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L-type large amino acid transporter (LAT) 1, the first light chain (lc)
of cluster of differentiation 98 (CD98) to be identified, is associated
with the heavy chain (hc) of CD98 and expressed on the surface of
various tumor cells irrespective of their origin. Because LAT1 is a 12-
pass membrane protein and its possible immunogenic extracellular
region is very small, specific monoclonal antibodies (mAb) had
not been developed. We report the successful preparation and
characterization of mAb recognizing the extracellular domain of
human LAT1 protein. Two mAb were selected from hybridoma
clones established by fusing mouse myeloma cells and spleen cells
from rats immunized against RH7777 rat hepatoma cells expressing
recombinant green fluorescent protein fused to human LAT1 protein.
Designated SOL22 and SOL69, these mAb specifically reacted with
the extracellular domain of LAT1 on cells transfected with cDNA of
LAT1, but not with cells transfected with cDNA of other CD98 lc,
namely, LAT2, y++++LAT1, y++++LAT2, and xCT amino acid transporters.
These mAb immunoprecipitated 35- and 90-kDa proteins under
reducing conditions in extracts prepared from human HeLa tumor
cells, indicating the existence of intermolecular disulfide bonds
between cysteine residues in the 90-kDa hc and 35-kDa lc (LAT1).
SOL22 and SOL69 mAb reacted with a wide variety of living unfixed
human tumor cell lines, but were only weakly reactive with HEK293F
human embryonic kidney cells and human peripheral blood cells.
Comparative immunohistochemical analyses of normal human
tissues with anti-CD98 hc and anti-LAT1 revealed LAT1 to be an
excellent molecular target for antibody therapy, possibly even
superior to CD98 hc. (Cancer Sci 2008; 99: 1000–1007)

Cluster of differentiation 98/4F2 is a heterodimeric protein
with a relative molecular mass of 125 000 (GP125),

comprising a 90-kDa hc and 35-kDa lc.(1–3) CD98 was originally
identified as a cell-surface antigen associated with the activation
of lymphocytes(2) and is expressed on the basal layer of the
squamous epithelium and a wide variety of tumors,(4) suggesting
its functional involvement in lymphocyte activation, cell pro-
liferation, and malignant transformation. In fact, mAb against
rat and human CD98 hc inhibits the activation of lymphocytes
and proliferation of tumor cells.(5,6) In addition, NIH3T3 and
Balb3T3 cells transfected with cDNA of human and rat CD98
hc have shown various malignant phenotypes.(7–9) CD98 lc have
been revealed to be amino acid transporters,(3,10) and multiple
functions of CD98 hc, such as cell fusion,(11) regulation of β1
integrin activation,(12) and induction of apoptosis,(13) have been
demonstrated. Transporters corresponding to the amino acid
transport system L, y+L, , and Asc have been shown to be
CD98 lc, which require CD98 hc for their membrane-based
expression.(3,9,14) Six amino acid transporters (LAT1, LAT2, y+LAT1,

y+LAT2, Asc-1, and xCT) that belong to the SLC7 family, have
been identified to be CD98 lc, and all CD98 lc are believed to be
sorted to the plasma membrane via association with CD98 hc.(15–21)

l-type amino-acid transporter 1 is a 12-membrane pass
non-glycosylated protein that was first identified as CD98 lc
associated with CD98 hc glycoprotein, and mediates Na+-
independent large amino acid transport (system L).(3,22) It is reported
that mRNA of LAT1 is expressed widely on tumor cells in
addition to in the testis, ovary, and brain.(3,23–25) However, because
specific mAb recognizing the extracellular domain of native
human LAT1 protein have not been obtained until now, the
precise expression profile of LAT1 protein in normal and cancer
cells remains unsolved. In the present paper, we report the
successful production of specific mAb against human LAT1
protein, and discuss the specificity and usefulness of anti-LAT1
mAb in cancer therapy.

Materials and Methods

Cell culture. Human leukemia cells (Molt-4, Jurkat, Daudi, Raji,
CCRF-SB, K562, and U937), mouse myeloma cells (P3 ×
63Ag8.653), and peripheral blood leukocytes from healthy
volunteers were cultured in RPMI-1640 medium (Sigma-Aldrich,
St Louis, MO, USA). Human tumor cell lines from the tongue
(HEp2), larynx (HSC-3), lung (A549), esophagus (TE-3), breast
(MCF-7, SK-Br-3, ZR-75–1, and MDA-MB-453), liver (HepG2,
Hep3B, and HLF), pancreas (PK-1 and PaCa-1), stomach
(MKN-7 and MKN-45), colon (SW1116, HT29, DU145, and
LS-174T), cervix (HeLa and ME180), prostate (PC-3), kidney
(ACHN and TOS-1), and bladder (T24, J82, KU-1, KK47, and
MGH-U1), glioblastoma cells (KNS-42), melanoma cells (SK-
MEL-37), neuroblastoma cells (Tagawa), HEK293F human
embryonic kidney cells (Invitrogen, Carlsbad, CA, USA), Int407
embryonic intestine cells, RH7777 rat hepatoma cells (kindly
donated by Mitsubishi Tanabe Pharma, Yokohama, Japan), and
RenCa mouse renal carcinoma cells were cultured in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich). Cells were cultured
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in the media supplemented with 7% heat-inactivated FBS (ICN
Biomedicals, Aurora, OH, USA) in humidified CO2 incubators.

Animals. Female F344/N rats and male KSN nude mice, 6–
8 weeks old, were purchased from Shimizu Animal Farm
(Kyoto, Japan), and housed in a controlled environment at 22°C.

Establishment of cell lines expressing GFP-fused human LAT1
protein. GFP was fused genetically to the carboxy-teminus of
human LAT1 in a pAcGFP expression vector (BD Biosciences,
Mountain View, CA, USA), and RH7777 rat hepatoma cells or
HEK293F human embryonic kidney cells were transfected with
LAT1-GFP plasmids using Lipofectamine 2000 (Invitrogen), as
suggested by the manufacturer, selected using culture media
containing G418 (400 μg/mL; Nakalai, Kyoto, Japan), and
clone-sorted for cellular green fluorescence using a JSAN cell
sorter (Bay Bioscience, Kobe, Japan).

Hybridomas. Female F344/N rats received subcutaneous and
intraperitoneal injections (first and second immunizations)
followed by a final intravenous injection of RH7777 cells
expressing human GFP-LAT1 (2.0 × 107) in each immunization
at 3-week intervals. The immune spleen cells (1.0 × 108) were
fused with P3 × 63Ag8.653 mouse myeloma cells (3.0 × 107) using
50% polyethylene glycol 1540 (Roche, Penzberg, Germany).
After the cell fusion, hybridoma cells were selected in RPMI-
1640 medium supplemented with 50× hypoxanthine, aminopterin,
and thymidine (Invitrogen). Cell fusion was repeated three times
with the use of freeze-stocked spleen cells of immunized rats.
Hybridomas were screened by testing antibodies in the culture
supernatants by flow cytometry as described below, and were
cloned by the limiting-dilution method. Hybridoma cell clones
(5.0 × 106) termed SOL22 and SOL69 were injected intraperi-
toneally into male KSN nude mice pretreated with 2,6,10,14-
tetramethylpentadecane (Pristane; Wako, Osaka, Japan). Ascites
fluid was collected 10–20 days after the inoculation, and
precipitated using 50%-saturated ammonium sulfate. Further
purification was carried out with Protein G sepharose (BD
Healthcare, Uppsala, Sweden), because both mAb were deter-
mined to be IgG, with the analysis of the ascites fluid by SDS-
polyacrylamide gel electrophoresis followed by protein staining
with Coomassie Brilliant Blue (ICN Biomedicals).

Flow-cytometric analysis. Cells (3.0 × 105 in each sample), which
were unfixed or fixed with PBS containing 4% PFA for 10 min,
were suspended in 50 μL PBS containing 1% BSA (ICN
Biomedicals), and mixed with an equal volume of purified mAb
(10 μg/mL) for 1 h on ice. After being washed with PBS, cells
were labeled with PE-conjugated donkey antirat IgG (Jackson
ImmunoResearch, West Grove, PA, USA) or FITC-conjugated
rabbit antirat immunoglobulin (DakoCytomation, Kyoto, Japan)
for the screening of hybridomas, or FITC- or PE-conjugated
goat antirat IgG Fcγ for the selected mAb for 30 min on ice.
After the washing of cells with PBS, the fluorescence intensity
of individual cells was determined using a BD-LSR flow
cytometer (Becton-Dickinson, Sunnyvale, CA, USA).

Two-color immunostaining of cultured cells. Cells cultured in
each well of eight-well chamber slides (Falcon, Franklin Lakes,
NJ, USA) were fixed with PBS containing 4% PFA for 10 min
and treated sequentially with mouse and rat mAb (10 μg/mL in
each) and 1:200-diluted species-specific FITC-conjugated goat
antimouse IgG (Jackson ImmunoResearch), with or without
1:200-diluted species-specific Texas Red-conjugated goat antirat
IgG (Jackson ImmunoResearch) in 1% BSA–PBS. Between
each step, the cells were washed three times with PBS, and
cell-bound immunofluorescence was observed under a DMR
fluorescent microscope (Leica Microsystems, Osaka, Japan).

Immunostaining of tissue sections. Human tonsil tissue (kindly
donated by a laboratory student with IgA nephropathy at the
surgical excision of a tonsil, and to otherwise be discarded) was
fixed in 4% PFA in PBS and treated with sucrose solutions of
gradually increasing strength (5–30%). Tissue sections (5 μm

thick) were prepared using a CM1800 cryostat (Leica Micro-
systems), treated with Block Ace (Dainippon, Osaka, Japan) for
1 h, and incubated with purified mAb (10 µg/mL) diluted in 1%
BSA–PBS overnight at room temperature. After a wash with
PBS, endogenous peroxidase activity was inhibited by immersing
sections in 3% H2O2–methanol for 5 min. After rinsing in PBS,
the sections were incubated with biotinylated rabbit antirat IgG
(Vector Laboratories, Burlingame, CA, USA) diluted 1:200 in
1% BSA–PBS for 1 h. After three washes with PBS, samples were
treated with ABC reagent (Vector Laboratories) diluted 1 : 100 in
0.1% BSA–PBS for 45 min. After three more washes with PBS,
the sections were incubated with 0.05% 3,3′-diaminobenzidine
(Dojin Chemicals, Kumamoto, Japan) and 0.01% H2O2 in 0.1 M
Tris-HCl (pH 7.4), and then counterstained with Methylgreen
(Merk, Darmstadt, Germany). Samples were dehydrated with
ethanol, cleared in xylene, and mounted in Permount (Fisher
Scientific, Fair Lawn, NJ, USA). The location of antibody-defined
components was observed under an Axiolab microscope (Zeiss,
Thornwood, NY, US) and photographed.

Cell-surface biotin labeling of tumor cells and immunoprecipitation.
Cells (5.0 × 106) were suspended in PBS (pH 8.0) containing
0.5 mg/mL sulfosuccinimidyl-6′-(biotinamide)-6-hexanamide
hexanoate (EZ-Link sulfo-NHS-LC-LC-Biotin; Pierce, Rockford,
IL, USA), and incubated for 30 min at room temperature. Cells
were washed with PBS three times, and treated with lysis buffer
comprising 1% Nonidet P-40, protease inhibitor cocktail (Nakalai,
Nara, Japan), and benzonase (Merck, Whitehouse Station, NJ,
USA) in PBS for 60 min on ice. Following centrifugation at
10 000g for 20 min, the supernatant was collected as the
biotinylated cell lysate. Soluble antigens in the cell lysates were
immunoprecipitated with primary antibody and rabbit antirat
immunoglobulins (DakoCytomation) as secondary antibody
followed by protein G sepharose 4 fast flow (GE Healthcare,
Uppsala, Sweden). After the antigen-bound sepharose beads
were washed with lysis buffer, antigens were dissociated by the
incubation of sepharose beads with SDS sample buffer for
5 min at 95°C. After centrifugation, antigens in the supernatant
were examined by SDS-polyacrylamide gel electrophoresis and
transferred onto polyvinylidenefluoride membranes. The membranes
were incubated with ABC elite reagent (Vector Laboratories). Blots
were visualized with the use of 0.05% 3,3′-diaminobenzidine
(Wako) and 0.01% H2O2 in 0.1 M Tris-HCl (pH 7.4).

Sandwich-type ELISA. Aliquots (50 μL) of capturing antibodies
(HH25 antihuman CD98hc human mAb, 10 μg/mL) were
adsorbed passively in triplicate in the wells of polyvinylchrolide
96-well plates (Sumitomo Bakelite, Tokyo, Japan) overnight at
4°C. Each well was treated with Block Ace for 3 h at 37°C to
inhibit non-specific binding of the staining reagents. HeLa cell
lysate (50 μL; 3.0 × 107 cells/mL) containing detecting mAb
(10 μg/mL) was added to each well and incubated overnight at
4°C. Following intensive washing with PBS containing 0.05%
T-PBS, 1:1000-diluted species-specific biotinylated donkey
antimouse or antirat IgG (Jackson Immunoresearch) was added
and incubated for 60 min at room temperature. After a wash
with T-PBS, 1:200-diluted Elite ABC reagent in 0.1% BSA–
PBS was added to each well, and the plates were incubated for
45 min at 37°C. Each well was washed intensively with T-PBS
and supplemented with 0.1 M citric-acetate buffer (pH 6.0)
containing 3,3′,5,5′-tetramethylbenzidine (0.1 mg/mL) and 0.01%
H2O2 (50 μL in each well). Color development in the wells was
stopped after 5–10 min by the addition of 0.5 M H2SO4 (75 μL
in each well), and the optical density of the solution at 450 nm
was measured with a Model 550 microplate reader (Bio-Rad,
Hercules, CA, USA).

Real-time qRT-PCR. Total RNA was isolated from cells (5.0 × 106

cells) using an RNeasy Mini Kit (Qiagen, Tokyo, Japan), and
cDNA was obtained from 1–5 μg of total RNA using a First-
Strand cDNA Synthesis kit (GE Healthcare). Real-time qRT-PCR
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was carried out with a PRISM 7700 (Applied Biosystems,
Tokyo, Japan). Expression of LAT1 mRNA was normalized to
the expression of GAPDH mRNA in each cell line.

Downregulation of LAT1 and CD98 hc protein expression in human
cancer cells on treatment with mAb. HeLa cells were cultured
without mAb, or with HBJ127, SOL22, or SOL69 for 24 h, and
stained with SOL69 followed by FITC-conjugated goat antirat
IgG Fcγ (Jackson ImmunoResearch). Reactivity was analyzed
using a BD-LSR flow cytometer and data were shown by MFI,
or observed under a DMR fluorescent microscope.

Results

Production of mAb recognizing human LAT1 protein. LAT1, which
transports neutral large amino acids, is significantly involved in
the proliferation of tumor cells.(26) Thus, LAT1 seems to be a
promising molecular target for cancer therapy using mAb. In the
present investigation, we have used a human LAT1-expressing
rat cell line as an immunogen, and the rat as an immunized
animal. The total number of rat B cells is several times larger
than that of the mouse, and the capacity to generate the antibody
diversity of the rat is superior to that of mouse (Y. Kurosawa, pers.
comm. 2007), although the composition of immunoglobulin
genes between these two species is very similar.(27) RH7777 rat
hepatoma cells were transfected with cDNA of GFP-fused human
LAT1. Cells expressing higher levels of GFP-LAT1 protein were
concentrated by clone sorting, and the expression of LAT1-GFP
proteins was observed in almost all clone-sorted transfectant
cells (more than 90% of the total; Fig. 1a) and was characteri-
stically located on the plasma membrane (Fig. 1b). Female
F344/N rats were immunized with these GFP-LAT1-expressing
RH7777 cells, and the rat showing the highest antibody titer was

further boosted with transfectant cells, and polyethylene glycol-
mediated cell fusions were carried out to generate hybridoma
cultures. In the present investigation, antibodies were assessed
for reactivity with a 1:1 mixture of parent RH7777 cells and
GFP-LAT1-expressing RH7777 cells to evaluate exactly the
specificity of antibodies. Two hybridoma clones, designated
SOL22 (γ2a, κ) and SOL69 (γ2a, κ), were selected from the
screening of approximately 3000 wells of hybridoma cultures
for a negative reaction to RH7777 cells and positive reaction to
RH7777 cells expressing GFP-human LAT1 protein, by indirect
immunofluorescence followed by flow-cytometric analysis. Both
SOL22 and SOL69 reacted specifically with GFP-LAT1-
expressing cells in a GFP expression-dependent manner; however,
the two mAb did not react with RH7777 cells expressing GFP-
CD44 (Fig. 2a). Furthermore, these two mAb also selectively
reacted with RenCa mouse renal carcinoma cells transfected
with GFP-LAT1 (data not shown), demonstrating that SOL22
and SOL69 recognize human LAT1 protein.

Specificity of SOL22 and SOL69 mAb. We examined the precise
specificity of mAb against various CD98 lc proteins, namely,
LAT1, LAT2, y+LAT1, y+LAT2, and xCT. GFP-tagged cDNA of
five kinds of lc were transfected into HEK293F cells, and the
reactivity of mAb against GFP-tagged lc proteins transiently
expressed on the surface of HEK293F cells was assessed by flow
cytometry (Fig. 2b). Although SOL22 and SOL69 definitely
reacted with cells expressing GFP-LAT1 protein, neither mAb
reacted with cells expressing other GFP-CD98 lc proteins, demon-
strating that both SOL22 and SOL69 specifically recognize
LAT1 protein. Next, we examined the effect of overexpression
of GFP-CD98 hc protein on the reactivity of SOL22 and SOL69
with HEK293F cells (Fig. 2b). Transfection of GFP-CD98 hc
cDNA into HEK293F cells did not result in greater reactivity of
SOL22 or SOL69, suggesting that the amount of endogenous
CD98 hc protein in HEK293F cells is sufficient to bind and
carry endogenous LAT1 protein to the cell surface.

Expression of LAT1 in various human cell lines. We examined the
reactivity of SOL22 and SOL69 with HeLa cells, the LAT1
mRNA of which is reported to be expressed at a high level(26)

and was confirmed in the present study (Fig. 3c). SOL22 and
SOL69 definitely reacted with unfixed living HeLa cells
(Fig. 3a), demonstrating that these mAb recognize native LAT1
protein, which is not fused to GFP. We next examined the
reactivity of the SOL22 mAb with various human cell lines by
flow cytometry, and showed reactivity with various cells based on
the values of subtracted MFI obtained from the flow-cytometric
analysis. Although SOL22 reacted with various unfixed human
cell lines (Fig. 3b, left), it did not react with mouse, rat, or
chicken tumor cell lines (data not shown), suggesting that the
mAb specifically recognizes the extracellular domain of human
LAT1 protein. In addition, SOL22 also reacted with PFA-fixed
cells and reactivity was increased in many of the cell lines
(Fig. 3b, right). In particular, SOL22 strongly reacted with
unfixed living carcinoma cells (ZR-75-1 and MCF-7 breast
carcinomas, Hep3B hepatoma, PaCa-1 pancreas carcinoma,
ME180 and HeLa cervix carcinomas). K562, Daudi, and U937
leukemia cells also expressed high levels of LAT1 protein, as
assessed by the immunostaining with SOL22. Almost the same
result was obtained with the staining of tumor cells by SOL69
(data not shown). These results show that human LAT1 protein
is expressed on the cell surface in various human cancer cells,
irrespective of their origin. To substantiate the expression of LAT1
protein in various human cell lines, real-time qRT-PCR was
carried out (Fig. 3c). The quantity of LAT1 mRNA in several
cell lines was standardized using GAPDH and compared with
that in HEK293F cells, because HEK293F cells express LAT2
bearing the function of amino acid transport instead of LAT1.(17) In
ZR-75-1, MCF-7, ME180, and HeLa cells, the expression of
LAT1 protein was well correlated with the expression of mRNA

Fig. 1. Establishment of an RH7777 rat hepatoma cell line expressing
green fluorescent protein (GFP)-human L-type amino-acid transporter
(LAT) 1. (a) RH7777 cells were transfected with GFP-human LAT1 cDNA
using Lipofectamine 2000. The transfected cells were cultured in
Dulbecco’s modified Eagle’s medium containing 7% fetal bovine serum
and 400 μg/mL G418 for 2 weeks (left), and cells strongly expressing
GFP-human LAT1 proteins were clone sorted and expanded (right). (b)
Phase-contrast micrographs (left) and micrographs of ultraviolet-
excited green-colored GFP-LAT1 proteins (right) of clone-sorted cells.
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in these cells. In some cell lines, such as ACHN renal carcinoma
and CCRF-SB leukemia cells, however, reactivity with mAb
was considerably weak, as expected from the LAT1 mRNA
expression. However, the reactivity of anti-LAT1 mAb with
these tumor cells was elevated to levels comparable to that of
the mRNA by the PFA fixation of these tumor cells.

Expression of LAT1 protein in human normal cells and tissues.
We next examined the reactivity of mAb with human peripheral
blood leukocytes (Fig. 4a). SOL22 reacted weakly with mono-
cytes, whereas SOL69 reacted only faintly with monocytes and
granulocytes. In this context, CD98 hc is reported to be expressed
most abundantly on the surface of monocytes in peripheral
blood cells. The differences in reactivity of the two anti-LAT1
mAb against leukocytes might be due to a difference in the
LAT1 protein epitope that they recognize, as positive reactions
were observed with the combination of SOL22 and SOL69, but
were not observed with the combination of SOL22 and SOL22,
or SOL69 and SOL69 in sandwich-type ELISA. These two
mAb did not react with resting small lymphocytes at all, and of
interest, they did not react with lymphocytes irrespective of the
activation of cells with TPA and A23187 or anti-CD3 mAb. The
excellent specificity of the anti-LAT1 mAb was further verified
with an immunohistochemical analysis using a human tonsil
tissue (Fig. 4b). The anti-LAT1 mAb faintly or insignificantly

stained the epithelial tissue of the tonsil, and did not stain
lymphoblastoid cells in the germinal center of the tonsil tissue
at all, although anti-CD98 hc mAb definitely stained lympho-
blastoid cells in this region, in addition to cells in the basal layer
of the epithelium. These results from the immunostaining of
human normal cells strongly indicate that LAT1 is an excellent
molecular target for cancer therapy, as a single molecule or
as a molecular complex associated with CD98 hc, as we have
demonstrated that the association between exogenous CD98 hc
and endogenous CD98 lc at the cell surface is necessary for
the anchorage-independent growth induced by the transfection
of CD98 hc.(7–9) In contrast to the extremely weak expression
of LAT1 in normal cells, LAT1 is expressed strongly on a wide
variety of human cancer cells (Fig. 4b). Contrary to LAT1,
expression of LAT2 on the cell surface in many normal tissues
is reported.(28)

Colocalization of mAb-defined antigen with CD98 hc. Because
LAT1 was reported to be located on the cell surface by forming
a heterodimer with CD98 hc, we compared the localization of
SOL22- and SOL69-defined antigens with CD98 hc (Fig. 5a).
These mAb-defined antigens were located on the cell membrane
of HeLa cells (green), and mAb-defined antigens were shown to
colocalize with CD98 hc (red) on the cell membrane (merge).
Moreover, the association of mAb-defined antigens and CD98 hc

Fig. 2. Specific binding of the monoclonal
antibodies (mAb) SOL22 and SOL69 to human L-
type amino-acid transporter (LAT) 1. (a) HEK293F
cells were transfected with cDNA of green
fluorescent protein (GFP)-human CD44 (left) or
GFP-human LAT1 (right), and were stained with
SOL22 (upper panel) or SOL69 (lower panel),
followed by phycoerythrin (PE)-conjugated
anti-rat IgG Fcγ. (b) HEK293F cells were mock-
transfected or transfected with cDNA of GFP-fused
human cluster of differentiation 98 (CD98) heavy
chain and various human CD98 light chains, and
were stained with anti-CD98 heavy chain rat mAb
(HR35), SOL22, or SOL69 with PE-conjugated
anti-rat IgG Fcγ.
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Fig. 3. Expression of L-type amino-acid trans-
porter (LAT) 1 protein and mRNA in various human
cell lines. (a) Unfixed HeLa cells, and (b) unfixed
and paraformaldehyde (PFA)-fixed human
cell lines were stained with SOL22, followed
by fluorescein isothiocyanate (FITC)-conjugated
anti-rat IgG Fcγ, and analyzed by flow cytometry.
Dotted lines show control cells without the first
monoclonal antibody (mAb), while solid lines
show cells stained with mAb (a). A statistical
analysis was carried out using CellQuest soft-
ware, and mean fluorescence intensity (MFI)
was subtracted from values without the first
antibody (b). (c) Real time quantitative reverse
transcription–polymerase chain reaction was
carried out. The expression of LAT1 mRNA was
normalized to the expression of glyceraldehyde-
3-phosphate dehydrogenase mRNA in each cell
line.

Fig. 4. Reactivity of monoclonal antibodies (mAb)
with human normal cells and tissues. (a) Peripheral
blood leucocytes (PBL) was isolated by Ficoll
gradient and cells were stained with SOL22 or
SOL69 with fluorescein isothiocyanate-conjugated
anti-rat IgG Fcγ. The population of lymphocytes,
monocytes, and granulocytes was gated by forward
and side scatters from the total PBL population.
Activated lymphocytes were obtained from
lymphocytes cultured with TPA and A23187 for
24 h, or with OKT3 for 48 h. (b) Human tonsil tissues
were stained with anti-cluster of differentiation
98 heavy chain mAb, SOL22, or SOL69 mAb by an
immunoperoxidase method, and nuclei were
counterstained with hematoxylin.
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was demonstrated by sandwich-type ELISA using an anti-CD98
hc mAb, combined with SOL22 and SOL69 (Fig. 5b). Antigens
captured with the anti-CD98 hc human mAb (HH25) in the
lysate of HeLa cells were detected by the anti-CD98 hc rat
mAb (HR35) recognizing a different epitope from the antigen-
capturing mAb. Importantly, positive reactions were also observed
with the combination of anti-CD98 hc and SOL22 or SOL69,
indicating that the mAb-defined antigen was CD98 lc (LAT1)
associated with CD98 hc. Next, the molecular weights of mAb-
defined antigens were determined in an immunoprecipitation
experiment, because a specific protein band was not detected by
western blotting with the mAb. As shown in Figure 5c, SOL22
and anti-CD98hc mAb (4F2) immunoprecipitated 90- and a 35-
kDa proteins in extracts prepared from cell surface-biotinylated
HeLa tumor cells under reducing conditions. In this experiment,
a sharp 35-kDa band with SOL22 and a broad 35–40-kDa band
with the 4F2 mAb were detected, suggesting the association of
CD98 hc with LAT1 and other CD98 lc in HeLa cells. By the
immunoprecipitation with SOL22 or 4F2 followed by immuno-
blotting with anti-CD98 hc mAb (HH25), an approximately
90-kDa CD98 hc protein was detected, suggesting an association
between CD98 hc and SOL22-defined LAT1 (Fig. 5d). All of these
results have shown that the mAb SOL22 certainly recognizes
human LAT1 protein associating with CD98 hc.

Downregulation of LAT1 and CD98hc proteins in human cancer
cells after treatment with mAb. Because LAT1 dysfunction caused
by mAb might lead to growth inhibition or cell death through a
lack of amino acids, we examined the effect of mAb on HeLa
cells. Addition of SOL22 to the culture of HeLa cells caused
the internalization of LAT1 and CD98 hc proteins from the cell
surface (Fig. 6a,b).

Discussion

Cluster of differentiation 98 is a heterodimeric membrane protein
composed of CD98 hc (recently classified as SLC3A) and CD98
lc (recently classified as SLC7). The CD98lcs belong to a family
of 12-pass transmembrane proteins containing LAT1 (SLC7A5),
LAT2 SLC7A8), y+LAT1 (SLC7A7), y+LAT2 (SLC7A6), Asc-1
(SLA7A10), and xCT (SLC7A11), although CD98 hc is a single
monomorphic type II glycoprotein. LAT1, which transports
neutral large amino acids, is significantly involved in the pro-
liferation of tumor cells;(26) therefore, LAT1 seems to be a promising
molecular target for cancer therapy using mAb. However, the
preparation of an anti-LAT1 mAb recognizing native LAT1
protein is difficult, because of the extremely hydrophobic
12-pass membrane structure of this transporter. For this
reason, LAT1 has been characterized mainly based on its amino

Fig. 5. Association of cluster of differentiation
98 (CD98) heavy chain (hc) with the antigen
recognized by SOL22 and SOL69. (a) HeLa cells
were stained with SOL22 (upper) or SOL69 (lower)
with species-specific fluorescein isothiocyanate
(FITC)-conjugated anti-rat IgG, and simulta-
neously stained with HBJ127 anti-CD98 hc with
species-specific TexasRed-conjugated anti-mouse
IgG. (b) Sandwich-type enzyme-linked immuno-
sorbent assay was carried out with a combination
of anti-human CD98 hc human monoclonal
antibody (mAb) (HH25) as the capture mAb,
and anti-human CD98 hc mouse mAb (HBJ127),
SOL22, or SOL69 as the detecting mAb using
HeLa cell lysates. (c) The lysates of biotin-labeled
HeLa cells were immunoprecipitated with SOL22
or anti human CD98hc mAb (4F2), subjected to
sodium dodecylsulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE), and blotted onto polyviny-
lidene difluoride (PVDF) membranes, and proteins
were visualized using Elite ABC and substrates.
(d) The lysates of HeLa cells were immunoprecipi-
tated with SOL22 or 4F2, subjected to SDS-PAGE,
and blotted onto PVDF membrane, and proteins
were immunostained with anti-CD98 mAb (HH25).
LAT, L-type amino-acid transporter; lc, light chain.
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acid-transporting activity and by the amount of LAT1 mRNA.
Despite efforts to produce anti-LAT1 mouse mAb using synthetic
peptides and bacterial recombinant proteins as immunogens, we
could not obtain an anti-LAT1 mAb recognizing the extracellular
domain of living tumor cells. In the present investigation, we
used a human LAT1-expressing rat cell line as an immunogen,
and the rat as an immunized animal, as its antibody repertoire
is superior to that of mouse species. We successfully obtained
the mAb SOL22 and SOL69 specifically recognizing the
extracellular domain of human LAT1 protein. We examined the
precise specificity of mAb against various CD98 lc proteins, and
demonstrated that SOL22 and SOL69 could distinguish LAT1
from the other four CD98 lc. Although SOL22 and SOL69
reacted with a wide variety of living unfixed human tumor
cell lines, irrespective of their origin, some cell lines showed a

decrease in reactivity with the mAb after the fixation of tumor
cells, indicating that our anti-LAT1 mAb recognized the native
or discontinuous epitope of LAT1 protein. We propose that
the mAb could not efficiently access LAT1 protein epitopes in
some cell lines, possibly because of the complicated structural
topology of LAT1 protein affected by differences in surrounding
molecules in a given cell line, as the reactivity of the mAb was
often up- or downregulated by the treatment of these cells with
fixing solutions containing PFA. SOL22 and SOL69 were only
weakly reactive with HEK293F human embryonic kidney cells,
human peripheral blood cells, and cells in human tonsil tissues.
Furthermore, these two mAb did not react with lymphocytes
irrespective of the activation of cells. Although the expression of
CD98 hc in lymphocytes is upregulated by various activation
stimuli, as is the case with many oncoproteins, the expression of
LAT1 was not affected in the process of lymphocyte activation. A
different lc other than LAT1 might be involved in the activation
of lymphocytes associated with CD98 hc. Thus, LAT1 is
considered to be an excellent molecular target for mAb therapy,
possibly even superior to CD98 hc. Unlike typical receptor-
type oncoproteins, such as members of the HER family with
restricted tumor distribution, LAT1 is overexpressed on the cell
surface of almost all tumor cells irrespective of tissue of origin.
Therefore, we expect that LAT1-based antibody therapy will be
applied to various types of human cancers. Recently, specific
chimeric or humanized mAb against the extracellular domain
of HER2,(29–36) HER1,(37,38) and CD20(39–45) have been introduced
for the treatment of breast cancer, colorectal cancer, and B cell
malignancies, respectively. From our present analyses, cancer
therapy with anti-LAT1 mAb seems to be promising. It was also
revealed that the expression of LAT1 protein is not necessarily
consistent with that of the mRNA in various human tumor cell
lines, suggesting that a precise evaluation of mAb reactivity
with tumor specimens is indispensable for successful clinical
outcomes with therapy using anti-LAT1 mAb. The effects of
anti-LAT1 mAb on the incorporation of large and neutral amino
acids and the growth of tumor cells are now under investigation;
however, we have already confirmed that the mAb SOL22
and SOL69 could induce internalization of LAT1 and CD98 hc
from the cell surface, suggesting possible effects on cellular
amino acid incorporation. The chimerization and humanization of
SOL22 and SOL69 mAb and analysis of antitumor effects
including antibody-dependent cellular cytotoxicity and complement-
dependent cytotoxicity of these mAb are currently underway.
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