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Abstract

Although accumulating evidence suggests that phosphatidylinositol 3-kinase (PI3K) is a common signaling
molecule for growth factor-induced amino acid uptake by the cell, the role of PI3K in the uptake of different amino
acids was not tested under the same conditions. In this study, we asked whether PI3K mediates platelet-derived growth
factor (PDGF)- stimulated uptake of different amino acids that are taken up through 3 major amino acid transporters
expressed in rat vascular smooth muscle cells and other cell types and whether PI3K mediates amino acid uptake
stimulated with different growth factors and vasoactive substances. PDGF increased the uptake of [3H] leucine, [3H]
proline, and [3H] arginine in a dose- and time-dependent fashion. Two different PI3K inhibitors, wortmannin (100
nmol/L) and LY294002 (10 ymol/L), completely inhibited the amino acid uptake stimulated by PDGF. Chinese hamster
ovary cells expressing both PDGF receptor-f3 and a dominant-negative PI3K did not increase their leucine uptake when
stimulated with PDGF, whereas the same cells expressing only PDGF receptor-g did. Transforming growth factor-g,
as well as insulin-like growth factor-l and angiotensin I, increased leucine uptake by vascular smooth muscle cells.
Wortmannin and LY294002 inhibited this increase. We also found that transforming growth factor-f stimulated PI3K
activity and the phosphorylation of Akt, a downstream signaling molecule of PI3K. A similar effect of PI3K inhibitors
on amino acid uptake was observed in Swiss 3T3 cells. We conclude that PI3K mediates the uptake of different
amino acids by vascular smooth muscle cells and other cell types stimulated with a variety of growth factors, including
transforming growth factor-B. Our findings suggest that PI3K may play an important role in vascular pathophysiology

by regulating amino acid uptake.
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Introduction

Involvement of phosphatidylinositol 3-kinse (PI3K) in amino acid
uptake has been reported with different cell types and growth factors:
insulin-stimulated uptake of a-aminoisobutyric acid in VSMCs and
skeletal muscle, uptake of a-aminoisobutyric acid and leucine in mouse
3T3 fibroblasts; uptake of methyl a-aminoisobutyric acid in 3T3-L1
adipocytes; and PDGF-induced uptake of leucine in Swiss 3T3 cells.
These studies suggest that PI3K is a common signaling molecule in the
uptake of various amino acids by various cell types. However, these
studies were performed under different conditions with different cell
types, and the notion was never tested in a single cell type. In this study,
we asked whether PI3K is a common signaling molecule for the uptake
of amino acids through different transporters expressed in VSMCs and
Swiss 3T3 cells and whether PI3K is a common signaling molecule for
different stimuli of amino acid uptake in these cells [1].

PDGF Stimulates VSMC Uptake of 3 Different Amino
Acids through PI3K

PDGEF-BB significantly stimulated the uptake by VSMCs of leucine,
arginine, and proline, which are mainly taken up by system L, CAT, and
system A, respectively (Figure 1). The time course and dose dependency
were similar to those reported previously by others.16 The amino acid
uptake by PDGF-stimulated VSMCs reached a plateau at 4 hours, with
maximum values of a 1.4-fold increase over controls forleucine, 1.7-
fold for arginine, and 1.8-fold for proline (Figure 1). The uptake of all
amino acids was stimulated with 1 to5 ng/mL PDGF-BB, and higher
concentrations did not furtherincrease the uptake. A similar increase
was observed in Swiss 3T3 cells (data not shown).

Wortmannin (100 nmol/L) and LY294002 (10 pmol/L), 2
inhibitors of PI3K with different modes of action, completelyinhibited

uptake of the 3 amino acids in both VSMCs (Figure2A) and Swiss 3T3
cells (Figure 2B) at concentrations sufficient to inhibit PI3K activity in
these cells, indicating that PI3K mediates amino acid uptake through
different amino acid transporting systems [2].

CHO Cells Expressing PDGFR and a Dominant-
Negative Subunit of PI3K

To rule out the possibility that the above findings were due to
nonspecific effects of the inhibitors, we prepared CHO cells expressing
PDGFR-B and a dominant-negative p85 subunitof PI3K, and studied
the effect of PI3K suppression on PDGF-induced leucine uptake.
A stable cell line of CHO cells expressing PDGFR-B alone (CHO/
PDGFR) and CHO cells expressing both PDGFR-p and a dominant-
negative p85 subunit of PI3K (CHO/PDGFR/Ap85) had functional
PDGFR-B; PDGE-BB tyrosine-phosphorylated PDGFR-f and activated
phospholipase C-y, a downstream signal, in these cells. The Ap85
subunit co-transfected with PDGFR-P effectively inhibited the PDGF-
induced activation of PI3K; the p110 subunit became associated with
PDGFR in CHO/PDGFR cells, whereas it did not in CHO/PDGFR/
Ap85 cells. PI3K activity measured with PI as the substrate was sup-
pressed in CHO/PDGFR/Ap85 cells to <5% of that in CHO/PDGFR
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cells. PDGF-BB did not stimulate leucine uptake in CHO/PDGFR/
Ap85 cells but stimulated it in CHO/PDGER cells in a dose-dependent
fashion, confirming the findings obtained with the inhibitors [3].

Discussion

An important finding of the current study is that PI3K is a common
signaling molecule that transmits the stimulus from the growth factor
receptor to different amino acid transport systems. Different amino
acids are taken up through differentamino acid transporters that are
regulated differently and have been implicated in different biological
consequences. Leucine is mainly taken up by VSMCs through the
system L amino acid transporter, which is 1 of the ubiquitous trans-
porters regulated partly by nonhormonal mechanisms and that plays
a role in general protein synthesis in VSMCs. Arginineis taken up
by VSMCs through 2 subtypes of a CAT, CAT-1 and CAT-2B. This
transporter activity is important in poly- amine synthesis required for
PDGF-induced mitogenesis andin providing arginine to NO synthase
located at the caveolae. In mammals, proline is taken up through system
A, another ubiquitous transporter serving for most bipolar aminoacids
[4-7]. Previous reports from our laboratory and others have indicated
that PI3K plays an important role in amino acid uptake through an
individual transport system. However, the uptake of different amino
acids was tested with different cell types but was never compared in any
single cell type. Neither had a role for PI3K in amino acid transport
through CAT been documented. The current study demonstrates
that PI3K is indispensable for the stimulation of different amino
acid transport systems, including CAT. Because previousstudies had
indicated that amino acid uptake is important for cellular proliferation,
vascular hypertrophy, vascular re- modeling, and regulation of vascular
tone, PI3K may be a key enzyme in a wide range of VSMC functions

(8].

Another important finding is that different growth factors and
vasoactive substances share PI3K as a common signalingmolecule in
their stimulation of amino acid uptake. PDGF and IGF-I have receptors
coupled with tyrosine kinases and transmit their signal through
tyrosine phosphorylation of signaling molecules that have srchomology
domains in them. TGF-P transmits its signal through non-tyrosine
kinase-type receptors and through unique signaling molecules, such
as SMAD and TAK1 (TGF-B-activated kinase-1). Ang II transmits its
signal through receptors coupled with G proteins and protein kinase
C. Despite all of these differences in signal transduction, amino acid
uptake with different stimuli was blocked by the PI3K inhibitors [9].
The roleof PI3K in amino acid uptake is not limited to VSMCs but also
occurs in other cell types, such as Swiss 3T3 and CHO cells (Figure 2).

These conclusions were based on experiments with both PI3K
inhibitors and with CHO cells expressing a dominant- negative PI3K.
Wortmannin, a noncompetitive and irreversible inhibitor of PI3K,
and LY294002, a competitive inhibitor, have been used to inhibit PI3K
activity in various cells and to study the physiological role of PI3K. Both
compoundsinhibit PI3K activity of the purified enzyme and in cultured
cells at 100 nmol/L, a concentration insufficient to inhibit phospholipase
A, or myosin light-chain kinase. To furtherrule out the possibility that
the inhibition of amino acid uptake was due to nonspecific effects of
the inhibitors, we prepared CHO cells expressing both PDGFR-f and
a dominant-negative PI3K. These cells expressed more PDGFR and
responded more to PDGF than did the CHO/Ap85 cells that we had
reported previously. The amount of PDGFR protein and the tyrosine
phosphorylation of PDGFR and phospholipase C-y are comparable
between CHO/PDGFR/ Ap85 and CHO/PDGFR. PI3K activation and
leucine uptake were completely suppressed in CHO/PDGFR/Ap85

cells, confirming the findings obtained with the inhibitors [10].

Although PDGFR and insulin receptor substrate-1 (IRS-I), a
downstream signaling molecule of the IGF-I receptor, directly bind
to PI3K and increase its activity, it is not clear how the receptors for
Ang II and TGF-f stimulate PI3K activity. Ang II increases tyrosine
phosphorylation of IRS-I and the subsequent association of IRS-I and
PI3K in the rat heart. However, Ang II does not increase PI3K activity
in that model. Recently, it was revealed that Ang IT phosphorylates and
activates growth factor receptors, such as the receptor for epidermal
growth factor.30 Ang IT may activate PI3K indirectly by activating other
growth factor receptors as well [11-13].

So far as we are aware, this is the first report showing that TGF-f
increases PI3K activity. TGF-{ increased PI3K activity in anti-PI3K
immune precipitates by 20%. This rather small increase is similar to
that obtained with PDGF stimulation and reflects a large pool of PI3K
that is unaffected by a single growth factor.31 TGF-f did not increase
PI3K activity in the anti-phosphotyrosine immunoprecipitate, whereas
PDGEF increased it 20-fold, suggesting that PI3K activation with TGF-$
is not mediated by tyrosine phosphorylation. Because we could not
immunoprecipitate PI3K with an anti-TGF-p type II receptor, TGF-f
may stimulate PI3K indirectly. Activation of PI3K by TGF-p was
further substantiated by phosphorylation of a downstream signaling
molecule of PI3K, Akt, which is phosphorylated at serine 473 by PI
3,4-bisphosphate, a product of activated PI3K [14].

In summary, we report that PI3K is necessary for the uptake of
different amino acids stimulated with various growth factors. PI3K
activity may therefore affect various aspects of VSMC functions through
amino acid uptake [15].
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