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We recently cloned the human Na*-independent sys-
tem L neutral amino acid transporter LAT3. The aim of
the present study was to characterize the molecular
nature of mouse LAT3 at the protein level. Isolated
mouse LAT3 showed 83% identity to human LAT3.
Xenopus oocytes injected with mouse LAT3 cRNA
showed the same functional property as human LAT3.
Reverse transcriptase-polymerase chain reaction re-
vealed apparent transcripts of mouse LAT3 in the
liver, skeletal muscle, and pancreas, an expression
pattern identical to that found in humans. Antibody
generated against mouse LAT3 detected both ~58-kd
and 48-kd bands in the sample from liver and only a
48-kd band in skeletal muscle and pancreas. Immu-
nohistochemical study showed its clear localization
in the plasma membrane of liver and skeletal muscle,
whereas it was only detectable in the endoplasmic
reticulum and in crystalline inclusions in pancreatic
acinar cells. Starvation induced up-regulation of
mouse LAT3 protein and mRNA in both liver and
skeletal muscle but not in pancreas. These results
suggest that LAT3 may indeed function as an amino
acid transporter, transporting branched-chain amino
acids from liver and skeletal muscle to the blood-
stream and thereby participating in the regulatory
system of interorgan amino acid nutrition. (Am J
Patbol 2007, 170:888—898; DOI: 10.2353/ajpath.2007.060428)
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Amino acid transport across the plasma membrane reg-
ulates the flow of these nutrients into cells or from cells
and thus participates in interorgan amino acid nutrition.
The transfer of amino acids across the hydrophobic do-
main of the plasma membrane is mediated by specific
transporter proteins that recognize, bind, and transfer
amino acids from the extracellular space into cells or vice
versa."? The transport of neutral amino acids through the
plasma membrane is mediated via Na™-dependent and
Na™-independent transport systems’? in which Na*-in-
dependent system L is one of the major routes to provide
cells with branched-chain amino acids (BCAAs) and ar-
omatic amino acids. By means of expression cloning, we
identified the first isoform of Na*-independent system L
amino acid transporter LAT1 (L-type amino acid trans-
porter 1) from C6 rat glioma cells.® LAT1 is a member of
the SLC (solute carrier) 7 family and mediates a Na*-
independent amino acid exchange, preferring large neu-
tral amino acids such as leucine, isoleucine, valine, phe-
nylalanine, tyrosine, tryptophan, methionine, and
histidine as its substrates. Following the identification of
LAT1, a second system L transporter, named LAT2, was
identified by various groups including ours.* % LAT2 is
more ubiquitously expressed than LAT1 and transports
not only large neutral amino acids but also small ones. As
a common molecular feature of LAT1 and LAT2, they form
the same heteromeric complexes via a disulfide bond
with a single membrane-spanning protein, the heavy
chain of 4F2 antigen, which is essential for the functional
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expression of both LAT1 and LAT2 in the plasma
membrane.®”’

Even after the identification of these heteromeric amino
acid transporters, some of the previously reported prop-
erties of system L remained to be explained in light of the
properties of LAT1 and LAT2. Recently, we isolated a
cDNA encoding a novel Na"-independent neutral amino
acid transporter from human hepatocarcinoma cells,
FLC4, by expression cloning.? This gene product, desig-
nated LATS3, is predicted to be a 12-transmembrane do-
main protein containing a relatively long extracellular loop
with putative N-linked glycosylation sites between trans-
membrane domains 1 and 2. A long intracellular loop,
predicted to exist between transmembrane domains 6
and 7, contains putative protein kinase C-dependent
phosphorylation sites and a tyrosine phosphorylation site.
Northern blot analysis using human multiple tissue North-
ern blots indicated that its message is highly expressed
in the liver, pancreas, and skeletal muscle. However, its
molecular nature and role in the regulatory system of the
interorgan amino acid nutrition remains largely to be elu-
cidated. In the present study, to characterize LAT3, we
first isolated LAT3 cDNA from mouse and then deter-
mined the protein expression and distribution of the
transporter in the liver, pancreas, and skeletal muscle.
Moreover, we also obtained data indicating that LAT3
may participate in the supply of BCAAs from the liver and
skeletal muscle to other organs under the nutrient-
starved condition.

Materials and Methods

Animals

Eight-week-old male ICR mice (26 to 28 g; Saitama,
Japan) were anesthetized by intraperitoneal injection with
pentobarbital. For the histological experiments, tissues
were embedded in Tissue-Tek OCT compound (Sakura
Fine Technical Co., Tokyo, Japan). Tissues were also
rapidly frozen and stored in liquid nitrogen for the isola-
tion of total RNA and the membrane fraction. For the
starvation studies, eight mice were deprived of food for
24 hours®'° but were free to drink water. Another eight
mice with access to both food and water were examined
as the control.

cDNA for Mouse LAT3

The cDNA for a mouse expressed sequence tag (Gen-
Bank/European Bioinformatics Institute/DNA Databank of
Japan accession number BG865268) showing nucleo-
tide sequence similarity to human LAT3® was obtained
from Integrated and Molecular Analysis of Genomes and
their Expression (IMAGE cDNA clone number 4910149).
The cDNA insert was subcloned into the mammalian
expression vector pcDNA 3.1(+) at Notl and Hindlll re-
striction enzyme cleavage sites. The cDNA was se-
quenced in both directions by dye terminator cycle se-
quencing (Applied Biosystems, Foster City, CA).
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Functional Characterization of Mouse LAT3

cRNA for mouse LAT3 was obtained by in vitro transcrip-
tion using SP6 RNA polymerase from the mouse LAT3
cDNA in plasmid pSPORT6 linearized with Notl. Three
days after Xenopus oocytes were injected with 25 ng of
the synthesized cRNA, the uptake of '*C-labeled amino
acids was measured in the regular uptake solution (100
pmol/L NaCl, 2 mmol/L KCI, 1 mmol/L CaCl,, 1 mmol/L
MgCl,, 10 mmol/L HEPES, and 5 mmol/L Tris, pH 7.4) or
Na*-free uptake solution in which NaCl in the regular
uptake solution was replaced by 100 uwmol/L choline
chloride.”™'® For Cl™-free uptake solution, CI~ in the
regular uptake solution was replaced by gluconate anion.
The uptake levels were measured for 30 minutes, and the
values were expressed as picomoles/oocyte/minute.

DNA Transfection

The human embryonic kidney cell line (HEK 293) was
grown in Dulbecco’s modified Eagle’s medium (Life
Technologies, Gaithersburg, MD) supplemented with
10% fetal calf serum and 100 U/ml penicillin/streptomycin
in a 37°C incubator with 5% CO.,. For the transient trans-
fection with the mouse LAT3 construct, HEK 293 cells
were plated onto 60-mm dishes and transfected with 2
g of plasmid DNA containing or lacking the human LAT3
construct by using FuGene6 (Roche Diagnostics, Basel,
Switzerland) according to the manufacturer’s protocol.

RNA Extraction and Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from HEK 293 cells transfected
with the mouse LAT3 construct and from mouse tissues
using Isogen (Wako Life Science Reagents, Osaka, Ja-
pan) according to the manufacturer’s instructions. RT-
PCR analysis was performed by using the sense primer
5’-GGCACCACCATCTCCAAGTC-3" (nucleotides 322 to
341) and the antisense primer 5'-TAGGCCAGGTTCGT-
CAGCAC-3’ (nucleotides 883 to 902) for mouse LAT1;
the sense primer 5'-GGCGTCACCATCCCTAAGTC-3’
(nucleotides 286 to 305) and the antisense primer 5'-
CCATGACCCCGAGGAGTTTC-3" (nucleotides 921 to
940) for mouse LATZ2; the sense primer 5'-GTGACTGGT-
GGCAAGGAACG-3'" (nucleotides 997 to 1016) and the
antisense primer 5'-AGTAGGAGGCCCAGGTTCAC-3'
(nucleotides 1549 to 1568) for mouse LAT3; and sense
primer 5'-GACAACGGCTCCGGCATGTGCA-3" (nucleo-
tides 31 to 52) and antisense primer 5'-ATGACCTGGC-
CGTCAGGCAGCT-3' (nucleotides 722 to 743) for mouse
B-actin. One microgram of total RNA was amplified under
the following conditions: 30 amplification cycles of 94°C
for 1 minute, 63°C for 1 minute, and 72°C for 1 minute.
Amplification was completed with prolonged synthesis at
72°C for 10 minutes. PCR products were visualized by
ethidium bromide staining following electrophoresis on a
4% NuSieve 3:1 agarose gel (BioWhittaker Molecular
Applications, Rockland, ME).
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Antibodies

Anti-mouse LAT3 polyclonal antibody was generated
against a synthetic peptide corresponding to TGGK-
ERETNEQRQ (amino acids 336 to 348 of the intracellular
domain: referred to as peptide I1) of the LAT3 amino acid
sequence. To verify further the specificity of this antibody,
we also synthesized two other peptides, VTGGKERET-
NEQRQK (amino acids 335 to 349, referred to as peptide
II1) and TGGKERETN (amino acids 336 to 344, referred to
as peptide I), and preincubated them with the anti-mouse
LAT3 antibody for use in the Western blot analysis de-
scribed below. A rabbit was immunized with 0.5 mg of
peptide Il conjugated to the carrier protein keyhole limpet
hemocyanin and boosted three times with 0.5 mg of the
immunogen each time. The rabbit was sacrificed and
bled 10 days after the last immunization. The antiserum
was affinity-purified with the corresponding peptide
linked to CNBr-activated Sepharose 4B column (Pharma-
cia, Piscataway, NJ). The following antibodies were pur-
chased from the suppliers as indicated: horseradish per-
oxidase (HRP)-labeled goat anti-rabbit immunoglobulins
(Dako, Carpinteria, CA), Alexa Fluor 488-conjugated goat
anti-rabbit IgG (Molecular Probes, Eugene, OR), and col-
loidal gold (12 nm)-labeled donkey anti-rabbit IgG (Jack-
son Immunoresearch Laboratories, West Grove, PA).

Western Blot Analysis

Western blot analysis was performed as previously de-
scribed. ' Briefly, membrane fractions from mouse tis-
sues were isolated by using a subcellular proteome
extraction kit (ProteoExtract; Calbiochem, Darmstadt,
Germany) according to the manufacturer’s instructions.
Samples were mixed with an equal volume of sample
buffer [125 mmol/L Tris-HCI, 1% sodium dodecy! sulfate
(SDS), 5% sucrose, and 0.1% bromphenol blue], and the
proteins were separated by 10% SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluo-
ride membranes. After a blocking procedure, the mem-
branes were reacted with anti-mouse LAT3 antibody (0.5
wg/ml) or anti-LAT3 antibody preabsorbed by each syn-
thesized peptide including the immunogen peptide de-
scribed above. Reaction sites were visualized by using
the combination of horseradish peroxidase (HRP)-la-
beled goat anti-rabbit antibody (1:2000) and a chemilu-
minescence kit (Life Science Products, Boston, MA) ac-
cording to the manufacturer’s instructions.

Immunohistochemistry

Frozen sections from the mouse tissues were fixed in 4%
paraformaldehyde-0.1 mol/L phosphate-buffered saline
(PBS) for 10 minutes at room temperature. After having
been washed with PBS, the slides were incubated with
blocking buffer (3% bovine serum albumin, 5% goat serum,
and 0.05% Tween 20 in PBS) and then reacted with anti-
mouse LAT3 antibody (5 pg/ml) or anti-mouse LAT3 anti-
body preabsorbed with the immunogen peptide (5 ug/ml)
overnight at 4°C. After another wash with PBS, the slides

were incubated with HRP-labeled goat anti-rabbit antibody
(1:200) at room temperature, and then the slides were de-
veloped by immersion in 1.4 mmol/L 3,3’-diaminobenzidine
tetrahydrochloride (Sigma Chemical Co., St. Louis, MO) in
PBS. Hematoxylin was used as a counterstain.

Immunofluorescence and Confocal Microscopy

Frozen sections of the tissue samples from fed mice and
starved ones were fixed as described above. After hav-
ing been washed with PBS, the slides were incubated
with blocking buffer for 60 minutes and then reacted with
anti-LAT3 antibody (5 ng/ml) overnight at 4°C. After an-
other wash with PBS, the slides were incubated with
Alexa Fluor 488-conjugated goat anti-rabbit IgG (5 ng/
ml) for 60 minutes at room temperature. After a final PBS
wash, the slides were mounted in 1 mg/ml p-phenylene-
diamine in PBS/glycerol (1:1) and examined under a
confocal laser scanning microscope equipped with a
krypton/argon laser (model MRC1024; Bio-Rad, Her-
cules, CA).'*18

Electron Microscopy

Tissue samples were fixed in phosphate-buffered 2.5%
glutaraldehyde (pH 7.4), postosmicated, and dehydrated
by passage through graded alcohols as previously de-
scribed.'® Briefly, after immersion in propylene oxide, the
specimens were embedded in Epon 812. Ultrathin sec-
tions were cut perpendicular to the epithelium, doubly
stained with uranyl acetate and lead citrate, and exam-
ined with a transmission electron microscope (model
TEM-1010C; JEOL, Tokyo, Japan).

Immunogold Labeling for Electron Microscopy

Immunogold labeling was performed as described pre-
viously.''® The pancreas was fixed in 4% paraformal-
dehyde-PBS for 2 hours at 4°C. After the specimens were
washed with PBS, they were dehydrated through a series
of graded ethanols and then embedded in LR White resin
(London Resin, Basingstoke, UK). Ultrathin sections were
cut and mounted on nickel grids. The sections were
incubated with 5% normal donkey serum in PBS for 1
hour and subsequently with anti-mouse LAT3 antibody (5
pg/ml) at 4°C for 24 hours. As an immunocytochemical
control, some samples were incubated with nonimmu-
nized rabbit IgG. Following a PBS wash, the samples
were incubated with 12-nm colloidal gold-conjugated
donkey anti-rabbit IgG antibody for 2 hours at room tem-
perature. Thereafter they were washed with PBS and then
fixed in 2% glutaraldehyde. After having been rinsed with
deionized water, the ultrathin sections were stained with
uranyl acetate and observed under a transmission elec-
tron microscope (model JEM-1010; JEOL).



Mouse LAT3 MAPTLKQAYRRRWWMACTAVVENLFFSAVLLGWASLLIMLKKEGFYSSLCPAENRTNTTQ
Human LAT3 MAPTLQOAYRRRWWMACTAVLENLFFSAVLLGWGSLLIILKNEGFYSSTCPAESSTNTTQ
Mouse LAT3 DEQHOWTSCDQQEKMLNLGFTIGSFLLSATTLPLGILMDRFGPRPLRLVGSACFAASCTL
Human LAT3 DEQRRWPGCDQODEMLNLGFTIGSFVLSATTLPLGILMDRFGPRPVRLVGSACFTASCTL
Mouse LAT3 MALASRDTEVLSPLIFLALSLNGFAGICLTFTSLTLPNMFGNLRSTFMALMIGSYASSAI
Human LAT3 MALASRDVEALSPLIFLALSLNGFGGICLTFTSLTLPNMFGNLRSTLMALMIGSYASSAI
Mouse LAT3 TFPGIKLIY] FTVIMF ACLIFLNCAL IKLIGLA
Human LAT3 TFPGIKLIYDAGVAFVVIMFTWSGLACLIFLNCTLNWPIEAFPAPEEVNYTKKIKLSGLA
Mouse LAT3 LDHKVTGDRFYTHVTIVGQRLSQKSPSLEEGADAFISSPDIPGTSEETPEKSVPFRKSLC
Human LAT3 LDHKVTGDLFYTHVTT SQKAPSLEDGSD: {*) 'SENLPERSVPLRKSLC
Mouse LAT3 SPIFLWSLVTMGMTQLRVIFYMGAMNKILEFIV! VEFYSSIFG
Human LAT3 SPTFLWSLLTMGMTQLRIIF YMAAVNKMLEYLVTGGQEHETNEQQQKVAETVGFYSSVFG
Mouse LAT3 VMQLLCLLTCPLIGYIMDWRIKDCVDAPTEGTLNENASFGDARDGASTKFTRPRYRKVQK
Human LAT3 AMQLLCLLTCPLIGYIMDWRIKDCVDAPTQGTV-—---- LGDARDGVATKSIRPRYCKIQK
Mouse LAT3 LTNAINAFTLTNILLVGFGIACLIKNLHLQLLAFVLHTIVRGFFHSACGGLYAAVFPSNH
Human LAT3 LTNAISAFTLTNLLLVGFGITCLINNLHLQFVTIFVLHTIVRGFFHSACGSLYAAVFPSNH
Mouse LAT3 FGTLTGLOSLISAVFALLQQLLFMAMVGPLHGDPFWVNLGLLLLSFLGFLLPSYLYYYRS
Human LAT3 FGTLTGLQSLISAVFALLQQPLFMAMVGPLKGEPFWVNLGLLLFSLLGFLLPSYLFYYRA
Mouse LAT3 RLOREYATNLVDPQKVLNTSKVAT

Human LAT3 RLOQEYAANGMGPLKVLSGSEVTA

Figure 1. Alignment of amino acid sequences of mouse and human LAT3
predicted from their nucleotide sequences. The horizontal lines indicate the
12 putative transmembrane domains determined by the TMHMM program
Chup://www.cbs.dtu.dk/services/TMHMM/). The amino acid differences be-
tween mouse and human are marked by shading.

Results
Cloning of Mouse LAT3 cDNA

The nucleotide sequencing analysis of mouse LAT3 re-
vealed a single open-reading frame of 2519 nucleotides
coding for a predicted protein of 564 amino acids with a
deduced molecular weight of 62.6 kd (Figure 1). The
deduced amino acid sequence of mouse LAT3 showed
83% identity with that of human LAT3. The EXPASy
search showed that mouse LAT3 did not have a signal
peptide sequence, even though this molecule contained
the motifs for potential N- or O-glycosylation. Similar to
human LAT3,8 the mouse transporter is predicted to be a
12-transmembrane domain protein and to contain a long
intracellular loop between transmembrane domains 6
and 7 with putative protein kinase C-dependent phos-
phorylation sites (Thr®*' and Ser®®?) and a tyrosine phos-
phorylation site (Thr2®").

When expressed in Xenopus oocytes, mouse LAT3
induced ['C]L-leucine transport, which was not depen-
denton Na* or Cl~ in the medium (Figure 2, A and B). In
addition, substrate selectivity of mouse LAT3 is shown in
Figure 2C. Consistent with our previous results of human
LAT3,2 “C-labeled L-leucine, L-isoleucine, L-valine, and
L-phenylalanine were transported at a relatively high rate
by mouse LATS, indicating this molecule distinctly pos-
sessed the same functional property as that of human
LAT3.

mRNA and Protein Expression of Mouse LAT3

Because our previous study identified the predominant
expression of LAT3 transcript in the liver, skeletal muscle,
and pancreas in human multiple tissue Northern blots,®
we first isolated total RNA from these tissues from the fed
mice and performed RT-PCR using the specific primer
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Figure 2. Functional expression of mouse LAT3 in Xenopus oocytes. A:
Uptake of [*Cli-leucine (100 pmol/L) by Xenopus oocytes injected with
water or LAT3 cRNA (25 ng/oocyte) was measured in Na'-free uptake
solution. B: Ion dependence of LAT3-mediated transport. LAT3-mediated
["*Cli-leucine uptake (100 umol/L) measured in the standard uptake solution
(Control) was compared with that measured in the Na™-free uptake solution
(Na™*-free) or Cl™ -free uptake solution (Cl~-free). C: Substrate selectivity of
mouse LAT3. LAT3-meditaed '*C-labeled L amino acids were measured in the
Na*-free uptake solution at the concentration of 100 pmol/L.

sets for mouse LAT3 and B-actin. As shown in Figure 3, a
572-bp band corresponding to the predicted nucleotide
size was detected for the samples from all three tissues
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Figure 3. Tissue expression of mouse LAT3 mRNA as detected by RT-PCR.
RT-PCR studies were used to amplify mouse B-actin and LAT3-specific
sequence. Experiments were performed with reverse transcriptase (RT+) or
without RT (RT—) in each step. PCR amplification without RT revealed no
PCR product, thereby excluding amplification of genomic DNA. LAT3 mRNA
was detected in all three tissues, similarly to how HEK 293 transfected with
the mouse LAT3 construct as a positive control.
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Figure 4. Characterization of the polyclonal antibody against mouse LAT3.
Protein samples of the membrane fraction from three tissues (10 ng) were
separated on 10% gel and subjected to Western blot analysis with anti-mouse
LAT3 polyclonal antibody or anti-mouse LAT3 antibody preabsorbed by the
immunogen peptide (peptide II, amino acids 336 to 348) or other synthetic
peptides, peptide I (amino acids 336 to 344) and peptide II (amino acids 335
to 349), as described in Materials and Methods. Common specific immuno-
band in three tissues corresponding to ~48 kd was detected. The protein
sample from the liver was also reacted to specific ~58-kd band. Immuno-
band corresponding to ~28 kd seemed to be degradation of mouse LAT3 in
the samples from all three tissues, whereas ~58-kd band in the pancreas
sample and ~40-kd band in the skeletal muscle were due to cross-reactivity
to an unknown molecule.

as well as for the sample from HEK 293 cells transfected
with the mouse LAT3 construct as a positive control. The
PCR products were confirmed by direct sequencing to
be the mouse LAT3 sequence (data not shown). We next
examined the molecular mass of mouse LAT3 protein. To
this end, we generated polyclonal antibody against the
intracellular domain corresponding to amino acid resi-
dues 336 to 348 of mouse LAT3. As depicted in Figure 4,
in the liver sample, the antibody reacted with three pro-

tein bands that migrated at ~58, ~48, and ~28 kd,
respectively. These immunobands tended to partially dis-
appear when the antibody was preabsorbed by peptide
I, which was shorter than the immunogen peptide (pep-
tide Il; see Materials and Methods). In contrast, preincu-
bation with either peptide Il or the longer one (peptide Ill)
completely abolished these positive signals. In the sam-
ple from the skeletal muscle, the antibody detected three
immunobands that migrated at ~48, ~40, and ~28 kd,
and the ~48- and ~28-kd bands completely disap-
peared by preincubation of the antibody with peptide Il or
peptide Ill. However, the ~40-kd band was still visible
even when each synthetic peptide was used for the pre-
absorption, indicating it to be a background signal (Fig-
ure 4). Finally, in the sample from the pancreas, again the
antibody reacted with three immunobands correspond-
ing to ~58, ~48, and ~28 kd, similar to the liver sample.
However, the ~58-kd band was still visible even when the
antibody was preabsorbed with peptide Ill, indicating
that this positive signal is a background reaction. In con-
trast, the ~48- and ~28-kd bands were completely abol-
ished by the preincubation with peptide Il or Ill, suggest-
ing that these two bands are most likely LAT3 in the
pancreas (Figure 4).

Cellular and Subcellular Localization of LAT3

We next examined the localization of LAT3 protein in the
three organs. In the skeletal muscle, LAT3 was mainly
detected in the plasma membrane of the muscle cells
(Figure 5A, b and c), and the specificity of this reaction
was confirmed by preabsorbing the antibody with the
synthetic immunogen peptide, peptide Il (Figure 5A, a).
On the other hand, we found it to be interesting that the
subcellular localization of LAT3 in the pancreas was com-
pletely different from that in the muscle cells. At low
magnification, LAT3 was strongly detected in the acinar
cells (Figure 5B, b) but was not found in the islet cells
(data not shown). When viewed at high magnification, a
clear reticular pattern was observed in the cytoplasm of
the acinar cells (Figure 5B, c). Moreover, interestingly,
strong deposits of rod-shaped extensive immunoproduct
were detected in the cytoplasm of the acinar cells (Figure
5B, c, arrow). These signals were not seen when antibody
preabsorbed with the immunogen peptide was used in
place of the anti-mouse LAT3 antibody (Figure 5B, a). In
the liver, LAT3 was predominantly localized in the plasma
membrane of the hepatocytes and partly in the nucleus
and was weakly observed in the cytoplasm (Figure 5C,
b—d). The plasma membrane staining of the hepatocytes
was clearly visible in both periportal and perivenous re-
gions (Figure 5C, b and c). Moreover, when viewed at
high magnification, the distribution of the protein in the
plasma membrane of LAT3 was observed basically as a
circumferential pattern, including localization in the sinu-
soidal membrane (Figure 5C, d), whereas no apparent
canalicular membrane pattern was seen (Figure 5C, d).
No positive signal was seen when immunogen peptide-
preabsorbed antibody was used in place of the specific
antibody (Figure 5C, a). Because LAT3 of the pancreatic
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A Skeletal muscle
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Figure 5. Immunohistochemical analysis of mouse LAT3 in skeletal muscle, pancreas, and liver. A, a: No immunoproduct is seen in the section reacted with the
immunogen peptide-preabsorbed antibody. b: Specific antibody detects LAT3 in the plasma membrane of the skeletal muscle. ¢: Enlarged image of rectangle in
b. B, a: No positive signal is seen in the section reacted with the immunogen peptide-preabsorbed antibody. b, ¢: Specific antibody detects LAT3 in the cytoplasm
and the rod-shaped structure of pancreatic acinar cells. ¢: Enlarged image of rectangle in b. C: LAT3 was predominantly localized in the plasma membrane of the
hepatocytes and partly in the nucleus and was weakly observed in the cytoplasm (b—d). The plasma membrane staining of the hepatocytes was clearly observed
in both periportal (b) and perivenous (¢) region. The protein distribution of LAT3 in the plasma membrane was detected as a circumferential pattern, including
the sinusoidal membrane location (d, arrow), whereas the apparent canalicular membrane pattern was not seen. No positive signal was seen when immunogen
peptide-preabsorbed antibody was used in place of the specific antibody (a). Sections were counterstained with hematoxylin.
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Figure 6. Electron microscopy of LAT3 in mouse pancreas. A: Electron
micrograph of mouse pancreatic acinar cells observed by conventional elec-
tron microscopy. B: Enlarged image of rectangle in A. Crystal-like structures
(asterisk) between the endoplasmic reticulum (ER) and the mitochondria
(M) can be seen. C and D: Subcellular localization of LAT3 in pancreatic
acinar cells examined by postembedding immunoelectron microscopy. Im-
munogold particles are densely distributed in the crystal structure as well as
in the ER. N, nucleus; L, lumen. Scale bars = 1 um.

acinar cells was detected in some unknown cytoplasmic
structure, we first used conventional electron microscopy
to determine its precise structure and then postembed-
ding immunoelectron microscopy to define the exact
location of LAT3. Conventional electron microscopy
showed the rod-shaped area to be crystalline structures
adjacent to the endoplasmic reticulum and the mitochon-
dria in the cytoplasm (Figure 6,A and B). Moreover, the
postembedding immunoelectron microscopy determined
LATS3 to be located in these crystalline structures as well
as in the endoplasmic reticulum (Figure 6, C and D).

Effect of Nutrient Starvation on LAT3 Expression

We used immunofluorescence and confocal microscopy
to determine whether any difference in the expression
level or distribution pattern of mouse LAT3 could be
induced by nutrient starvation. Before this experiment, to
confirm that energy deprivation distinctly occurs in the
mice starved for 24 hours, we examined sections of the
liver obtained from fed mice and starved ones by con-
ventional electron microscopy. As depicted in Figure 7A,
the glycogen granules in the hepatocytes of the starved
mice were drastically decreased in number compared
with those of the fed mice. In addition, the mitochondria
tended to have contracted to various degrees and dis-
played disrupted cristae, suggesting the actual existence
of a nutrient deficiency in their body. Under this starvation
condition, although there was no drastic change seen in
the distribution pattern of LAT3 in the liver, the immuno-
fluorescence intensity of this transporter in the plasma
membrane as well as in the cytoplasm was apparently

increased compared with that in the control (fed) mice
(Figure 7B). In addition, the immunofluorescence inten-
sity of LAT3 in the plasma membrane of skeletal muscle
cells was also increased by the nutrient starvation (Figure
7B). Finally, in the pancreas, nutrient starvation resulted
in an increased number of the rod-shaped LAT3-positive
structures in the acinar cells but did not induce its
appearance in the plasma membrane of these cells
(Figure 7B).

Next, we conducted RT-PCR and Western blot analysis
using these tissues from fed and starved mice to com-
pare the expression of LAT3 semiquantitatively at both
transcript and protein levels. As depicted in Figure 7C,
nutrient starvation apparently stimulated the mRNA ex-
pression of LAT3 in both the liver and the skeletal muscle
but not in the pancreas. Moreover, the starvation accel-
erated the production of LAT3 protein in the liver, as
evidenced by the apparent increase in the density of the
~58- and ~48-kd bands (Figure 7D). Nutrient starvation
also increased the amount of LAT3 protein (~48 kd) in
the skeletal muscle (Figure 7D); however, there was no
obvious change in the protein level of the ~48-kd form of
LAT3 in the starved pancreas (Figure 7D). Finally, we
examined RT-PCR with LAT1 and LAT2 using liver and
skeletal muscle to determine whether this increase of
LAT3 is specific for energy starvation. As illustrated in
Figure 7E, there was no drastic change like LAT3 of both
mRNA in starved liver and skeletal muscle compared with
fed one; only a slightly upward trend of LAT1 in starved
liver was visible.

Discussion

To date, four system L amino acid transporters, including
the recently cloned LAT4,'® have been identified at the
molecular level; however, little is yet known about their
protein character and functional property in vivo. The first
identified isoform was LAT1, the transcripts of which are
widely expressed in many nonepithelial cells such as
those in the lung, spleen, thymus, brain, placenta, skin,
liver, and testis, as well as in activated peripheral leuko-
cytes.?® However, despite its well-known expression in
many malignant cells,?"?? in normal tissues, the protein
has been shown to be distributed only in the plasma
membrane of vascular endothelial cells forming the
blood-brain barrier®®?* and of syncytiotrophoblastic cells
in the placenta.?® The second protein identified, LAT2, is
highly expressed in polarized cells such as those in the
small intestine and proximal tubules of the kidney,* 626
suggesting its crucial role in transepithelial amino acid
transport. Although the amino acid specificity and appar-
ent affinity are different between LAT1 and LAT2,%° both
transporters require the heavy chain of the 4F2 antigen
to express their functional property on the plasma
membrane.

We recently cloned a third Na*-independent system L
neutral amino acid transporter, LAT3, from a human
hepatocarcinoma cell line.® To specify the protein char-
acteristics of this molecule, and because its transcript
was identified to be prominently expressed in the liver,
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skeletal muscle, and pancreas by using human multiple
tissue Northern blots, in the present study, we focused on
the identification of the protein expression and the distri-
bution of its homologue in the same organs in mice. To
this end, we first cloned mouse LAT3 cDNA and showed
it to have 83% identity with human LAT3. The expression
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Figure 7. Effect of starvation on the expression of mouse LAT3. A:
Electron microscopy of mouse liver. Zymogen granules are prominently
decreased in number in association with mitochondrial shrinkage in the
liver of the starved mouse compared with their number and mitochondrial
appearance in the fed mouse, confirming actual energy depletion in the
mouse body. B: Immunofluorescence and confocal microscopy for detec-
tion of LAT3. The starvation-induced increased expression of LAT3 in the
cytoplasm and plasma membrane of the liver and in the plasma mem-
brane of the skeletal muscle is obvious when the starved mice are
compared with the fed ones. In the pancreas, the number of rod-shaped
LAT3-positive structures is greater in the starved mice than in the fed ones.
Scale bars = 50 um. C: Comparison of LAT3 mRNA expression between
fed and starved mice. Total RNA (1 pg) was subjected to RT-PCR for
mouse LAT3 and mouse B-actin. Starvation increased mRNA expression of
the liver and skeletal muscle, not of the pancreas. D: Comparison of LAT3
protein expression between fed and starved mice. Membrane fractions
from each tissue (10 ug of protein) were subjected to SDS-polyacrylamide
gel electrophoresis and Western blot analysis for LAT3. Starvation espe-
cially increased ~48-kd LAT3 in the liver and skeletal muscle, not in the
pancreas. E: Comparison of LAT1 and LAT2 mRNA expression between
fed and starved mice with liver and skeletal muscle. Total RNA (1 pg) was
subjected to RT-PCR as described in Materials and Methods. Starvation
slightly increased LAT1 mRNA expression of the liver, not of skeletal
muscle. There was no significant difference with LAT2.

experiments using Xenopus oocytes clearly demon-
strated that the mouse LAT3 predominantly transported
neutral amino acids such as L-leucine, L-isoleucine, L-
valine, and L-phenylalanine in a Na™-independent man-
ner, indicating that mouse LAT3 possessed the same
functional property as human LAT3.
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For immunohistochemistry, we generated specific an-
tibody by immunizing a rabbit with synthetic peptide
corresponding to amino acids 336 to 348 of mouse LAT3.
To assess the specificity of this antibody, we conducted
a preabsorption experiment with Western blot analysis by
using not only the immunogen peptide but also a shorter
peptide and the longer peptide compared with the im-
munogen peptide (see Materials and Methods). Overall,
although the strong ~28-kd band observed in all three
tissues was completely abolished by the predasorption
with the immunogen peptide or the longer one, this mo-
lecular weight seems to be too small compared with the
deduced molecular weight of 62.6 kd; thus, this band
most likely reflects a degradation product of LAT3. The
antibody also detected a ~48-kd immunoband, which
was found for all three tissues. Although it may still seem
small compared with the deduced molecular mass, this
immunoband possibly reflects the proper mouse LATS.
Indeed, it was earlier shown that the molecular mass of
mouse LAT2 is ~42 kd despite its deduced molecular
mass of 57.9 kd.® Moreover, human LAT1 is also under-
stood to be a ~38-kd protein despite its deduced mo-
lecular mass of 55.1 kd.?? The reason for this discrep-
ancy between the relative migration on SDS gels and the
deduced molecular weight in the LAT family needs to be
further investigated. Finally, a ~58-kd band was also
seen in the samples from both the liver and pancreas but
not in those from the skeletal muscle. However, it is not
likely that these ~58-kd bands are the same isoform in
these two tissues because in the liver this immunoband
was completely abolished by preabsorption of the anti-
body with the immunogen peptide or the longer one,
whereas that of the pancreas was not lost. Two-dimen-
sional electrophoresis followed by Western blot analysis
with LAT3 may solve this inconsistent result. Taken to-
gether, our data indicate that, excluding the degradation
product, the liver expresses two isoforms of LAT3, ie,
~58- and ~48-kd ones, and that both the skeletal muscle
and pancreas express only the ~48-kd form.

Using this specific antibody, the subcellular localiza-
tion of LAT3 in three tissues from the fed mice was
investigated. The results with the liver and skeletal mus-
cle seemed to be reasonable because the plasma
membrane localization in both tissues was apparent.
However, in pancreatic acinar cells, an unexpected
localization pattern of LAT3 was observed by light mi-
croscopy, in which the pattern of rod-shaped structures
predominated. To determine the nature of these struc-
tures, we performed electron microscopy on the pan-
creas of fed mice. Interestingly, specific crystalline-like
structures were found in the cytoplasm of the acinar cells.
These structures were most likely the so-called crystalline
inclusions reported to exist in many organs and many
species.?” Although the acinar cells of the rodent pan-
creas were also apparently shown to possess these
structures,?®2° their molecular nature has not yet been
elucidated. Our result showing the increased number of
LAT3-positive structures in the pancreatic acinar cells of
the starved mice suggests that this molecule may re-
spond to the alteration in the energy balance. However,
based on its nature of being found in crystal structures

not bound by the plasma membrane, the positive signal
of LAT3 in this structure is most likely an artifact due to
cross-reactivity. In addition, although the immunoelectron
microscopy clearly detected LAT3 signals in the pancre-
atic endoplasmic reticulum (ER), starvation did not in-
crease the expression level of MRNA and protein there,
indicating that LAT3 in the pancreas is not likely to be
involved in the overall response of the mouse body to
starvation.

We previously showed that a single injection of mouse
LAT3 cRNA was sufficient for the functional expression of
this isoform in Xenopus oocytes,® indicating that LAT3
does not require the N-glycoprotein 4F2hc to assemble to
the plasma membrane, unlike LAT1 and LAT2. Recently,
another new system L transporter, LAT4, has been iden-
tified by homology to LAT3." This isoform is an N-glyco-
sylated protein which was cleaved by glycosidase treat-
ment, suggesting no involvement of 4F2hc in expressing
its functional property on the plasma membrane. In con-
trast, although our ExPASy search showed that LAT3
contained the motifs for potential N- or O-glycosylation on
its amino acid sequence, it seems not to be a glycopro-
tein because we could not find any shifted migration of
LAT3 when the protein lysates from any of the tissues
were treated with N-glycosidase F and O-glycosidase
(data not shown). Therefore, we speculate that some
other type of post-translational modification may be in-
volved in the plasma membrane assembly of LAT3 in the
liver and skeletal muscle.

Substrate selectivity of LAT3 is distinct from that of
LAT1 and LAT2.2 LAT3 shows narrower substrate selec-
tivity than LAT1 and LAT2 and mainly transports BCAAs
and phenylalanine. BCAAs (leucine, isoleucine, and va-
line) are essential amino acids that serve as essential
substrates in the synthesis of proteins and represent the
major nitrogen source for glutamine and alanine synthe-
sis in the muscle. The importance of BCAAs as metabolic
fuel during the stressful situations of caloric deprivation
(starvation) and increased caloric need (exercise) has
been concluded from recent observations.3°~32 Under a
stressful situation, the first step in BCAA catabolism is
reversible transamination leading to the production of the
corresponding branched-chain keto acids (BCKAs),
which occurs mainly in skeletal muscle, a tissue having
high BCAA aminotransferase activity.®® Then BCKAs are
released into the bloodstream and taken up by different
tissues where they can be oxidized or used for the re-
synthesis of BCAAs. Several studies have shown that
synthesis of BCAAs from BCKAs is favorable in hepatic
tissue®*35; therefore, it is suggested that there is a cycle
of BCAA and BCKA transport between the muscle and
liver.®® In the present study, we determined that starva-
tion increased the protein expression of LAT3 in the he-
patic cells and muscle cells. Based on the functional
property of LAT3, in which transport of BCAAs is electro-
neutral and mediated by facilitated diffusion,® we spec-
ulate the mechanism underlying the functional role of
LAT3 in the liver and skeletal muscle to be as follows:
first, starvation causes an energy-deficient status in the
body, where glycogen is immediately used for glucose
production in the liver as a compensatory response. This



was clearly confirmed by the drastic decrease in the
content of glycogen granules in the hepatic cells, as was
observed by electron microscopy. Together with this, an
increase in proteolysis in skeletal muscle occurs, result-
ing in the accelerated catabolism of BCAAs to BCKAs,
which is accompanied by glutamine and alanine synthe-
sis. Then, in the liver, alanine is used as an important
precursor for gluconeogenesis. Concurrently, BCKAs ex-
creted from the skeletal muscle is taken up in the liver,
where BCAAs are re-synthesized from BCKAs more than
in the fed situation. This increased production of BCAAs
in the liver might induce up-regulation of LAT3 to excrete
BCAAs into the bloodstream via facilitated diffusion. In-
deed, it is known that the concentration of BCAAs in the
blood is increased during starvation in humans®”~4° and
rats.*"*2 In addition, in the isolated perfusion-liver model,
starvation accelerates the excretion of BCAAs from the
liver into the bloodstream.*? Moreover, when the amino
acid concentrations are compared between the portal
vein and hepatic vein during starvation, most amino acids
flow from the extrahepatic tissue to liver, whereas BCAAs
flow in the opposite direction.*® In addition, it is well
known that BCAAs are also released by the skeletal
muscle itself and that their level is increased twofold by
starvation.*%** These facts and the up-regulation of LAT3
protein in the plasma membrane observed in the present
study suggest that LAT3 may directly transport BCAAs
from the cytoplasm of the hepatic cells and muscle cells
into the bloodstream under the starvation condition, re-
sulting in the essential supply of BCAAs to other energy-
depleted organs such as the brain. It is important to know
whether the increase of LAT3 in liver and skeletal muscle
is specific for energy deprivation. We noticed that only
LAT1 mRNA from starved liver was shown to slightly
increase compared with that from fed liver. However,
whether LAT1 protein could indeed exist and function in
liver remains unclear. Because the size of the LAT1 tran-
script was revealed to be shorter than the other tissues
like brain and placenta, the further protein work should be
examined to solve its real function under energy starva-
tion condition.*® Finally, the meaning of the existence of
LAT3 in the pancreas is still unknown. Our result revealed
that LAT3 of the pancreas might not function at least after
birth even under starved situation. Because several
amino acid transporters such as SNAT146 and ASC1%"
have been identified at the protein level, the potential role
of these molecules in the pancreas under the nutrient-
starved condition should be further studied.
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