced from both directions using a DNA se-
quencer.

Immunoblot analysis: Protein samples were obtained by
dissolving cells in lysis buffer consisting of 1% sodium dodecyl
sulfate (SDS), 10 mM Tris-HCI (pH 6.8), 10% glycerol, 1 mM
EDTA, and 10 pL/mL protcase inhibitor cocktail (Sigma, St.
Louis, MO). Protcin samples were boiled for 10 min and cen-
trifuged at 8,000x g for 10 min at 4 °C. Supcrnatants were

02004 Molecular Vision

separated and uscd as a wholc cell extract. The proteins (100
ng) were clectrophoresed on an SDS-polyacrylamide gel and
subsequently clectrotransferred to a poly vinylidene difluoride

_membrane. The membranes were incubated with goat

polyclonal anti-human M-cadherin antibody (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA) for 16 hat 4 °C as the
primary antibody using blocking agent solution (Block Ace;
Dainihon Pharmaccutical Co., Osaka, Japan). There was ap-
parently sufficicnt antibody cross-reactivity between human
and rat M-cadherin, The membranes were subscquently incu-

bated with horseradish peroxidase conjugated anti-poat TgG
as the secondary antibody. The bands were visualized with an
A R AL E enhanced chemiluminescence kit {Amersham,
- Buckinghamshire, UK).

. - .w-vf-
—~ Jo s RESULTS
B < ":',, ' 7 Y The diffcrential display analysis of TR-iBRB2, TR-iBRB9,
* a TR-BBBI!, and TR-BBB13 cclls showed 40 bands, which

L were selectively expressed more in TR-iBRB cells than in the

S L TR-iBBB cells (Figurc 1A). These DNA bands of 100 to about
' . R 450 bp were cloned and sequenced. Quantitative real time PCR
* . . L using specific primers for cach clone was performed to con-

ST firm the reproducibility. As a result of these analyses, cight
' clones were identified and found to be cxpressed to a greater
cxtent in TR-iBRB cells than in TR-BBB cclls (Table 1). The
- differential displayed cloncs inctuded two sequences homolo-
. gous to mouse genes, such as M-cadherin (cadherin-15; clone
v 1), GATA-binding protein 3 (GATA-3; clone 2}, and one se-
— - quence identical to rat cytosolic branched chain amino trans-
r—1 ferase (BCATe; clone 4). The other five sequences (clones 3,
' 5, 6,7, and 8) were only found in the cxpressed sequence tag
(EST) or genomic scquences.
Clone 1, of 251 bp, which was expressed 213 fold more
intensely in TR-iBRB cells than in TR-BBB cells, exhibited

w

29 113
TR-BRB TR.BBB

B:
Clone 1 1 TTITTCECTCCATGGCAGATAAACTCACTCAAGGTCATCTGTGTGAGCTCC 51
Mouse M-cadherinm 3080 =r-------—=eememreccccco--eammms——s--o-oosomo-oooos 3080
Clone 1 52 AGCGCGAGGACTGAGTCCTGTATGGGCTAGGCAGCG-GAGCGAGAGCGCTCT 101
Mouse M-cadherin 3080 -------=----=-=->---~ ATGGACTAGGCAGCTAGAGGGAGCACTGTCC 3110
Whhd wkExdkdhhkk or v e e W A o * LR
Clone 1 102 CCCTCTCGAGTGCAGAAGCCACC-TTCAATCACCCTGCTAGGGTTCATCCC 151
Mouse M-cadherin 3111 TGGCA--GAGTGCAGAAGCCACCCTTAGTG--CCCTGCTAGGGCTCATCCC 3157
Fhkdkhkkdkbrhkhhhhhh i kAR Rk hkhE Fhdbhhkin
Clone 1 152 ATCTTTGTGTCCCAGTTGTGACTCTCACCTCTGTATGAMA -GCAGGCATCT 201
Mouse M-cadherin 3158 ATCTTTGATTCCCAGTTGTGACTCTTGCCTCTGTATGAAAAGCAGGCGTCT 3208
I TE T ER B whh kb hhthdd Hhhhrkhkrhhhrdr whdhdk xikk
Clone 1 202 AAGGAGCAGATTGGAATTAAARACA-ACTGTTCAGTGAAARARAAAARARAR 251
Mouse M-cadherin 3209 AAAGAGTCGATTTCAATTAAAAGCATACTATTTGGGGGATCCARAARAAR 3258

*k Rk *kkk ko kkt i *kh bi * * & ek okok ko h

Figure 1. Differential display analysis of TR-iBRB and TR-BBB cclls. A: Typical fluorescent image of polyacrylamide gel clectrophoresis.
An arrow indicates selectively expressed DNA bands in TR-iBRB cells, DNA bands were cloned and sequenced. B: Nucleotide sequence of
the selectively expressed clone (clone 1) marked by the arrow in A. Clone | sequence after nucleotide position 72 has 77% nucleotide
homology with the 3" terminal of the mouse M-cadherin gene.
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the largest diffcrence in mRNA expression level of the cight
clones. The sequence of clone 1 following nucleotide position
72 cxhibited 77% nucleotide identity to the 3' terminal of the
mouse M-cadherin gene (Figure 1B) [12]. By performing 5’
RACE, a 2686 bp cDNA fragment was amplified as a rat M-

£2004 Molecular Vision

open reading frame of 2355 nucleotides, which corrcsponds
to 784 amino acid residues (Figure 2). The deduced amino
acid sequence exhibits 97% and 86% identity to mouse and
human M-cadherin, respectively [12,13], suggesting that the
amplified DNA fragment represents the rat homolog of the

cadherin. This sequence includes the clone | sequence andan  M-cadherin gene.

1 TCCOGCCGOTGCCCCONTEAGTTC TGCTCTGCTCTTOSC CCTOGGGCTOC T IGCCCAGAGC CTINGCC TCTCC TGOGCAC T CCC TRAGCC TGAACCCAGCACCCPGTACCCCTCGCGCCCCOCA. 124

M 8 8 AL ILh P AL G L L A QS LW GINHLH S8 W A Y P EUPT EVPSTILY P W R R A 35

125 TOAGCCLCARGCEGTG TGOGEAGAGE CTREG TOATCCOACCOATCAGFATGTC TR AGAACCACAAACECCTCOCCTACCCACTTATGOAGATCAAGT CTGACARACAACAGCTAGGOAGTGTC 247
¥ § AP G R VR RAMWVYV 1P P11 S VY S ENMKINKERKLZPYPLVQI1IKSDZ K G QOQGLTGS V kXl

* BC1-»

248 ATCTACAGTATCCAGGGTCCOGETGTIGOALGAGGAGLECOBAMCETCITCTCCAT CRACAMS I TCACTGOGAGGE TETACCTCAATGCCACTC TGGACCGTGAGAAGACGGACCGCTTCAGE 370
76 I ¥ €8 I ¢ G P G VvV D EEPRNUVTF S I DKTPFTOGRUYVYLMNATLTDRIETKTUDHRFR 118

371 CTGAGEGCCTTTGCCCTORACTTOOGTOGCTCTACCOTGRAGGACCOCACGEACC TGGAGATCGTCGTGGTGGATCAAAATGACAACCEGCCAGTCTTCCTACAGGATGTGTTCAGAGGLCGC 493
139 L R A F ALDILGCGOSGSTILEDTPTTODTILTETIWVYV¥ DPDOQNDIMDNERIPWWWPEFLOGTDVYVFTRTGER 158

ECZ—»
494  ATCCTOOMCOCTOCCATCCCAGGCACCTTCGTAACCAGGGCTGAGGCCACAGATGCCGACGATCOGGAGACAGALANTGCGGCCCTCAGGTTCTCTATCCTCCAGCAGCGCAGCCCTGAGTIC 616
10 I L E ¢ A I P GC T F VY TRMEAMAITDOATDDGERETUDMNA AMALTRBRTPFSTILETG®QG GSTPETL 200
617 TTCAGCATTGACGAGCACACTGGAGAGATCCGCACAGTGCANGTGGGG L TGGACCGTGAGGTGGTGG CTG TG TACAACCTGACC TTGCAGCTGOCAMGACATGTCCGEAGRTGCCCTCACCGCC 739
2010 P &8 T D EHTOGERTIT®RTUVQVGELNHPF EY VYAV YRLTDLOGYVYADMKSGD DGL TA 241
740 ACAGCCTCGACCATCATOTCOGTAGATGACE TCAACGACARTECCCCOGAGTTCACCARGEATGAGTTOTTTATGG ACRC TECAGAGECTATCAGTEGAGTGGACGTGAGACGECTTGAGETA 862
242 T A 85 A I I 8 ¥V D 2 ¥ N D NAUP % FTEKDIEVF F M E A A B ARV S GV DV G RL B V 282
ECI—
863  GARGACAAGGATCTGCCOGETTCCCCCAACTGEGTEGC CAGGTTCACCATCCTGGARGGCGATCCTGACGGGCAGTTCAAGATCTATACGGACCCCAAGACCARTGAAGGTATGCTGTCCGTG 985
283 E D KD L PG S P KW VY A RPTILEGDTPODG G S T PNXKTIYTHDTFPUXTHNETGSGUVTLSV 323
984 GTCAAGCCCCTGGATTATGAGAGCOETGAGCAGTATGAGC TCAGAS TGTC TG TACAGARCGAGGCCCCTCTGCAGACAGCTECCCCCOGGGCCCAGCGGEGCCAGALCAGGGTCASTGTGTGG 1108
32¢ ¥V X P L. D ¥ E S R E Q ¥ BE LR VY S§ V Q NEAPTLGGQTA AMZPRAMGOQRGO GQGTHRUVYS VW 364
1109  GTTCAGGACACCAACGAGGCTC CAGTI T TTCCAGAGAACCCACTAAGGRCGAGUATAGCTUAAGEAG CCCCGUCAGCCAC CTCTETGGCCACCTTCTCTGCCCGAGACCCTGACACGGRACAG 121
3% ¥ Q D T N E AP ¥ F P ENUPLRTSTIAMEGA ATPUPOGT SV ATPSAMKEDTEYYDTEQ 405
ECE—>
1232  CIGCAGAGAATCAGCTACTCTAAGGACTACGACCCAGANGACTGGCTGCAAGTGAACCGEGCCACAGE CAGTATTEAGACCCAG CGAGTOTTGAGCCCTGCCTCACCCTTTTTRAMGCACGOC 1354
406 L 0 R T S Y $ K n ¥ h P EDWLQVDRATGT®RZIOQTO OQRVTYTILSEPASZPTPLE KTDNDG 446
1356 TGGTACAGGGCCATCATCCTAGCCCTEGACAACGCCATGCCTCCCAGCACAGL CACAGGCACCCTRTECATTGAGATCTTAGAAGTCARCGACCATGCCCCTGCACTGRCCCCTCCTCTRTET 1477
467 W ¥ R A I I L A L D N AM PP S TATGTULS 1 EILI L EY NDUHAPA ALABATPPLS w7
E{S5—>

1478 GGCAGCTTGTGCAGTGAACCSGACCAAGGCOCCGETCTCCTCTTGGGTGCCACGGATEAGGACCTGCCCCOGCACGEGGCCCOCTTCCACTTCCAGCTRAACCCTAGGETACCAGATCTCGGE 1600
488 G S L ¢ 8 E P D 0 @ P 6 L L L G A TDETDTLTPE® P HGAPTFUHNTFOLNEPRYZPDTLG 528
1601 CGGAACTGGAGCCTCAGCCAGATTAACGTGAGC CATGCACGCTTEOGECTCOGACACCAGG T CTCTGABGGCCTGCATCGCCTGAGCCTGCTGCTCCAGRACTCTOGGGAGCCGOCCCAGCAG 1723
€29 R N W $ L 8 ¢ I H v § ¥ ARLRILUBRMKGY S EBEGLHRLSILILLUG YDSGTETUPTPAJQAQ 569
1724 CGAGAGCAAACGCTGAACGTTACCOTG TG TCCCTCTCAG TTGEATGCCAC L TGCOTGCCOGCECCOGCTCOGCTGCAAGGAGGACGTCTAGGCCTCOCCTTCEECGCACTSGTCATTCTGCTG 16846
5790 & E Q@ T L MW ¥ T ¥ € R € @ L D G T € L P ¢ A A& & L & ¢ £ & v 4 v @& L G &8 L v i ¥ L 610
1847 GCCAGCACOGTGGTCCTACTGETICTCATCCIGU T TGCTGCGCT CEGCACACEETTECGEGGGCAGT CTCOGACCANGAGT C TG TTGCATCGGCTTCAGGAGGATCTTCGGGACRACATTCTT 1969
611 A $ T ¥ ¥ L . vV L * L L A X LRTTRTEFTERGO OSSR S K S$ L L HGLOEDTULERTDNTIL (331
1390 AACTACCATCAACAAGGAGGCGOGUAGEAGUACCAGIATECCTACGACATAAACCAGC TS G CACC CAGTGEAACCEAAGGCOACCAGTCGCTCTTIGUGCOGECTACCCCTGCEUAGGGAT 2092
652 N ¥ b E O ¢ & G R BDOQODAYDTIMNGQTLRUEHTPTVEFPTEKA AT SRSESTLGREPTPILEPRTETSD 692
2093  GCACCOTTCAGCTATATOCCACAGICACAT CRARTACTTC CTACTAGCCCRTCTEACATORCAAC T TCATCAGTGALGGCTTGGAGSC TGUGRACAGOGACCCCAGOGTGCCTCCOTATGAC 2215
693 A P P S ¥ V P Q P H R VL P TS PSDTIANPFTISDOGULEAADTSUDFPSV PP YD 733
2216 ACRGCTCTCATCTATGACTACGAGGGAGATGGCTCIGTEECACCEACCCTGAGETCCATCOTUTCCAGC CAGGGAGATGAAGACCAGGACTATGACT ATCTCOGGGACTEGGGCCCCOGCTTT 2338
734 T A L 1 ¥ b Y BEG PG SV AGTULS S I LS S QGDEHDOCOCDBYDVYILRDMWGTPRFPF T4
2319 GCTUGECTGGUGGACATGTATGEGCATCCGTGAGAGC CAGMGCCAGGEGCNGACGTCCTGTETGGACA LG C CACTCGGCC CANACAAGGAGGCTC TCTCCTGGGACATGCACCCAGANATCC 2461
77 A R L A DM Y G H P = 784
2462 TATGAGGGTCAGCAGCACCACCCATCTTTGGCTCCATEGCAGATARACTCACTGAAGGT CATC TGCTGTRAGCTCCAGGOGAGEACTGAGTCCTIGTATGGGC TAGGCAGCGGAGGGAGAGCGCT 2584
2585  CTCCCTCTGAACTCCACAAGCCACCTTCAATC ACCCTCOTACGCTTCATCCCATCTTTCTCTCCOAGTICTOACTCTCACCTCT GTATGARAGCAGGC AMTCTARGGACCAGATTOGRATIAAA 3797

2708 AACAACTGITCAGTGAAAAAAAMAAARAA

Figurc 2. Nucleotide and deduced amino acid sequences of rat M—ca

e

dhctin. The deduced amine acid sequence is shown below the nucleotide

sequence. The stop codon is denoted by an asterisk. The signal peptide is in blue and the postulated Furin cleavage site of the precursor
polypeptides is indicated by a ~. The cxtracetlulzr domain is divided into five cadherin extracellular subdomain repeats (EC/-ECS). The

transmembrane domain is in gecen. In the cytoplasmic domain fol

lowing the transmembrane domain, the membrane-proximal conserved

domain (MPCD) is in purple and the catenin binding sequence (CBS) is in orange. The characteristic cadherin consensus sequences are shaded
in red. The 4 cysteine residues in ECS are in pink. The N-glycosylation sites are indicated in brown. The nucleotide sequence of rat M-cadherin

is in GenBank with the accession number AB176538.
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