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ABSTRACT

Platelet-derived growth factor (PDGF) contributes to vascular disease by stimulating the growth
of vascular smooth muscle cells (SMCs). Since amino acids are required for cell growth, the
present study examined the effect of PDGF on system L amino acid transport, which is the
predominant cellular pathway for the uptake of essential amino acids. System L amino acid
transport was monitored by measuring the uptake of L-leucine. Treatment of SMCs with PDGF
stimulated L-leucine transport in a concentration- and time-dependent manner, and this was
associated with a selective increase in LAT1 mRNA and protein. PDGF failed to induce the
expression of the other system L transport proteins, LAT2 and the heavy chain of the 4F2 cell
surface antigen. The induction of LAT1 by PDGF was dependent on de novo RNA and protein
synthesis and on mTOR activity. Serum, thrombin, and angiotensin II likewise stimulated L-
leucine transport by inducing LAT1 expression. Inhibition of system L amino acid transport by
the model substrate 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid blocked growth factor-
mediated SMC proliferation and induced SMC apoptosis, whereas it had no effect on quiescent
cells. These results demonstrate that growth factors stimulate system L amino acid transport by
inducing LAT1 gene expression and that system L amino acid transport is essential for SMC
proliferation and survival. The capacity of vascular mitogens to induce LATI1 expression may
represent a basic mechanism by which these agents promote cell growth and provide a novel
therapeutic target for treatment of vasculoproliferative disorders.
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branched-chain or aromatic neutral amino acids (1). It is the major route by which

mammalian cells take up nutritionally essential amino acids from extracellular fluids.
System L amino acid transport plays a critical role in the absorption of amino acids by the
intestine, kidney, and placenta, and is essential for the permeation of amino acids through the
blood—brain barrier (1). This transport system is distinguished from other amino acid carriers by
its ability to transport the model substrate 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid
(BCH) (1). Recently, the genes encoding the proteins responsible for system L amino acid
transport have been cloned. In 1998, two groups independently identified LAT1 as the first
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member of the system L amino acid transporter family (2, 3). Subsequently, a second member of
this transporter family was cloned and designated LAT2 (4-7). Interestingly, both proteins
require their covalent association with the heavy chain of 4F2 cell surface antigen (4F2hc) for
their functional expression in the plasma membrane (2—7). LATI is widely expressed in
nonepithelial cells and is found in high concentration in activated T-cells and neoplastic cells (2,
8, 9). LAT-1 mediates the uptake of large neutral amino acids with K, values in the micromolar
range. In contrast, LAT2 is found primarily in polarized epithelia and mediates the uptake of
both large and small neutral amino acids (4—7). In addition, the affinity of LAT2 for all
substrates is several fold lower compared with LAT1 (4-7). Presently, little is known regarding
the expression and function of these transport proteins in vascular SMCs.

Platelet-derived growth factor (PDGF) is a cationic peptide that is secreted by platelets,
macrophages, and vascular cells at sites of inflammation or vascular damage (10). PDGF
stimulates SMC proliferation and migration, and has been implicated in the vascular response to
injury and in the pathogenesis of atherosclerosis and hypertension (10—12). Because the
availability of essential amino acids is required for cell growth, the present study examined the
effect of PDGF on system L amino acid transport. We now report that SMCs specifically express
LATI1 and 4F2hc and that PDGF as well as other growth factors stimulate system L amino acid
transport by selectively inducing the expression of the LAT1 gene. In addition, we demonstrate
that growth factor-mediated SMC proliferation and survival is dependent on system L amino
acid transport. The ability of PDGF to stimulate LAT1 gene expression may represent a critical
mechanism by which vascular mitogens provide SMCs with the necessary levels of essential
amino acids required for cell growth.

MATERIALS AND METHODS
Materials

Collagenase, elastase, sodium dodecyl sulfate (SDS), Tris, Tes, Hepes, albumin, L-leucine, L-
glutamine, BCH, cycloheximide, angiotensin I, rapamycin, thrombin, and a polyclonal B-actin
antibody were from Sigma Chemical (St. Louis, MO); minimum essential medium, penicillin,
streptomycin, and serum were from GIBCO BRL (Rockville, MD); PDGF was from
Calbiochem-Novabiochem (La Jolla, CA); bicinchoninic acid protein assay was from Pierce
(Rockford, IL); PD98059, SB203580, and SP600125 were from EMD Biosciences (San Diego,
CA); wortmannin and LY294002 were from Alexis Biochemicals (San Diego, CA); a polyclonal
LAT1 antibody was from Serotec Incorporated (Raleigh, NC); a polyclonal 4F2hc antibody was
from Santa Cruz Biotechnology (Santa Cruz, CA); [*H]thymidine (90 Ci/mmol) was from NEN-
Dupont (Boston, MA); [4,5-"H]L-leucine (68 Ci/mmol) and [a-**P]dCTP (3,000 Ci/mmol) was
from Amersham Life Sciences (Arlington Heights, IL).

Cell culture

SMCs were isolated by elastase and collagenase digestion of rat thoracic aorta and characterized
by morphological and immunological criteria (13). Cells were cultured serially in minimum
essential medium containing 10% serum, Earle’s salts, 5.6 mM glucose, 2 mM L-glutamine, 5
mM Tes, 5 mM Hepes, 100 U/ml penicillin, and 100 U/ml streptomycin.



System L amino acid transport

System L amino acid transport was determined by measuring the influx of radiolabeled L-leucine
into SMCs (2-7). Cells were washed with HEPES buffer (5 mM KCI, 0.9 mM CaCl,, 1 mM
MgCl,, 5.6 mM glucose, and 25 mM HEPES, pH 7.4) containing either 140 mM NaCl or choline
chloride. Influx of [*H]L-leucine was determined by measuring cell-associated radioactivity after
an appropriate period of incubation. Transport assays were performed in HEPES buffer
containing 50 pM [*H]L-leucine (1 puCi). Transport activity was terminated by aspirating the
medium and washing the cells rapidly with ice-cold Hepes buffer. Cells were allowed to dry and
then solubilized by the addition of 0.2% SDS in 0.2 M NaOH. Extracts were collected and
radioactivity monitored by liquid scintillation counting. Protein in the extracts was measured
using the bicinchoninic acid method with bovine serum albumin as the standard. To correct for
nonspecific uptake, cells were incubated in parallel with HEPES buffer containing 10 mM
unlabeled L-leucine. The fraction of the radioactivity in the cells was then determined and
subtracted from each data point.

mRNA analysis

LAT and 4F2hc ¢cDNA fragments were generated from vascular SMCs by RT-PCR using
primers designed according to the published sequence of the rat LAT and 4F2hc gene products
(2, 6, 14). The forward 5'-GCTGTGGATTTTGGGAACTACC-3' and reverse 5'-
CCACACACAGCCAGTTGAAGAA-3" primers were used to amplify a 291-bp LATI
transcript, and the forward 5-GCTGGAAGAAGCCTGACATC-3" and reverse 5'-
TTGGGTTTGTGTTGCCAGTA-3' primers were used to amplify a 193-bp LAT2 transcript. In
addition, the forward 5-CGAAGTGGACATGAAAGATGTGG-3' and reverse 5'-
AAACTAGGCCCTTCACCTTCAG-3' primers were used to amplify a 445-bp 4F2hc fragment.
The ¢cDNA was amplified in a reaction mixture containing 2.5 mM MgCl,, 0.2 mM of each
nucleoside triphosphate (dATP, dTTP, dGTP, and dCTP), LAT or 4F2hc primers (50 pmol each)
and Tag DNA polymerase (2.5 units/ml) in standard reaction buffer. Amplification consisted of
30 cycles of PCR [30 s at 94°C for denaturing, 30 s at 60°C for annealing, and 60 s at 72°C for
elongation followed by a final 10 min at 72°C]. Products of PCR amplification were resolved by
agarose gel electrophoresis, stained with ethidium bromide, visualized on a UV transilluminator,
and photographed. Products of expected sizes were subcloned into pCRII plasmids (Invitrogen,
San Diego, CA) and sequenced to confirm their identities.

LAT and 4F2hc mRNA levels were determined by Northern blotting. Total RNA (30 pg) was
loaded on 1.2% agarose gels and fractionated by electrophoresis. RNA was blot transferred to
Gene Screen Plus membranes and prehybridized for 4 h at 68°C in hybridization buffer (rapid-
hyb buffer, Amersham, Arlington Heights, IL). Membranes were hybridized overnight at 68°C in
hybridization buffer containing [*’P]DNA probes (1 x 10® cpm) for LAT1, LAT2, 4F2hc, and
GAPDH. DNA probes were labeled with [o-*P]dCTP using a random priming kit (Amersham,
Arlington Heights, IL). After hybridization, membranes were washed sequentially with 2 x SSC
(1 x SSC 1s 0.15 mM NaCl plus 0.015 mM sodium citrate)/0.1% SDS at 68°C for 20 min, and
twice with 0.1 x SSC/0.1% SDS at 68°C for 20 min. Membranes were then exposed to X-ray
film at —70°C in the presence of intensifying screens. mRNA levels were quantified by scanning
densitometry and normalized with respect to GAPDH.



Protein analysis

SMCs were lysed in electrophoresis buffer (125 mM Tris, 12.5% glycerol, 2% SDS, and 1 mM
dithiothreitol, pH 6.8), boiled, and sonicated. The lysate was centrifuged at 14,000 x g for 15 min
at 4°C, the supernatant collected, and SDS-PAGE performed. The separated blots were
electrophoretically transferred to nitrocellulose membranes and blocked overnight at 4°C in PBS
containing Tween 20 (0.01%) and nonfat milk (5%). Blots were then incubated with either the
LAT1 (1:200), 4F2hc (1:500), or B-actin (1:500) antibody for one hour. Membranes were then
washed in PBS and incubated for one hour with horseradish peroxidase-conjugated goat anti-
rabbit (1:2000) or rabbit anti-goat (1:2,500) antibody. After further washing with PBS, blots
were developed using the ECL method (Amersham, Arlington Heights, IL).

Cell proliferation

SMCs were seeded at a density of 2.5 x 10* cells per well in 12-well plates in serum (10%)-
containing media. After 24 h, culture media were exchanged for serum-free media, and SMCs
were incubated for an additional 48 h. SMCs were then treated with PDGF or serum in the
presence or absence of BCH. Media with appropriate additions were replenished every second
day. Cell number determinations were performed after 4 days of treatment by dissociating cells
with trypsin (0.025%)/EDTA (1 mM) and counting them in a calibrated Coulter Counter (model
ZF, Coulter Electronics, Hialeah, FL).

DNA synthesis

Quiescent SMCs were treated with PDGF or serum in the presence or absence of BCH for 20 h
and then [3H]thyrnidine (1 pCi/ml) was added and cells incubated for an additional 4 h. For
[*H]thymidine incorporation, SMCs were washed 3 times with ice-cold PBS, fixed with 10%
trichloracetic acid for 30 min at 4°C, and DNA extracted with 0.2% SDS/0.2 N NaOH.
Radioactivity was determined by scintillation spectrophotometry.

Apoptosis

Apoptosis was monitored by measuring DNA fragmentation and caspase-3 activation, as
described previously (15). For DNA laddering, SMCs were lysed in Tris buffer (50 mM Tris (pH
7.4), 10 mM EDTA, 0.5% Triton X-100) and the lysate centrifuged at 13,000 x g for 30 min at
4°C. The supernatant was collected, treated with RNase A (50 pug/ml) for 1 h at 37°C, and then
incubated with proteinase K (100 pg/ml) and SDS (0.5%) for 3 h at 50°C. DNA was extracted
and loaded onto 2% agarose gels containing ethidium bromide. Electrophoresis was performed
for 30 min at 100 V and photographed under UV illumination. Caspase-3 activity was measured
using a colorimetric assay by Clontech (Palo Alto, CA), which monitors the cleavage of the p-
nitroanilide-conjugated caspase 3 substrate, DEVD. SMCs were suspended in lysis buffer (50
mM Hepes (pH 7.5), 10% sucrose, 0.1% Triton X-100) on ice for 10 min and then centrifuged at
13,000 x g for 5 min at 4°C. Supernatants were collected, incubated with 50 uM of DEVD, and
absorbance measured at 405 nm using a pQuant spectrophotometer (Bio-Tek, Instruments,
Winooski, VT).



Statistical analysis

Results are expressed as the means = SEM. Statistical analysis was performed with the use of a
Student’s two-tailed ¢ test and ANOVA when more than two treatments were compared. A P
value less than 0.05 was considered to be statistically significant.

RESULTS

Specific transport of [*’H]L-leucine was time-dependent and showed linearity for ~2 min (Fig.
14). Substitution of sodium in the uptake buffer with choline at equimolar concentrations had no
effect on the uptake of L-leucine, indicating that transport into these cells was independent of
extracellular sodium (Fig. 1B). Incubation of SMCs with the model substrate for the system L
amino acid transporter, BCH, completely inhibited the uptake of L-leucine (Fig. 1C). In contrast,
preloading vascular SMCs with L-leucine (10 mM) or L-phenylalanine (10 mM) for 3 h
stimulated the rate of L-leucine uptake by approximately twofold (data not shown). The sodium-
independence, inhibition by BCH, and trans-stimulation demonstrates that system L amino acid
transport mediates the uptake of L-leucine by vascular SMCs. In all subsequent experiments, L-
leucine uptake was measured over a time period of 1 min using choline-containing buffer.

Treatment of vascular SMCs with PDGF for 24 h stimulated the transport of L-leucine in a
concentration-dependent manner (Fig. 24). Time-course studies demonstrated that PDGF had a
biphasic effect on L-leucine transport (Fig. 2B). Initially, PDGF inhibited the transport of L-
leucine, but by 6 h of PDGF treatment, a significant rise in L-leucine uptake was observed, and
this was further increased following 24 h of treatment (Fig. 2B). In subsequent kinetic studies,
saturable uptake of radiolabeled L-leucine (20-2000 uM) was measured. Figure 3 shows a
representative Eadie-Hofstee plot, demonstrating that saturable, high-affinity uptake of L-leucine
by vascular SMCs was mediated by a single carrier. Data from several experiments (n=0)
indicate that this transporter had a Michaelis constant (K;,) of 98 £ 5 uM and a maximum
transport velocity (Vimax) of 4028 &+ 522 pmol/mg protein/min. Treatment of vascular SMCs with
PDGF (30 ng/ml) for 24 h had no effect on the K, (106 = 8 uM) but it significantly (P<0.05)
increased the Viax (96724220 pmol/mg protein/min) of L-leucine transport. The increase in Viax
of L-leucine transport by PDGF was completely abolished by cycloheximide (5 pg/ml) (data not
shown).

RT-PCR identified cDNA encoding LATI1, LAT2, and 4F2hc; however, the LAT2 band was
extremely faint (Fig. 44). Alterations in PCR conditions or the use of alternative primer pairs
likewise yielded faint LAT2 bands (data not shown). Northern blotting demonstrated that PDGF
stimulated the expression of LAT1 mRNA in a time-dependent manner (Fig. 48 and C). An
increase in LAT1 message was observed following 2 h of PDGF exposure which persisted for 8
h before returning back to basal levels at 24 h. In contrast, PDGF failed to stimulate the
expression of 4F2hc mRNA (Fig. 4B and C). Northern blotting failed to detect LAT2 mRNA
expression in control cells or in cells exposed to PDGF (data not shown). Western blotting
revealed that PDGF selectively stimulated the expression of LAT1 protein but had no effect on
the expression of 4F2hc protein (Fig. 4D).

The induction of LAT1 mRNA by PDGF was dependent on de novo protein and DNA synthesis
since it was prevented by cycloheximide and actinomycin D (Fig. 54). However, the PDGF-



mediated elevation of LAT1 message was unaffected by the ERK kinase inhibitor PD98059, the
p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580, or the JNK kinase inhibitor
SP600125 (data not shown). Similarly, the phosphatidlyinositol-3-kinase inhibitors wortmannin
and LY2942002 failed to block the induction of LAT1 (data not shown). Since the mammalian
target of rapamycin (mTOR) participates in mitogen-signaling pathways and has been shown to
promote amino acid transport, the role of this kinase was also investigated (16, 17). Treatment of
vascular SMC with the specific mTOR inhibitor rapamycin (18) potently inhibited LAT1 mRNA

expression (Fig. 5B).

Treatment of vascular SMCs with other vascular mitogens, including serum, thrombin, or
angiotensin II for 24 h also evoked a significant increase in L-leucine transport, with serum being
the most potent inducer of L-leucine uptake (Fig. 64). As observed with PDGF, the increase in
transport activity by these growth factors was associated with a selective increase in LATI
mRNA without any change in 4F2hc message (Fig. 6B). The degree of LAT1 mRNA induction
by the various growth factors paralleled their capacity to augment L-leucine transport (Fig. 64,
B, and O).

Finally, treatment of quiescent vascular SMC with PDGF or serum for 4 days stimulated a
significant increase in cell number that was inhibited by BCH in a concentration-dependent
manner (Fig. 74 and B). In contrast, BCH had no effect on the number of quiescent cells (Fig. 74
and B). In addition, BCH failed to modulate DNA synthesis either in the presence (Fig. 7C and
D) or absence (data not shown) of growth factors. However, BCH induced rounding and
blebbing of PDGF- or serum-treated SMCs (data not shown), and this was associated with
pronounced DNA fragmentation (Fig. 7F) and an approximate twofold increase in caspase-3
activity (Fig. 7F). The induction of DNA laddering and caspase-3 activation by BCH was
concentration-dependent and was not observed in the absence of growth factors (Fig. 7F and F).

DISCUSSION

In the present study, we demonstrated that L-leucine transport by vascular SMCs is mediated via
the classical system L amino acid transporter. RT-PCR identified mRNA for LAT1, LAT2, and
4F2hc in vascular SMCs. However, the expression of LAT?2 is faint and could not be detected by
Northern blotting. In addition, kinetic studies revealed that the uptake of L-leucine by SMCs is
mediated by a single high affinity (K, ~100 uM) carrier. This is consistent with an earlier study
(19) and suggests that SMC L-leucine transport is primarily mediated by the LATI1-4F2hc
complex.

Treatment of vascular SMCs with growth factors, including PDGF, serum, thrombin or
angiotensin II, stimulates the transport of L-leucine. Increases in L-leucine uptake by PDGF is
both time- and concentration-dependent. Kinetic studies indicate that PDGF selectively increases
the Vmax Without affecting the K, of this transport system. These kinetic data suggest that growth
factor-induced increases in L-leucine transport probably arises from the de novo synthesis of
additional transport proteins. In support of this hypothesis, we found that cycloheximide blocks
the PDGF-induced increase in V.. Moreover, we observed that PDGF stimulates LAT1 mRNA
and protein expression. The induction of LAT1 by PDGF is dependent on de novo protein and
DNA synthesis, and on the activity of mTOR. This latter finding is consistent with recent studies
demonstrating that mTOR plays a central role in controlling amino acid transport (16).



In addition, we found that the magnitude of LAT1 induction parallels the increase in L-leucine
transport. However, the increase in LAT1 message precedes the increase in L-leucine transport
and LATI1 transcripts decay to near basal levels by 24 h when transport activity is maximally
increased. This dissociation between LAT1 mRNA levels and transport activity likely reflects
the time required for the translation and trafficking of the LAT1 protein to the plasma membrane
to yield a functional transporter. Interestingly, PDGF mediates an inhibition of L-leucine
transport after two hours of treatment. A similar inhibitory effect by PDGF on cationic amino
acid transport is also observed and may be related to an early decrease in the affinity of the
transporter for its substrate (20).

System L amino acid transport requires the association of LAT with 4F2hc. In both T-cells and
trophoblasts, increases in system L amino acid transport involves the coordinate induction of
both LAT1 and 4F2hc mRNA expression (21, 22). In contrast, the adaptive increase in system L
amino acid transport in response to L-arginine depletion is associated with the selective up-
regulation of message for LAT1 in hepatocytes (23). Similarly, we found that the selective
induction of LAT]1 is sufficient to elevate system L transport in vascular SMCs. Cell-specific
effects are also observed following the gene transfer of LAT1. Although overexpression of
LAT]I is sufficient to increase system L amino acid transport in hepatocytes, it has no effect in
fibroblasts (24). It is likely that the cellular ratio of LAT1/4F2hc determines whether induction
of one or both proteins is required to elicit an increase in transport activity. In this respect, we
found that the protein level of LAT1 is substantially lower than 4F2hc in SMCs and this may
explain why an increase in only LAT1 expression is sufficient to elevate transport activity in
these cells.

Recent studies suggest that LAT1 may play an important role in cell growth. LAT1 is highly
expressed in proliferating tissues and in many tumors (8, 23, 25, 26). Moreover, overexpression
of LATI in hepatocytes enhances their growth (24). In the present study, we found that growth
factors are potent inducers of LAT1 in vascular SMCs. Moreover, the relative induction of LATI
by growth factors correlates with their proliferative capacity, with serum being the most potent
LAT!1 inducer and mitogen. In addition, we observed that inhibition of LAT1 activity by BCH
markedly inhibits the proliferation of vascular SMCs. The decrease in SMC proliferation by
BCH is independent of any effects on DNA synthesis but is associated with a significant increase
in the rate of SMC apoptosis, as reflected by cell morphology, DNA laddering, and caspase-3
activation. These results indicate that BCH blocks the proliferation of vascular SMCs by
stimulating programmed cell death. Thus, LAT1 may play a fundamental role in promoting SMC
growth and survival by providing cells with the necessary levels of essential amino acids.
Interestingly, the induction of apoptosis following LAT1 inhibition is specific for proliferating
vascular SMCs. BCH has no effect on the viability of quiescent SMCs. Because SMC
proliferation is extremely low or absent in healthy blood vessels but prevalent at sites of vascular
injury (27, 28), inhibition of LATI1 activity may provide a highly selective approach in
preventing the accumulation of SMCs in vascular lesions. Thus, pharmacologic or genetic
strategies that target specific amino acid transport proteins may offer a promising novel
therapeutic modality in treating occlusive vascular disease, as well as other proliferative
disorders.

In conclusion, these studies demonstrate that the transport of L-leucine by vascular SMCs is
mediated via the LATI-4F2hc complex and that PDGF stimulates L-leucine uptake by



selectively inducing the expression of LAT1 via an mTOR-dependent pathway. In addition, they
show that LAT1 plays a critical role in promoting SMC growth and survival. LAT1 represents a
potentially new therapeutic target for treating vasculoproliferative disorders.
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