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Two monoclonal antibodies designated as 1F6 and 4B10 were obtained on screening for
reactivities to CD98-associated molecules by sandwich-type enzyme-linked immunosor-
bent assaying using hybridoma culture supernatants as the solid phase, cell lysates as
an antigen source, and a mixture of biotinylated antibodies to CD98HC as a detector.
Flow cytometric analysis with microspheres in combination with 1F6, 4B10, and anti-
CD98HC also indicated the association of antibody-defined antigen(s) with CD98. 1F¢
and 4B10, stained fibrillate components in fixed and permeated cells but were not reac-
tive with unfixed live cells, suggesting that epitopes reside in the cytoskeleton-associ-
ated structure in the intracellular region. Two-color immunostaining followed by
confocal microscopy revealed the colocalization of the antigen with CD98 at the cell—cell
adhesion boundary of HeLa cells. 1F6 detected proteins with relative molecular masses
of 33,000 to 43,000 on immunoblotting analysis involving cell lysates of human and rat
cell lines. Analysis with a purified tropomyosin specimen from rabbit skeletal muscle
demonstrated that 1F6 and 4B10 recognize tropomyosin. Two-dimensional gel electro-
phoresis followed by immunoblotting analysis revealed that 1F6 recognizes various tro-
pomyosin isoforms. These results indicated that CD98 physically associates directly or
indirectly with tropomyosin, and that this association is closely related to the cell-cell

interaction.

Key words: cell-cell adhesion, cytoskeleton, GP125/CD98, monoclonal antibody,
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A glycoprotein with a relative molecular mass (M,) of
125,000 (GP125/CD98) is a heterodimeric protein composed
of an 85-kDa heavy chain (HC) and a 40-kDa light chain
(LC), and was originally identified as a 4F2 cell-surface
antigen associated with lymphocyte activation (14). GP-
125/CD98 is strongly expressed on a variety of tumors (1,
5-7), suggesting its functional relevance to malignant
transformation. In fact, monoclonal antibodies (mAb)
against CD98 inhibited tumor cell growth (5, 7), and CD-
98HC c¢DNA-transfected murine fibroblasts showed malig-
nant phenotypes (8).

The injection of human CD98HC complementary RNA
into Xenopus laevis oocytes induced system y—like amino
acid transport activity (9, 10). Its involvement in the sys-
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tem-L~like amino acid transport activity was also observed
in rat cells (11). However, circumstantial evidence sug-
gested that CD98 was strongly linked to amino acid trans-
port but was not the transporter itself (11, 12). Two light
chains associated with CD98HC have been identified (13-
16). They are TAVE16 (14, 17), also called LAT1 (13, 15,
18), and y*LAT1 (16); the former mediates Na*-independent
large neutral amino acid transport (system L), and the lat-
ter mediates the transport of Na*-dependent large neutral
amino acids and Na‘-independent cationic amino acids
(system y*L). In addition, xCT, which mediates an Xc-
amino acid transport system, has been identified as the
third CD98LC (19), and we have reported another novel
CD98LC (20).

In addition to amino acid transport, CD98 has been
reported to be involved in a wide variety of cellular func-
tions including cellular growth, cell survival and death (21),
activation of P integrin (22), and Ca? influx (23). These cel-
lular functions of CD98 cannot be simply explained by its
role in amino acid transport. To understand the physiologi-
cal roles of CD98 other than as a regulator of system L,
y*L, or Xc— amino acid transport, further analyses of CD98-
associated molecules are required.

In the present study, we generated mAbs that recognize
CD98-associated molecules, and using these mAbs we dem-
onstrated the physical and functional association of tro-
pomyosin (TM) isoform(s) with CD98.
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MATERIALS AND METHODS

Cell Culture—Cell lines of human carcinomas from kid-
ney (ACHN), urinary bladder (T24), and cervix (HelLa),
human hepatoblastoma (HepG2), rat bladder carcinoma
(BC47) and hepatoma (AH13), mouse hepatoma (Hepal),
myeloma (P3X63Ag8.653), and Balb3T3 fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium or RPMI
medium supplemented with 7% heat-inactivated fetal
bovine serum (FBS; ICN Biomedicals, Aurora, OH, USA) in
a humidified CO, incubator.

Animals—Male and female Balb/c mice (6 to 8 weeks old)
were purchased from Japan SLC (Hamamatsu), and
housed in a controlled environment at 22°C.

Hybridomas—A female BALB/c mouse received three i.v.
injections of ACHN human renal cancer cells (5 x 10°) for
each immunization at 3-week intervals. The immune
spleen cells (1 x 10%) were fused with P3X63Ag8.653 mouse
myeloma cells (1 x 107) with 50% polyethylene glycol 1540
(Wako Pure Chem.). After cell fusion, hybridoma cells were
selected in FBS-free Hymedium 606 (Kojin Bio., Saitama)
supplemented with 3% Briclone (Dainihon Seiyaku,
Osaka). The hybridomas were screened by examining the
culture supernatants by means of a sandwich-type enzyme-
linked immunosorbent assay (s-ELISA) as described below,
and cloned by the limiting dilution method. Hybridoma
clones (5 x 10%) termed 1F6 and 4B10 were injected i.p. into
male Balb/c mice pretreated with 2,6,10,14-tetramethyl-
pentadecane (Wako). Ascites fluid was collected 7 to 14
days after cell inoculation, and then precipitated with 50%-
saturated ammonium sulfate. Further purification was per-
formed with Sepharose CL-6B (Pharmacia, Uppsala, Swe-
den), because both two mAbs were determined to be IgM,
with the ascites samples by SDS-PAGE analysis.

Antibodies—Anti-CD98HC IgG mAbs, B3 (1), HBJ127
(6), 4F2 (2), 1-10, 5-21, an anti-CD98HC IgM mAb 4-26, an
anti-CD98LC IgM mAb 3F2 (20), and a control anti-rat
CD3 IgM mAb 1F4 (24) were used in this study.

S-ELISA—S-ELISA was performed with 1F6, 4B10, and
anti-CD98HC mAbs HBJ127, 4F2, 1-10, and 5-21. Aliquots
(50 pl) of undiluted hybridoma culture supernatants or
purified antibodies (50 pg/ml) in Ca*', Mg*-free Dulbecco’s
phosphate-buffered saline (PBS, pH 7.4) were passively
adsorbed in duplicate on the wells of 96-well polyvinyl chlo-
ride plates (Sumitomo Bakelite, Tokyo) overnight at 4°C.
Each well was treated with Block Ace (Dainihon) 1:2
diluted with PBS for 3 h at 37°C to block nonspecific bind-
ing of the staining reagents. Fifty microliters of ACHN cell
lysate (2 x 107 cells/ml) 1:5 diluted in PBS containing 0.05%
Tween 20 (T-PBS) was supplemented with biotinylated
mAbs (20 pg/ml), and then added to each well, followed by
incubation overnight at 4°C. After washing extensively
with T-PBS, 50 pl of 1:100 diluted avidin—biotin—peroxidase
complex (ABC; Vector Laboratories, Burlingame, CA, USA)
was added to each well, and then plates were incubated for
45 min at 37°C. Each well was washed extensively with T
PBS, and then supplemented with 0.1 M citric-acetate
buffer (pH 6.0) containing 3,3’,5,5-tetramethylbenzidine
(0.1 mg/ml) and 0.01% H,0, (75 ul in each well). Color
development in the wells was stopped after 5 to 10 min by
the addition of 0.5 M H,SO, (75 ul in each well), and then
the optical density of the solution at 450 nm was measured
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with a Model 550 Microplate Reader (Bio-Rad).

Western Blotting—Cells were extracted at a concentra-
tion of 2 x 107 cells/ml with lysis buffer [PBS containing 1%
Nonidet P-40, protease inhibitors (1 nM pepstatin A, 100
nM leupeptin, 1 uM APMSF, 100 nM pephabloc SC, and 10
pM titriplex), and 20 U/ml benzonase] at 4°C for 3 h. After
centrifugation at 10,000 xg at 4°C for 30 min, the superna-
tants were boiled in Laemmli’s sample buffer (25) for 5
min. The denatured proteins were separated under reduc-
ing or non-reducing conditions by 7.5 or 12% SDS-PAGE,
respectively, and then transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA, USA). Non-
specific binding sites on PVDF membranes were blocked
with Block Ace for 2 h at 37°C, and then the membranes
were incubated with purified antibodies (5 pg/ml) overnight
at 4°C. The membranes were washed extensively with T-
PBS and then incubated with rabbit anti-mouse immuno-
globulin (Dako Japan, Kyoto) diluted 1:200 in T-PBS for 1 h
at room temperature. After extensive washing with T-PBS,
the membranes were incubated with horseradish peroxi-
dase—conjugated protein A (Zymed, South San Francisco,
CA, USA) diluted 1:10,000 in T-PBS for 45 min at room
temperature. After extensive washing with T-PBS, the
membranes were incubated with 0.05% 3,3’-diaminobenzi-
dine (Wako) and 0.01% H,0, in 0.1 M Tris-HCI (pH 7.4).

Two-Dimensional Gel Electrophoresis—Two-dimensional
gel electrophoresis was performed using nonequilibrium
pH gradient gels for the first dimension by OFarrell’s
method (26), and then SDS—polyacrylamide gels for the sec-
ond dimension by Laemmli’s method (25). Samples of total
cell lysates were prepared as follows. Cells (1 x 10°) were
dissolved in 50 ml of two-dimensional gel sample buffer
[9.95 M urea, 2% Nonidet P-40, 2% Ampholine pH 5-7
(Pharmacia, Uppsala, Sweden), 0.5% Ampholine pH 3-10,
and 100 mM 2-mercaptoethanol]. After concentration with
Centrifugal Filter Devices (Millipore, Bedford, MA, USA) to
10 pul, cell lysates were loaded onto gels and electrophore-
sed in the first dimension.

Flow Cytometric Analysis of Cells—Cells (3 x 10° in each
assay), which were unfixed or fixed with PBS containing
3% paraformaldehyde and 2% sucrose for 5 min and then
permeated with Triton buffer (0.5% Triton X-100 in 20 mM
HEPES, pH 7.4, 50 mM NaCl, 3 mM MgCl,, 300 mM
sucrose) for 5 min, were resuspended in 50 pl of PBS con-
taining 1% bovine serum albumin (BSA), and then mixed
with an equal volume of purified mAbs (5 pg/ml) for 1 h on
ice. After washing with PBS, the cells were labeled with flu-
oresceine isothiocyanate (FITC)—conjugated rabbit anti-
mouse immunoglobulin (Dako) for 30 min on ice. After
washing of the cells with PBS, the immunofluorescence
intensity of individual cells was determined with a FACS-
can flow cytometer (Becton Dickinson, Sunnyvale, CA,
USA).

Flow Cytometric Analysis of Microspheres—The pellets
obtained from 100 ul aliquots of Polybead suspensions (4.5
micron polystyrene microspheres; Polysciences, Warrington,
PA, USA) obtained by centrifugation at 5,000 xg for 10 min
were resuspended in PBS containing anti-human CD98HC
mAb HBJ127 F(ab), (50 pg/ml) at 37°C for 1 h, washed
three times with PBS by centrifugation, and then treated
with Block Ace overnight at 4°C. The microspheres were
mixed with 100 pl of HeLa cell lysate (2 x 1067 cells/ml) over-
night at 4°C, washed three times with T-PBS, and then
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stored in 100 ul of T-PBS containing 1% BSA and 0.05%
NaN,. The microspheres (1 pl of suspension in each assay)
were incubated with various IgM mAbs at 4°C for 1 h,
washed three times with T'PBS, and then incubated with
FITC-conjugated goat anti-mouse p chain antibodies (Jack-
son ImmunoResearch, West Grove, PA, USA) diluted 1:100
in T-PBS containing 1% BSA. After three washes with T
PBS, the fluorescence intensities of microspheres were
determined by FACScan.

Immunostaining of Frozen Sections—Frozen tissue sec-
tions (5 pm thick), prepared using a Leica CM1800 cry-
ostat, were air-dried, fixed with ice-cold acetone for 5 min,
treated with Block Ace for 1 h, and then incubated with
undiluted culture supernatants or purified mAbs (5 pg/ml
in 1% BSA-PBS) overnight at room temperature. After
rinsing of the tissue sections with PBS, endogenous peroxi-
dase activity was inhibited by immersing the sections in 3%
H,0,-methanol for 5 min. After a PBS wash, the sections
were incubated with biotinylated horse anti-mouse IgG
(Vector) diluted 1:100 in PBS for 1 h. After washing three
times with PBS, the sections were treated with ABC
reagent (Vector) diluted 1:100 in PBS for 45 min. After
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washing three times with PBS, the sections were incubated
with 0.05% 3,3'-diaminobenzidine (Wako) and 0.01% H,0,
in 0.1 M Tris-HCI (pH 7.4), and then counterstained with
hematoxylin. Samples were then dehydrated in ethanol,
cleared in xylene, and mounted with Permount (Fisher Sci-

fororoxc
&N

Fig. 1. Scheme of s-ELISA for mAb screening. (a) Coating of an-
tibodies in FBS-free hybridoma culture supernatants on assay
plates. (b) Addition of the ACHN cell lygate. (¢) Detection of antibod-
ies with biotinylated anti-CD98HC mAbs followed by ABC reagent.
Left: Detection of antibodies (a) recognizing a different epitope on
CD98HC (b: pentagons) defined with labeled antibodies (c). Right:
Detection of antibodies (a) recognizing an epitope on the molecule
(b: circles) associated with CD98HC defined with labeled antibodies
(c).
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preincubated with ACHN cell ly-
1000 sate were analyzed for immuno-
reactivity with the indicated IgM
mAbs.
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entific, Fair Lawn, NJ, USA). The localization of mAb-
defined components was observed under a Zeiss Axiolab
microscope.

One- or Two-Color Immunostaining of Cultured Cells—
Cells grown on poly-L-lysine (Sigma, 10 pg/ml)-pretreated
8-chamber culture slides (Falcon, Franklin Lakes, NJ) were
rinsed once with PBS, fixed with 3% paraformaldehyde~
2% sucrose in PBS, and then permeabilized with Triton
buffer (0.5% Triton X-100 in 20 mM HEPES, pH 7.4, 50
mM NaCl, 3 mM MgCl, and 300 mM sucrose). After a rinse
with PBS, the cells in each well were overlaid with Block
Ace for 1 h at 37°C, and then either used immediately or
stored at 4°C for up to 1 week until use. For single-labeling,
cells were successively treated with mouse mAb (undiluted
culture supernatants or 5 ng/ml purified mAb), and FITC-
conjugated rabbit anti-mouse immunoglobulin (Dako)
diluted 1:200 with 1% BSA-PBS. For double-labeling, cells
were simultaneously treated with 1F6 or 4B10 IgM and
anti-CD98HC mAb HBJ127 IgG at a final concentration of
5 pg/ml each in PBS containing 1% BSA for 12 h at 4°C.
After three washes with PBS, the cells were treated with
Texas Red-conjugated goat anti-mouse p chain antibodies
and FITC-conjugated goat anti-mouse Fcy chain antibodies
(Jackson ImmunoResearch), which were diluted 1:100 in
PBS containing 1% BSA for 2 h at 37°C. To study the colo-
calization of mAb-defined antigen and filamentous (F)-
actin, cells were incubated with Alexa 594 phalloidin
(Molecular Probes, Eugene, OR, USA) diluted to 50 nM in
PBS for 15 min after FITC-labeling with mAbs. Nuclear
DNA was stained with 4,6-diamidino-2-phenylindole
(DAPI) at a concentration of 0.5 pg/ml for 20 min, and then
samples were mounted in Permafluor (Immunon, Pitts-
burgh, PA, USA). The specificity of double-labeling was
demonstrated by staining of cells with primary antibodies
alone, followed by incubation with either anti-mouse p
chain or Fcy chain secondary antibodies. Samples were
examined under a fluorescence microscope (Leica DMLB)
with a 100x objective. For colocalization experiments, confo-
cal microscopy was performed with a Leica DMRB/E confo-
cal microscope.

RESULTS AND DISCUSSION

Establishment of Hybridoma Clones That Secrete mAbs
Recognizing CD98-Associated Molecules—Antibodies in
serum-free hybridoma culture supernatants from 960 wells
of hybridoma cultures were screened by s-ELISA with the
lysate of an ACHN renal tumor and a mixture of biotiny-
lated anti-CD98HC mAbs, since FBS in the medium may
prevent the binding of a minor quantity of antibodies to the
wells of assay plates (Fig. 1). Antibodies from two hybri-
doma clones designated as 1F6 and 4B10 showed positive
reactions in this screening. To determine whether or not
these mAbs recognize antigens associated with CD98, s-
ELISA (Fig. 2, A and B) was performed with combinations
of 1F6, 4B10, and anti-CD98 mAbs HBJ127, 1-10, and 5-21
using ACHN cell lysates as an antigen source. CD98 was
efficiently detected with the combination of solid phase
HBJ127 and biotinylated 1-10, which recognize different
epitopes on CD98HC, demonstrating the validity of this
assay system. Positive reactions were observed with the
combination of 1F6 or 4B10 as the solid phase, and biotiny-
lated anti-CD98 mAb 1-10 (Fig. 2A), and the reverse combi-
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nations; i.e. solid-phase anti-CD98 mAb 5-21 and biotin-
ylated 1F6 or 4B10 (Fig. 2B), suggesting the association of
CD98 with the antigens defined with 1F6 or 4B10. Flow
cytometry with microspheres substantiated the association
of CD98 with the mAb-defined antigen (Fig. 2C), i.e. micro-
spheres coated with HBJ127, and bound CD98 and CD98-
associated molecules from the cell lysate reacted with 1F6
and 4B10 as well as 4-26 and 3F2, which recognize epitopes
on CD98 different from that recognized by HBJ127. The
crossreactivity of 1F6 and 4B10 mAbs with CD98HC is
implausible, since these mAbs were not reactive with the
fusion protein between the CD98HC intracellular domain
and glutathion S-transferase (data not shown).

Subcellular Localization of CD98-Associated Molecules—
Next, we examined the reactivities of two mAbs with vari-
ous tumor cell lines, and analyzed the subcellular localiza-
tion of mAb-defined antigens. On flow cytometric analysis,
1F6 and 4B10 mAbs reacted with fixed and permeated
tumor cell lines from various human, rat and mouse tis-
sues, but did not react with unfixed live tumor cells, in con-
trast to the definite reactivity of an anti-CD98HC mAb
HBJ127 with these cells, suggesting that mAbs recognize
intracellular components common in various species includ-
ing mouse (Fig. 3).

To determine the precise subcellular localization of mAb-
defined antigens, fixed and permeated tumor cells were
stained with 1F6 or 4B10, and then examined by fluores-
cent microscopy (Fig. 4). Both mAbs characteristically
stained the fibrillate structure around the nuclei to inner
cell membranes (Fig. 4, A and H), suggesting that the
mAbs recognize cellular components associated with

A Unfixed live celis stained with
Specles  Cells 1F6 4B10 HBJ127
ACHN -
513
HelLa 4 j
Human HepG2 -
T24 -
BC47
Rat I AH13 -
" Balb3T3
ouse Hepal -
0 5 100 0 S0 100 O 60 100 150 200 280
B Fixed and permeated cells stained with
Specles  Cells 1F6 4B10
ACHN
Human Hela
HepG2
T24
I BC47
Aat | An13
Mousae|B82ID3T3
Hepa |
Rabbit| PBL
0 50 100 0 50 100

Mean fiuorescence intensity in flow cytometry

Fig. 3. Reactivities of 1F6, 4B10, and anti-CD98 mAb with var-
ious cells on flow cytometry. Unfixed live cells (A) or fixed and
permeated cells (B) were labeled with 1F6, 4B10 or anti-CD98HC
mAb (HBJ127), and then analyzed for fluorescence by FACScan.
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cytoskeletal structures.

Confocal Analysis of the Distribution of CD9S8HC, F-
Actin, and the Antigen(s) Defined with 1F6 and 4B10—To
compare the subcellular localizations of mAb-defined anti-
gens with those of CD98 and F-actin, HeLa cells were dou-
ble-stained with 1F6 and HBJ127, or 4B10 and phalloidin,
which specifically binds to F-actin, and then examined by
confocal microscopy (Fig. 4). The localization of F-actin was
identical with that of 4B10-defined antigen (Fig. 4, A, B,
and C). Similar results were obtained on 2-color staining
with 1F6 and phalloidin (data not shown). Although anti-
CD98HC mAb HBJ127 mainly stained the cell surface (Fig.
4, D and G) and 1F6 showed intracellular staining (Fig. 4,
E and H), colocalization was observed in restricted area of
the inner cell membrane (Fig. 41) at the cell—ell adhesion
boundary in subconfluent or confluent HeLa cells. In con-
trast, colocalization was not observed in dispersed Hela

Fig. 4. Subcellular localization of CD98 and mAb-defined anti-
gens in HeLa cells on 2-color immunofluorescence staining
followed by confocal microscopy. HeLa cells grown on culture
slides were fixed and permeated, and then stained with mAbs as de-
scribed under “MATERIALS AND METHODS.” A shows the staining
with 4B10 followed by FITC-conjugated goat anti-mouse p chain
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cells (Fig. 4F), suggesting a functional association between
CD98 and mAb-defined antigens in cell—cell interaction.
Identification of Tropomyosin Isoforms as CD98-Associ-
ated Molecules—To identify the fibrillate components react-
ing with 1F6 or 4B10, immunoblotting analysis was carried
out with ACHN human and AH13 rat cell lysates (Fig. 5A).
1F6 mAb detected three main bands corresponding to M, of
33,000, 37,000, and 43,000 for ACHN cells, and ones corre-
sponding to M_ of 33,000, 35,000, and 43,000 for AH13 cells.
4B10 mAb could not detect antigens in this assay (data not
shown). Considering their M, and subcellular localization,
we examined the reactivities of both mAbs with a purified
tropomyosin (TM) specimen derived from rabbit skeletal
muscle by ELISA and immunoblotting analysis (Fig. 5, B
and C). Both 1F6 and 4B10 mAbs reacted with the TM
specimen in a dose-dependent manner on ELISA (Fig. 5B).
In addition, 1F6 mAb was reactive with TM again in a

antibodies. D and G show the staining with anti-CD98HC mAb
(HBJ127) followed by FITC-conjugated goat anti-mouse y chain anti-
bodies. B shows the staining with Alexa 594-phalloidin. E and H
show the staining with 1F6 followed by Texas Red—conjugated goat
anti-mouse p chain antibodies. C, F, and I show the double-staining
images of A and B, D and E, and G and H, respectively.
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dose-dependent manner on immunoblotting analysis (Fig.
5C). Our present results strongly support a recent report of
the possible association of CD98 with tropomyosin (27). The
difference in molecular weight observed with 1F6 in ACHN
and AH13 cells could be due to the difference in species or
cell type.

TMs are a family of actin-binding proteins that stabilize
actin microfilaments (28, 29). In mammals, four TM genes
corresponding to o-TM,(30), B-TM (31), TM4 (32), and TM5
(33) have been identified, and through alternative splicing,
they produce multiple TM isoforms in a highly tissue-spe-
cific manner (29). Non-muscle cells express multiple TM
isoforms, most of which are alternatively spliced products
of the same genes that produce muscle TM (28) through
alternative exon use (34) conserved in many vertebrate spe-
cies. This conserved splicing in fibroblasts produces two
classes of TMs; ones of 284 amino acids and ones of 248
amino acids. Both high and low molecular weight TMs
(HMW-TM and LMW-TM, respectively) are also found in
cultured epithelial cells (35-37). 1F6 mAb detected 33 to
43-kDa proteins in rat and human cell lysates (Fig. 5A),
indicating that they contained HMW-TM and LMW-TM
isoforms.

To identify individual TM isoforms defined with 1F6
mAb, ACHN cell lysates were analyzed by two-dimensional
gel electrophoresis followed by immunoblotting (Fig. 6).
Many spots corresponding to high (indicated as a, b, and ¢)
and low (indicated as d and e) molecular weight TMs were
detected with 1F6 mAb, showing that 1F6 mAb recognizes
various TM isoforms in ACHN cells.

TM isoforms have been implicated in various cellular
functions including the regulation of cell cytokinesis (38),
motility (39, 40), morphogenesis (41—44), and transforma-
tion (¢547). Changes in the microfilament structure are
highly related to both anchorage-independent growth and
tumorigenicity (48). One or more HMW-TM isoforms are
decreased or missing in transformed cells, while the levels

A 43 KDa— " ——

37 kDa— _
33 kDa- ——— 35 ¥0a

ACHN AH13

© 38

Absorbance at 450 nm

7. G
0 00100501025 1_25 1 at o001

Tropomyosin (ug/well) Tropomyosin (19)

Fig. 5. Reactivities of 1F6 and 4B10 mAbs with cellular com-
ponents and a purified TM specimen on immunoblotting
analysis and ELISA. Cell lysates of ACHN and AH13 were blotted
with 1F6 mAb after 15% SDS-PAGE under reducing conditions (A).
The reactivities of 1F6 and 4B10 mAbs with the indicated amounts
of the purified TM specimens derived from rabbit skeletal musde
were determined by ELISA (B). The indicated amounts of the puri-
fied TM specimen were blotted with 1F6 mAb after 15% SDS-PAGE
under reducing conditions (C).
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of one or more LMW-TM isoforms are increased (49-55).
Loss of the transformed phenotype is accompanied by res-
toration of the HMW-TM level (49, 52, 56), and overexpres-
sion of a transformation-sensitive HMW-TM isoform in ras-
transformed cells can partially restore neoplastic growth
and tumorigenicity, cause cell flattening and spreading, and
increase the size and number of detectable stress fibers in a
cell (46, 57). Thus, it appears that the presence of HMW-
TM is important for the integrity of actin filaments, and
that the down-regulation of HMW-TM leads to the acquisi-
tion of malignant phenotypes through the destruction of
the normal cytoskeletal organization.

Comparison of the Tissue Localizations of CD9S8HC and
Tropomyosin—CD98 is expressed in restricted normal tis-
sues, especially in tissues with growth potential, such as
the small intestinal epithelium (I, 6) and the basal layer of
the squamous epithelium (1, 6, 58). To compare the distri-
butions of mAb-defined TM isoforms and CD98, frozen sec-
tions of rat tongue were immunostained with mAbs (Fig.
7).

The basal layer of the squamous epithelium, which was
characteristically stained with anti-rat CD98HC mAb B3,
was also strongly stained with 1F6 and 4B10. In addition,
TM isoforms defined with 1F6 and 4B10 were detected in
the upper part of the epithelium and muscle tissues. This
staining pattern suggested the existence of TM isoforms
that are not associated with CD98. These observations sug-
gested that the association of CD98 with tropomyosin iso-
forms is dependent on the tissue or cell type, and that
various functions of CD98 could be affected by TM isoforms
binding to CD98.

We recently demonstrated the emergence of various
malignant phenotypes (8) when NIH3T3 cells are trans-
fected with the normal coding sequence of CD98HC cDNA.
The present results suggested a physical association
between CD98 and TM isoforms, and its possible functional
relevance in cell-cell adhesion. Interestingly, colocalization
between CD98HC and cadherins was recently reported in
murine cells (18), and the cell-cell adherens junction was
shown to be a site for cadherin-mediated cell adhesion
where actin filaments are densely associated with the
plasma membrane (59). Further analysis of the association
of CD98 and TM will lead to a better understanding of the
reported multiple functions of GP125/CD98 other than in

a
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~ b
- HMW-TM
® —°
d e
LMW-TM
© s ‘

Fig. 6. Two-dimensional gel electrophoresis followed by im-
munoblotting analysis of a total cell extract of ACHN cells
defined with 1¥6 mAb. Electrophoresis was performed in the first
dimension in gels containing pH 5-7 ampholytes, and in the second
dimension in slab gels containing 15% polyacrylamide under reduc-
ing conditions. a—e correspond to TM isoforms TM-1 to TM-5 in Ref.
28, respectively.
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Fil B

Fig. 7. Inmunostaining of rat tongue tissue with anti-rat
CD98HC mAb B3 (A), 1F6 (B), and 4B10 (C). In addition to the

amino acid transport, such as cell fusion (60), lymphocyte
activation (I-4), cell proliferation (1, 5, 6, 58), and espe-
cially cell adhesion (22) and malignant transformation (I,
6-8).

We

are very grateful to Drs. T. Terasaki and K. Hosoya of Tohoku

University for their kind permission to use the confocal laser
microscope.

Vol

REFERENCES

. Hashimoto, Y., Masuko, T, Yagita, H., Endo, N., Kanazawa, J.,

and Tazawa, J. (1983) A proliferation-associated rat cell surface
antigen recognized by a murine monodonal antibody. Jpn. JJ.
Cancer Res. 74, 819-821

. Haynes, B.F,, Hemler, M.E., Mann, D.L., Eisenbarth, G.S,, Shel-

hamer, J., Mostowski, H.S., Thomas, C.A., Strominger, J.L., and
Fauci, A.S. (1981) Characterization of a monoclonal antibody
(4F2) that binds to human monocytes and to a subset of acti-
vated lymphocytes. J. Immunol. 128, 1409-1414

. Tanaka, T, Masuko, T., and Hashimoto, Y. (1988) Appearance of

a proliferation-associated antigen, gp125, on rat and human
lymphocytes by co-stimulation with phorbol ester and calcium
ionophore. J. Biochem. 108, 644—649

. Yagita, H., Masuko, T., Takahashi, N., and Hashimoto, Y. (1986)

Monoclonal antibodies that inhibit activation and proliferation
of Iymphocytes. I. Expression of the antigen on monocytes and
activated lymphocytes. J. Immunol. 138, 2055-2061

. Kamma, H., Endo, K., Horiguchi, H., lijima, T, and Ogata, T.

(1989) Lung cancer-associated monoclonal antibody 15 that rec-
ognizes cell growth-related membrane antigens gp85/45 and its
growth-inhibitory effect on human lung cancer cells in vitro.
Cancer Res. 49, 5118-5122

Masuko, T, Abe, J.,, Yagita, H., and Hashimoto, Y. (1985)
Human bladder cancer cell-surface antigens recognized by
murine monoclonal antibodies raised against T24 bladder can-
cer cells. Jpn. J. Cancer Res. (Gann) 76, 386-394

Yagita, H., Masuko, T, and Hashimoto, Y. (1986) Inhibition of
tumor cell growth in vitro by murine monoclonal antibodies
that recognize a proliferation-associated cell surface antigen
system in rats and humans. Cancer Res. 46, 1478-1484

. 127, No. 2, 2000

C

strong staining of the basal layers with all three mAbs, the upper
layers were also stained with 1F6 and 4B10 mAbs.

8.

10.

11.

12.

13.

14.

15.

16.

17.

Hara, K., Kudoh, H., Enomoto, T., Hashimoto, Y., and Masuko,
T. (1999) Malignant transformation of NIH3T3 cells by overex-
pression of early lymphocyte activation antigen CD98. Bio-
chem. Biophys Res Commun. 262, 720~-725

. Bertran, J., Magagnin, S., Werner, A., Markovich, D., Biber, J.,

Testar, X., Zorzano, A., Kuhn, L.C,, Palacin, M., and Murer, H.
(1992) Stimulation of system y(+)-like amino acid transport by
the heavy chain of human 4F2 surface antigen in Xenopus lae-
vis oocytes. Proc. Natl. Acad. Sci. USA 89, 5606-5610

Wells, R.G., Lee, W.S,, Kanai, Y., Leiden, JM., and Hediger,
M.A. (1992) The 4F2 antigen heavy chain induces uptake of
neutral and dibasic amino acids in Xenopus oocytes. J. Biol.
Chem. 267, 156285—-15288

Broer, S., Broer, A, and Hamprecht, B. (1995) The 4F2hc sur-
face antigen is necessary for expression of system L-like neu-
tral amino acid-transport activity in C6-BU-1 rat glioma cells:
evidence from expression studies in Xenopus laevis oocytes.
Biochem. J. 312, 863-870

MacLeod, C.L., Finley, K.D., and Kakuda, D.K. (1994) y(+)-type
cationic amino acid transport: expression and regulation of the
mCAT genes. J. Exp. Biol. 196, 109-121

Kanai, Y., Segawa, H., Miyamoto, K., Uchino, H., Takeda, E.,
and Endou, H. (1998) Expression cloning and characterization
of a transporter for large neutral amino acids activated by the
heavy chain of 4F2 antigen (CD98). JJ. Biol. Chem. 273, 23629—
23632

Mannion, B.A., Kolesnikova, T.V,, Lin, S.H., Wang, S., Thomp-
son, N.L., and Hemler, M.E. (1998) The light chain of CD98 is
identified as E16/TA1 protein. J. Biol. Chem. 273, 33127-33129
Mastroberardino, L., Spindler, B., Pfeiffer, R., Skelly, P.J., Loff-
ing, J., Shoemaker, C.B., and Verrey, F. (1998) Amino-acid
transport by heterodimers of 4F2h¢/CD98 and members of a
permease family. Nature 395, 288-291

Pfeiffer, R., Rossier, G., Spindler, B., Meier, C., Kuhn, L., and
Verrey, F. (1999) Amino acid transport of y*L-type by het-
erodimers of 4F2h¢/CD98 and members of the glycoprotein-
associated amino acid transporter family EMBO J. 18, 49-57
Wolf, D.A., Wang, S., Panzica, M.A,, Bassily, N-H., and Thomp-
son, N.L. (1996) Expression of a highly conserved oncofetal
gene, TA1/E16, in human colon carcinoma and other primary
cancers: homology to Schistosoma mansoni amino acid per-
mease and Caenorhabditis elegans gene products. Cancer Res
58, 5012-5022

2702 ‘T Joqo100 uo Aiseaiun Bunpd e /6io'sfeulnolpioxoqly/:diy wouy pspeojumoq


http://jb.oxfordjournals.org/

260

18.

19.

20.

21.

22.

23.

26.

27.

28.

29.

30.

31.

32.

33.

36.

Nakamura, E., Sato, M., Yang, H., Miyagawa, F., Harasaki, M.,
Tomita, K., Matsuoka, S., Noma, A., Iwai, K., and Minato, N.
(1999) 4F2 (CD98) heavy chain is associated covalently with an
amino acid transporter and controls intracellular trafficking
and membrane topology of 4F2 heterodimer. J. Biol. Chern. 274,
3009-3016

Sato, H., Tamba, M., Ishii, T,, and Bannai, S. (1999) Cloning
and expression of a plasma membrane cystine/glutamate
exchange transporter composed of two distinct proteins. J. Biol.
Chem. 274, 11455-11458

Matsumoto, Y., Satoh-Ueno, K., Yoshimura, A., Hashimoto, Y,
Enomoto, T, and Masuko, T. (1999) Identification and immuno-
logical characterization of a novel 40-kDa protein linked to
CD98 antigen. Cell Struct. Funct. 24, 217-226

Warren, A.P, Patel, K., McConkey, D.J., and Palacios, R. (1996)
CD98: a type II transmembrane glycoprotein expressed from
the beginning of primitive and definitive hematopoiesis may
play a critical role in the development of hematopoietic cells.
Blood 87, 3676-3687

Fenczik, C.A., Sethi, T, Ramos, J.W., Hughes, P.E., and Gins-
berg, M.H. (1997) Complementation of dominant suppression
implicates CD98 in integrin activation. Nature 390, 81-85
Dong, S. and Hughes, R.C. (1996) Galectin-3 stimulates uptake
of extracellular Ca? in human Jurkat T- cells. FEBS Lett. 395,
1656-169

. Tanaka, T, Masuko, T., Yagita, H., Tamura, T., and Hashimoto,

Y. (1989) Characterization of a CD3-like rat T cell surface anti-
gen recognized by a monoclonal antibody. J Immunol. 142,
2791-2795

. Laemmli, UK. (1970) Cleavage of structural proteins during

the assembly of the head of bacteriophage T4. Nature 227, 680—
685

O'Farrell, PH. (1975) High resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250, 40074021

Suga, S., Tsurudome, M., Ohgimoto, S., Tabata, N., Watanabe,
N., Nishio, M., Kawano, M., Komada, H., and Ito, Y. (1995)
Identification of fusion regulatory protein (FRP)-1/4F2 related
molecules: cytoskeletal proteins are associated with FRP-1 mol-
ecules that regulate multinucleated giant cell formation of
monocytes and HIV-induced cell fusion. Cell Struct. Funct. 20,
473-483

Lin, J.J., Warren, K.S., Wamboldt, D.D., Wang, T, and Lin, J.L.
(1997) Tropomyosin isoforms in nonmuscle cells. Int. Reuv. Cytol.
170, 1-38

Pittenger, MF., Kazzaz, JA., and Helfman, D.M. (1994) Func-
tional properties of non-musde tropomyosin isoforms. Curr.
Opin. Cell Biol. 6, 96-104

Ruiz-Opazo, N. and Nadal-Ginard, B. (1987) Alpha-tropomyosin
gene organization. Alternative splicing of duplicated isotype-
specific exons accounts for the production of smooth and stri-
ated muscle isoforms. J. Biol. Chem. 262, 47664765

Helfman, D.M., Cheley, S., Kuismanen, E.,, Finn, L.A., and
Yamawald-Kataoka, Y. (1986) Nonmuscle and muscle tropomy-
osin isoforms are expressed from a single gene by alternative
RNA splicing and polyadenylation. Mol. Cell Biol. 8, 3582~
3695.

Yamawaki-Kataoka, Y. and Helfman, D.M. (1987) Isolation and
characterization of ¢DNA clones encoding a low molecular
weight nonmuscle tropomyosin isoform. J. Biol. Chem. 262,
10791-10800

Clayton, L., Reinach, F.C., Chumbley, G.M., and MacLeod, A.R.
(1988) Organization of the hTMnm gene. Implications for the
evolution of muscle and non-muscle tropomyosins. J. Mol. Biol.
201, 507-515

. Lees-Miller, J.P. and Helfman, D.M. (1991) The molecular basis

for tropomyosin isoform diversity. Bioessays 18, 429437

. Warren, R.H., Gordon, E., and Azarnia, R. (1985) Tropomyosin

in peripheral ruffles of cultured rat kidney cells. Eur. J. Cell
Biol. 38, 245-253

Roger, PP, Rickaert, F., Lamy, F., Authelet, M., and Dumont,
J.E. (1989) Actin stress fiber disruption and tropomyosin iso-
form switching in normal thyroid epithelial cells stimulated by

37.

39.

41.

45.

46.

47.

49.

50.

51.

52.

B3.

T. Shishido et al.

thyrotropin and phorbol esters. Exp. Cell Res 182, 1-13
Bhattacharya, B., Ciardiello, F., Salomon, D.S., and Cooper,
H.L. (1988) Disordered metabolism of microfilament proteins,
tropomyosin and actin, in mouse mammary epithelial cells
expressing the Ha-ras oncogene. Oncogene Res 3, 51-65

. Warren, K.S,, Lin, J.L., McDermott, J.P, and Lin, J.J. (1995)

Forced expression of chimeric human fibroblast tropomyosin
mutants affects cytokinesis. J. Cell Biol. 128, 697-708

Lin, J.J., Hegmann, TE., and Lin, J.L. (1988) Differential local-
ization of tropomyosin isoforms in cultured nonmusde cells. J.
Cell Biol. 107, 563-572

. Kislauskis, E.H., Zhu, X, and Singer, R.H. (1997) beta-Actin

messenger RNA localization and protein synthesis augment
cell motility. J. Cell Biol. 138, 1263-1270

Erdelyi, M., Michon, A M., Guichet, A., Glotzer, JB., and
Ephrussi, A. (1996) Requirement for Drosophila cytoplasmic
tropomyosin in oskar mRNA localization. Nature 377, 524-527

. Hannan, A.J., Schevzov, G., Gunning, P., Jeffrey, PL., and Wein-

berger, R.P. (1995) Intracellular localization of tropomyosin
mRNA and protein is associated with development of neuronal
polarity. Mol. Cell Neurosci. 8, 397412

. Tetzlaff, M.T,, Jackle, H., and Pankratz, M.J. (1996) Lack of

Drosophila cytoskeletal tropomyosin affects head morphogene-
sis and the accurmulation of oskar mRNA required for germ cell
formation. Embo J. 15, 1247-1254

. Gunning, P, Weinberger, R., and Jeffrey, P. (1997) Actin and

tropomyosin isoforms in morphogenesis Anat. Embryol. 195,
311-315

Leavitt, J., Ng, S.Y., Varma, M., Latter, G., Burbeck, S., Gun-
ning, P,, and Kedes, L. (1987) Expression of transfected mutant
beta-actin genes: transitions toward the stable tumorigenic
state. Mol. Cell Biol. 7, 2467-2476

Prasad, G.L., Fuldner, R.A_, and Cooper, H.L. (1993) Expression
of transduced tropomyosin 1 cDNA suppresses neoplastic
growth of cells transformed by the ras oncogene. Proc. Natl.
Acad. Sct. USA 90, 7039-7043
Boyd, J., Risinger, J.1., Wiseman, R.W., Merrick, B.A., Selkirk,
J.K,, and Barrett, J.C. (1995) Regulation of microfilament orga-
nization and anchorage-independent growth by tropomyosin 1.
Proc Natl. Acad. Sci. USA 92, 11534-11538

Shin, S.I., Freedman, V.H., Risser, R., and Pollack, R. (1975)
Tumorigenicity of virus-transformed cells in nude mice is corre-
lated specifically with anchorage independent growth in vitro.
Proc Natl. Acad. Sci. USA 72, 4435-4439

Hendricks, M. and Weintraub, H. (1981) Tropomyosin is
decreased in transformed cells. Proc. Natl. Acad. Sci. USA 78,
5633-5637

Hendricks, M. and Weintraub, H. (1984) Multiple tropomyosin
polypeptides in chicken embryo fibroblasts: differential repres-
sion of transcription by Rous sarcoma virus transformation.
Mol. Cell Biol. 4, 1823-1833

Leonardi, C.L., Warren, R.H., and Rubin, R.W. (1982) Lack of
tropomyosin correlates with the absence of stress fibers in
transformed rat kidney cells. Biochim. Biophys. Acta 720, 154—
162
Matsumura, F,, Lin, JJ., Yamashiro-Matsumura, S., Thomas,
G.P, and Topp, W.C. (1983) Differential expression of tropomyo-
sin forms in the microfilaments isolated from normal and
transformed rat cultured cells. J Biol. Chem. 2568, 139564
13964
Cooper, H.L., Feuerstein, N., Noda, M., and Bassin, R.H. (1985)
Suppression of tropomyosin synthesis, 8 common biochemical
feature of oncogenesis by structurally diverse retroviral onco-
genes. Mol. Cell Biol. 8, 972-983

. Leavitt, J., Latter, G., Lutomski, L., Goldstein, D., and Burbeck,

S. (1986) Tropomyosin isoform switching in tumorigenic human
fibroblasts. Mol. Cell Biol. 8, 2721-2726

. Takenaga, K., Nakamura, Y., and Sakiyama, S. (1988) Suppres-

sion of gynthesis of tropomyosin isoform 2 in metastatic v-Ha-
ras-transformed NIH3T3 cells. Biochem. Biophys. Res. Com-
mun. 157, 1111-1116

. Paulin, D., Perreau, J., Jakob, H., Jacob, F., and Yaniv, M.

J. Biochem.

2T0Z ‘T $0q0100 uo Aysieniun Buiped e /Bio'seuinolploxo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

CD98 and Tropomyosin at Cell-Cell Adhesion Boundary

57.

(1979) Tropomyosin synthesis accompanies formation of actin
filaments in embryonal carcinoma cells induced to differentiate
by hexamethylene bisacetamide. Proc. Natl. Acad. Sci. USA 76,
1891-1895

Takenaga, K. and Masuda, A. (1994) Restoration of microfila-
ment bundle organization in v-raf-transformed NRK cells after
transduction with tropomyosin 2 cDNA. Cancer Lett. 87, 47-53.
Patterson, J.A., Eisinger, M., Haynes, B.F,, Berger, CL., and
Edelson, R.L. (1984) Monoclonal antibody 4F2 reactive with
basal layer keratinocytes: studies in the normal and a hyper-

Vol. 127, No. 2, 2000

59.

261

proliferative state. J. Invest. Dermatol. 83, 210-213

Tsukita, S., Tsukita, S., Nagafuchi, A., and Yonemura, S. (1992)
Molecular linkage between cadherins and actin filaments in
cellcell adherens junctions. Curr. Opin. Cell Biol. 4, 834-839
Ohgimoto, S., Tabata, N., Suga, S., Nishio, M., Ohta, H., Tsuru-
dome, M., Komada, H., Kawano, M., Watanabe, N., and Ito, Y.
(1995) Molecular characterization of fusion regulatory protein-1
(FRP-1) that induces multinudeated giant cell formation of
monocytes and HIV gpl60-mediated cell fusion. FRP-1 and
4F2/CD98 are identical molecules. J. Immunol. 155, 35685-3592

2T0Z ‘T $0q0100 uo Aysieniun Buiped e /Bio'seuinolploxo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

