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Abstract
We previously found that selective restriction of amino acids inhibits invasion of two androgen-
independent human prostate cancer cell lines, DU145 and PC3. Here we show that the restriction
of tyrosine (Tyr) and phenylalanine (Phe), methionine (Met) or glutamine (Gln) modulates the
activity of G proteins and affects the balance between two actin-binding proteins, cofilin and
profilin, in these two cell lines. Selective amino acid restriction differentially reduces G protein
binding to GTP in DU145 cells. Tyr/Phe deprivation reduces the amount of Rho-GTP and Rac1-
GTP. Met deprivation reduces the amount of Ras-GTP and Rho-GTP, and Gln deprivation
decreases Ras-GTP, Rac-GTP, and Cdc42-GTP. Restriction of these amino acids increases the
amount of profilin, cofilin and phosphorylation of cofilin-Ser3. Increased PAK1 expression and
phosphorylation of PAK1-Thr423, and Ser199/204 are consistent with the increased phosphorylation
of LIMK1-Thr508. In PC3 cells, Tyr/Phe or Gln deprivation reduces the amount of Ras-GTP, and
all of the examined amino acid restrictions reduce the amount of profilin. PAK1, LIMK1 and
cofilin are not significantly altered. These data reveal that specific amino acid deprivation
differentially affects actin dynamics in DU145 and PC3. Modulation on Rho, Rac, PAK1, and
LIMK1 likely alter the balance between cofilin and profilin in DU145 cells. In contrast, profilin is
inhibited in PC3 cells. These effects modulate directionality and motility to inhibit invasion.

The relative specific amino acid dependency is one of the metabolic abnormalities of
malignant cells including prostate cancer cells (Fu et al., 1999; Scott et al., 2000; Dillon et
al., 2004). We previously found that selective restriction of amino acids inhibits invasion of
two human prostate cancer cell lines, DU145 and PC3. However, the mechanisms by which
specific amino acid restriction affects invasion of prostate cancer cells are poorly
understood.

Tumor cell invasion is a complex process including repeated adhesion to and detachment
from the extracellular matrix (ECM), release or activation of proteases that degrade ECM,
and direct migration through ECM (Slack et al., 2001). Specific amino acid restriction does
not inhibit release or activation of proteases (unpublished results). Therefore, the present
study focuses on how specific amino acid restriction affects cell attachment, directionality
and motility.
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Prostate cancer cells are adhesion-dependent and attach to ECM by cell surface integrins
that bind to ECM proteins like fibronectin and laminin. Integrins also interact via their
cytoplasmic domains to components of the actin cytoskeleton and signaling molecules
within the cell (Aplin et al., 1998; Giancotti and Ruoslahti, 1999). Focal adhesion kinase
(FAK) is a major mediator of integrin signaling and a key regulator of focal adhesion
dynamics and cell movement (Lipfert et al., 1992; Schaller et al., 1992; Juliano and Haskill,
1993; Parsons et al., 2000; Hsia et al., 2003). FAK and its interacting partners have a major
impact on migration of prostate cancer cells (Sumitomo et al., 2000; Slack et al., 2001). We
showed previously that specific amino acid restriction modulates the integrin/FAK pathway
and actin cytoskeleton remodeling of melanoma and inhibits FAK in prostate cancer cells
(Fu et al., 2003, 2004). We are extending those studies to examine the effects of amino acid
restriction on cell surface integrins and their intracellular binding partners, paxillin and talin.

The integrin/FAK pathway activates small GTPases (G proteins) including Ras, Rho, Rac
and Cdc42 (Sahai and Marshall, 2002), which direct cell movement and regulate actin
cytoskeleton arrangement (Hall, 1998; Kraynov et al., 2000; Kulkarni et al., 2000; Katoh et
al., 2001; Meili and Firtel, 2003). Additionally, Ras and Rho signaling influence the binding
of integrins to laminin and fibronectin (Bar-Sagi and Hall, 2000; Parise et al., 2000), and this
controls the activation of integrins (Hynes, 2003). Recent studies reveal the connection
between the activities of G protein signaling and invasion, migration and progression of
prostate cancer (Hodge et al., 2003; Weber and Gioeli, 2004; Chen et al., 2005; Yao et al.,
2006; Zheng et al., 2006; Zhou et al., 2006). The present study elucidates the activity of Ras,
Rho, Rac and Cdc42 G proteins in DU145 and PC3 cells during specific amino acid
restriction.

The motility of prostate cancer cells is dependent on intracellular actin dynamics. Two actin-
binding proteins, cofilin and profilin, are major mediators that regulate this process. Cofilin
induces F-actin depolymerization, and this function is inhibited by phosphorylation on the
Ser3 residue by LIM kinase 1 (LIMK1) (Schmidt and Hall, 1998; Niwa et al., 2002). The
activity of LIMK1 is regulated by distinct members of the Rho family of G proteins (Rho,
Rac and Cdc42), and LIMK1 is essential for the invasion of prostate cancer cells (Davila et
al., 2003). Moreover, activation of LIMK1 is mediated by PAK1, one of the 21 kDa
activated kinases that phosphorylates LIMK1 at the Thr508 residue (Davila et al., 2003;
Misra et al., 2005). Earlier we showed that specific amino acid restriction inhibits invasion
of solid tumor cells including prostate cancer cells (Pelayo et al., 2001; Fu et al., 2003,
2004), and the present study examines kinetic changes in cofilin and profilin in DU145 and
PC3 cells during specific amino acid restriction. The alterations of LIMK1 and PAK1, two
upstream signaling molecules that regulate activity of cofilin, are also determined.

We found in DU145 and PC3 prostate cancer cells that specific amino acid restriction
affects attachment to and spreading on ECM. Selective amino acid deprivation differentially
modulates the activity of G proteins and affects the balance between cofilin and profilin in
these two cell lines. These effects modulate the directionality and motility of prostate cancer
cells to inhibit invasion.

Materials and Methods
Cell culture conditions

Two human prostate cancer cell lines, DU145 and PC3 (American Type Tissue Collection,
Rockville, MD), were maintained in suitable media (DMEM for DU145 and RPMI 1640 for
PC3) containing 10% fetal bovine serum (Equitech-Bio, Inc., Kerrville, TX). Amino acid-
deprived media were prepared from Selectamine kits or by custom manufacture (Life
Technologies, Grand Island, NY) as described previously (Fu et al., 1999, 2003). In
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experiments, an individual amino acid or two combined amino acids (Tyr/Phe) were deleted
completely. Cells were initially cultured in complete medium until they became 30–40%
confluent. Then, the media were replaced with amino acid-deficient media. All cells used for
experiments were harvested when they reached about 70% confluency. Before harvesting,
cells were washed with phosphate buffered saline twice to remove dead cells. For the cell
attachment assay and cell surface integrin staining, the cells were harvested with 2 mM
ethyleneglycotetraacetic acid (EGTA) in phosphate buffered saline to avoid the membrane-
altering effect of trypsin. Unless otherwise stated, the results in the figures are representative
of findings from three separate experiments.

Cell attachment assays
The cell attachment assays followed published methods (Frisch et al., 1996; Fu et al., 2004).
Briefly, cells cultured in complete or in amino acid-deprived medium were washed with
phosphate buffered saline twice to remove dead cells. Then, 1 × 105 viable cells suspended
in DMEM or specific amino acid-free medium containing 1% bovine serum albumin were
plated onto six-well plastic dishes that were pre-coated with either 50 μg/ml fibronectin, 50
μg/ml laminin, or 50 μg/ml Growth Factor Reduced Matrigel (Collaborative Biomedical
Products/Becton Dickinson, Bedford, MA). The incubation time was the minimum during
which a maximal number of prostate cancer cells attached to the substrates. Thus, DU145
and PC3 cells were allowed to attach for 4–8 h in a CO2 incubator at 37°C. Cells then were
fixed and stained with Diff-Quik (Baxter Healthcare Corporation, McGaw Park, IL). The
attached cells were quantified by counting six randomly selected fields in each well under a
light microscope at 200×. The data from duplicate wells were averaged, and the results
presented as the percentage of cells grown in complete medium. Each experiment was
repeated three times.

Integrin expression
The expression of integrins was measured by flow cytometry. Briefly, cells grown in
complete or in amino acid-deprived medium were suspended in phosphate buffered saline
and stained with fluorescein isothiocyanate or phycoerythrin-labeled monoclonal antibodies
against human integrin α1, α2, α3, α4, α5, α6, αv, β1, β2 and β3 (BD PharMingen, San
Diego, CA). Then, 2 × 104 events were analyzed by flow cytometry for each sample (Tsuji
et al., 2002; Fu et al., 2004). Appropriately labeled IgG was used to identify non-specific
background staining.

Immunoblotting analysis
Total cell lysates were resolved under SDS–PAGE (4–20%) electrophoresis and subjected to
immunoblotting as previously described (Fu et al., 2003, 2004). The antibodies against
cofilin, PAK1, LIMK1 and anti-phosphorylation residue-specific cofilin, PAK1, and LIMK1
were obtained from Cell Signaling Technology (Beverly, MA). The antibody against profilin
was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Monoclonal antibody
to FAK was obtained from BD Transduction Laboratories (Lexington, KY).
Phosphorylation residue-specific antibodies for FAK were obtained from BioSource
International, Camarillo, CA (Slack et al., 2001). Anti-actin antibody (Santa Cruz
Biotechnology Inc.) was simultaneously used as an internal control to assess relative protein
loading (Fu et al., 2003, 2004).

Rho or Ras activation assay
The GTP binding activity of G proteins including those of the Rho family (Rho, Rac 1,
Cdc42) and of Ras was analyzed using activation assay kits from Cytoskeleton (Denver,
CO). Briefly, the GTP-bound G proteins were precipitated by specific binding proteins. For
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example, the Rho binding domain (RBD) of Rho effector protein, Rhotekin, binds
specifically to the GTP-bound form of pan-Rho proteins including RhoA, B and C. The
glutathione S-transferase-tagged Rhotekin RBD precipitated the GTP-bound Rho protein
from the cell lysate, and the amount of activated Rho was determined by an immunoblot
with an anti-Rho antibody. An equal amount of protein from cells grown in normal or amino
acid restricted media was used in each assay to identify the relative GTP binding activity of
each G protein. The Ras activation assay is similar to the Rho activation assay.

Confocal microscopy
Immunofluorescence confocal microscopy was conducted, as previously described (Fu et al.,
2003, 2004). Briefly, prostate cancer cells attached to chamber slides (Nalge Nunc
International, Napeville, IL) that were pre-coated with fibronectin or laminin were fixed in
4% paraformaldehyde for 5 min at 4°C and then permeabilized with 0.1% Tween 20 for 10
min. Then, the cells were incubated with an anti-paxillin monoclonal antibody (BD
Transduction Laboratories, Lexington, KT). Texas-Red-conjugated anti-mouse IgG antibody
was used as a secondary antibody (Vector Laboratories, Burlingame, CA). The slides then
were mounted with an anti-fade mounting medium with 4′,6′-diamidino-2-phenylindole
(DAPI; Vector Laboratories). Fluorescent images were captured in a Leica TCS-4D
DMIRBE laser scanning confocal microscope.

Statistical analysis
Differences between group means were analyzed by one-way analysis of variance
(ANOVA). The differences in kinetics of the various proteins following amino acid
restriction were analyzed by ANOVA with the general linear models computer program.
Significant differences were defined as P <0.05.

Results
In this study we show that specific amino acid restriction affects DU145 and PC3 prostate
cancer cell attachment to and spreading on ECM components. Selective amino acid
deprivation differentially modulates the GTP binding activity of the Rho family and Ras
proteins. Moreover, two major mediators of actin dynamics, cofilin and profilin, and two
upstream molecules of cofilin, LIMK1 and PAK1, that regulate activity of cofilin are also
differentially modulated in these two cell lines by the specific amino acid restriction.

Amino acid restriction differentially inhibits cell attachment of DU145 and PC3
All of the examined amino acid restrictions inhibited cell attachment of DU145 cells to
laminin, fibronectin and Matrigel (Fig. 1). In PC3 cells, Tyr/Phe and Met restriction
inhibited cell attachment to ECM; however, Gln restriction did not inhibit cell attachment.
These results are consistent with the inhibitory effect of these amino acid restrictions on the
invasive ability of these two cell lines (Fu et al., 2003).

Amino acid restriction modulates integrin expression of PC3
Among the ten integrins examined, Tyr/Phe and Met restriction increased the cell surface
density of α3β1 integrin in PC3 cells, and reduced that of α5β1 integrin (Fig. 2). However,
neither Tyr/Phe, Met nor Gln restriction significantly altered surface expression of the ten
examined integrins in DU145 cells (data not shown).

Amino acid restriction inhibits cell spreading of DU145 and PC3
Immunofluorescence confocal microscopy was used to visualize the inhibitory effect of
amino acid restriction of prostate cancer cell spreading on fibronectin or laminin. Like the
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effect on cell attachment, restriction of Tyr/Phe and Met inhibited cell spreading of PC3
(Fig. 3), and all of the restrictions examined inhibited cell spreading of DU145 cells. These
results are consistent with the inhibitory effect of the restrictions on invasion (Fu et al.,
2003). During cell spreading, F-actin accumulates at the leading edges of the protrusions,
and F-actin forms networks for shaping the cell. Thus, the inhibitory effect of amino acid
restriction on prostate cancer cell spreading indicates that actin cytoskeleton remodeling is
affected by the amino acid restrictions in these prostate cancer lines.

Unlike melanoma cell lines (Fu et al., 2004), the inhibitory effect of amino acid restriction
on cell attachment and spreading of DU145 is not related to alterations in surface integrins.
Since specific amino acid restriction modulates the integrin/FAK pathway in melanoma and
inhibits FAK in prostate cancer cells (Fu et al., 2003, 2004), we expected that the activity of
integrin intracellular binding partners, such as paxillin and talin, would be inhibited and that
the activation of down-stream events in the integrin/FAK pathway, such as Rho family and
Ras G proteins, would be modulated by amino acid restriction. We found that Tyr/Phe, Met
and Gln restriction did not alter the expression of talin, or the expression and
phosphorylation of paxillin in DU145 and PC3 cells.

Amino acid restriction differentially inhibits GTP binding activity of Rho and Ras G
proteins in DU145 and PC3

Selective amino acid deprivation differentially modulates the GTP binding activity of the
Rho family of proteins (Rho, Rac, Cdc42) and Ras G proteins in DU145 and PC3 cells. The
effect of specific amino acid restriction on GTP binding of Rho, Rac, Cdc42 and of Ras
proteins is shown in Figure 4A. The total amounts of these proteins were not altered by
selective amino acid deprivation. In DU145 cells, Tyr/Phe deprivation reduced the amount
of Rho-GTP and Rac1-GTP. Met deprivation reduced the amount of Ras-GTP and Rho-
GTP, and Gln deprivation decreased Ras-GTP, Rac1-GTP, and Cdc42-GTP. In PC3 cells,
Tyr/Phe and Gln deprivation reduced the amount of Ras-GTP. None of the amino acid
restrictions reduced GTP binding of Rho family (Rho, Rac Cdc42) proteins and in some
cases binding increased. Moreover, all amino acid restrictions inhibited the adhesion-
dependent autophosporylation of FAK-Tyr397 in DU145 and PC3 cells (Fig. 4B).

Amino acid restriction differentially modulates proteins regulating actin dynamics in
DU145 and PC3

Our earlier studies showed that specific amino acid restriction inhibits motility of melanoma
and prostate cancer cell lines (Pelayo et al., 2001; Fu et al., 2003, 2004). Motility of prostate
cancer cells is dependent on dynamic changes in actin polymerization/depolymerization that
are regulated by different actin binding proteins. For example, the actin polymerization is
regulated by cofilin and profilin. Actin nucleation is mediated by several proteins such as
talin, vinculin, actinin, paxillin, tensin, and FAK (Schmidt and Hall, 1998). We first
examined the kinetic alterations of these proteins in DU145 and PC3 cells under the specific
amino acid restrictions and found that among these proteins, only FAK, profilin and cofilin
were modulated (Fig. 5 and Fu et al., 2003). The regulatory function of cofilin on actin
depolymerization is inhibited by phosphorylation at the Ser3 residue by LIMK1 (Schmidt
and Hall, 1998; Niwa et al., 2002). The activity of LIMK1 is mediated by PAK1, which
phosphorylates LIMK1 at the Thr508 residue (Davila et al., 2003; Misra et al., 2005). The
kinetic changes of LIMK1 and PAK1 in DU145 and PC3 during specific amino acid
restriction are shown in Figure 6.

The results in Figures 5 and 6 show that the selective restriction of amino acids differentially
modulates profilin, cofilin, LIMK1, and PAK1 expression and phosphorylation. In DU145
cells, Tyr/Phe, Gln and Met restriction similarly increased the amount of profilin after 2
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days and in some cases expression continued to increase (Tyr/Phe) or remain elevated (Met)
at 3 days. By 4 days expression of profilin returned to control levels in Tyr/Phe- and Gln-
restricted cells and was decreasing, but still elevated in Met-restricted cells (Fig. 5). The
amount of cofilin gradually increased over the 4-day period for all of the amino acid
restrictions. After a decrease in phosphorylation of cofilin-Ser3 in Try/Phe- and Gln-
restricted cells, phosphorylation increased through day 4 (Fig. 5). Expression of the
phosphorylated cofilin was similar. Also in DU145 cells, Tyr/Phe, Gln and Met restriction
similarly increased the amount of PAK1 and phosphorylation of PAK1-Thr423 (Fig. 6). Tyr/
Phe and Gln restriction increased phosphorylation of PAK1-Ser199/204 by day 4; however,
phosphorylation decreased in Met-restricted cells. PAK1 expression similarly increased
during Tyr/Phe, Gln, and Met restriction, and the increases are consistent with increased
phosphorylation of LIMK1 at Thr508 indicating that LIMK1 is activated during amino acid
restriction (Fig. 6). Activated LIMK1 will phosphorylate and inactivate cofilin (Schmidt and
Hall, 1998; Niwa et al., 2002). Thus, the increased phosphorylation of LIMK1-Thr508 (Fig.
6) is consistent with the increased phosphorylation of cofilin-Ser3 in DU145 cells (Fig. 5).

Unlike DU145, Tyr/Phe, Gln, and Met restriction reduced the amount of profilin from 2 to 4
days and did not alter the expression of cofilin or phosphorylation of cofilin-Ser3 in PC3
(Fig. 5). Moreover, expression of LIMK1, PAK1 and phosphorylation of these proteins was
also not altered in PC3 cells under these amino acid restrictions (Fig. 6). Thus, LIMK1 is not
activated by Tyr/Phe, Gln, and Met restriction in PC3 cells.

Discussion
We previously found that selective restriction of amino acids inhibits invasion of two human
prostate cancer cell lines, DU145 and PC3 (Fu et al., 2003). Cell invasion is a complex
process including repeated adhesion to and detachment from ECM, and directionally
mediated migration through ECM. In the present study we found that specific amino acid
restriction not only affects cell attachment and spreading of these prostate cancer cells, but
also differentially modulates the activity of G proteins and proteins that regulate actin. The
results provide important clues into the mechanism(s) by which specific amino acid
restriction affects cell attachment, directionality, motility and invasion of prostate cancer
cells. The results also indicate that the mechanisms by which restriction of amino acids
inhibit invasion are different between DU145 and PC3 cells.

The role of integrins in prostate cancer cell adhesion to and spreading on ECM is well
known (Kostenuik et al., 1997; Johnson, 1999; Laidler et al., 2000; Liu et al., 2000; Parise et
al., 2000; Hao et al., 2001; Felding-Habermann et al., 2002; Giannelli et al., 2002). Our
previous study found that specific amino acid restriction selectively inhibits the expression
of cell surface integrins in melanoma cells and indicated a specific integrin-dependent
mechanism that is associated with the inhibition of the cell attachment and spreading (Fu et
al., 2004). However, the present study shows that Tyr/Phe, Gln and Met restriction does not
alter surface expression of integrins in DU145 cells, although the restrictions inhibited cell
attachment and spreading. Thus, it appears that the inhibition of cell attachment and
spreading are independent of cell surface integrin expression in DU145 cells.

In PC3 cells, however, Tyr/Phe and Met restriction increased the surface density of α3β1
integrin and reduced that of α5β1 integrin (Fig. 2). These integrins are regarded as the
receptors for fibronectin and laminin (Aplin et al., 1998; Giancotti and Ruoslahti, 1999). We
found that attachment to and spreading on these substrates was inhibited by Tyr/Phe and
Met restriction. While information on the role of α3β1 integrin in prostate cancer invasion is
rare, one study has shown an inverse correlation between expression of this integrin and
invasion in PC3 cells (Dedhar et al., 1993). The role of α5β1 integrin in invasion of PC3
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cells is not clear (Romanov and Goligorsky, 1999); however, reduced expression is related
to decreased adhesion and invasion in other solid tumor cells (Schmitmeier et al., 2003;
Tantivejkul et al., 2003). Thus, the alterations of integrin induced by amino acid restriction
could contribute to the inhibitory effects on cell adhesion, spreading, and invasion of PC3
cells.

The inhibition of cell attachment and spreading suggests that specific amino acid restriction
interferes with the interactions between integrin–ECM and integrin–FAK since we
previously found that specific amino acid restriction inhibits FAK in DU145 and PC3 cells
(Fu et al., 2003). In PC3 cells, the inhibition solely of FAK phosphorylation does not affect
the formation of integrin–FAK complexes during attachment (Liu et al., 2000). The
inhibition of cell attachment in PC3 cells by amino acid restriction could be due to the
alteration of integrins and not to FAK phosphorylation. Thus, the inhibition of FAK
phosphorylation by specific amino acid restriction most likely inhibits cell spreading and
migration since the expression and function of FAK correlates with migratory capacity of
PC3 and DU145 cells (Slack et al., 2001). FAK and its interacting partners have a major
impact on migration of prostate cancer cells (Sumitomo et al., 2000). During cell
attachment, spreading and migration, FAK is involved in the formation of focal adhesion/
complexes. Focal complexes and focal adhesions are actin nucleation sites, which direct
membrane-associated actin polymerization (Schmidt and Hall, 1998). On the intracellular
side of these complexes, the actin anchoring proteins like paxillin, actinin, talin, vinculin,
tensin, and, FAK, are the crucial molecules for actin nucleation. We found that the
expression of paxillin, actinin, talin, vinculin and tensin are not altered by specific amino
acid restriction in DU145 and PC3 cells. Thus, it is likely that inhibition of FAK by the
amino acid restriction impacts actin nucleation, which in turn affects cell attachment (of
DU145), spreading and migration (of DU145 and PC3 cells). Additionally, integrins and
FAK regulate cell spreading and migration through the Rho-related family of GTPases
(Giancotti and Ruoslahti, 1999).

Ras and Rho GTPases (Rho, Rac, CdC42) play important roles in controlling cell
directionality, motility and migration (Hall, 1998; Parent and Devreotes, 1999; Bar-Sagi and
Hall, 2000; Kraynov et al., 2000; Gu et al., 2003). Activated Cdc42 and Rac facilitate the
formation of protrusions at the leading edge of cells to direct migration, and Ras and Rho
regulate the disassembly of focal adhesions at the rear of the cell (Bar-Sagi and Hall, 2000;
Meili and Firtel, 2003). Activities of these G proteins not only are involved in migration, but
also are connected to invasion and progression of prostate cancer (Hodge et al., 2003; Weber
and Gioeli, 2004; Chen et al., 2005; Yao et al., 2006; Zheng et al., 2006; Zhou et al., 2006).
The present study shows that specific amino acid restriction differentially modulates the
activity of Ras, Rho, Rac and Cdc42 in DU145 and PC3 cells (Fig. 4).

The results in DU145 cells indicate that amino acid restriction inhibits invasion through a
Rho GTPase-dependent pathway since Tyr/Phe, Gln, and Met deprivation all reduced the
GTP binding activity of Rho protein. These findings suggest that the amino acid restrictions
slow down the Rho-regulated rear release of cell adhesions. The fact that actin cytoskeleton
rearrangement and cell adhesion of DU145 are Rho-dependent (Wells et al., 2005) adds
further support for this concept. The inhibition of Rac and Cdc42 by Tyr/Phe and Gln
restriction indicates that control of cell directionality is inhibited. Moreover, the inhibitory
effect of amino acid restriction on the Rho G protein family in DU145 cells occurs either in
conjunction with FAK or is independent from effects on FAK. Tyr/Phe restriction inhibits
FAK in these cells (Fu et al., 2003), and this is consistent with inhibition of Rac GTP
binding. FAK is not affected by Met or Gln restriction (Fu et al., 2003); however restriction
of these amino acids inhibits the Ras and Rho family GTPases. These data help to explain
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the FAK-independent effect of these amino acid restrictions on inhibition of invasion
previously described in DU145 cells (Fu et al., 2003).

Although recent studies suggest a role for the Rho G protein family in migration and
invasion in PC3 cells (Hodge et al., 2003; Chen et al., 2005; Zheng et al., 2006; Zhou et al.,
2006), we found no decrease in GTP binding of Rho, Rac1, or Cdc42 induced by the amino
acid restrictions (Fig. 4). This could suggest that Tyr/Phe restriction and Met restriction
inhibit attachment, spreading, invasion and migration in PC3 though a Rho-independent
pathway. Additionally, we observed inconsistent effects of the three amino acid restrictions
on Ras-GTP in relation to their effects on cell attachment, spreading, migration, and
invasion in PC3 cells. For example, Tyr/Phe and Gln deprivation reduced the amount of
Ras-GTP (Fig. 4), but Gln restriction did not inhibit the spreading or invasion of these cells
(Fig. 3 and Fu et al., 2003). This indicates that specific amino acid restriction differentially
modulates the Ras and Rho G protein pathways in DU145 and PC3 cells.

Maintenance of the actin dynamics in an ordered fashion is essential for promotion of cell
motility. The regulation of the actin dynamics involves different actin binding and signaling
proteins (Hall, 1998; Schmidt and Hall, 1998; Machesky and Insall, 1999; Niwa et al.,
2002). Two actin-binding proteins, profilin and cofilin, are major mediators of actin
polymerization and depolymerization dynamics. Cofilin induces F-actin depolymerization
and this function is inhibited by phosphorylation at the Ser3 residue by LIMK1 (Schmidt and
Hall, 1998; Niwa et al., 2002). The activity of LIMK1 is regulated by distinct members of
the Rho G protein family (Rho, Rac and Cdc42). For example, Rac activation induces PAK1
to phosphorylate LIMK1 at Thr508 residue (Davila et al., 2003; Misra et al., 2005). LIMK1
is overexpressed in DU145 and PC3 and is essential for the invasion of prostate cancer cells
(Davila et al., 2003).

This study shows that the selective restriction of amino acids differentially modulates
profilin, cofilin, LIMK1 and PAK1 in DU145 and PC3 (Figs. 5 and 6). In DU145 cells, Tyr/
Phe, Gln and Met restriction increased the amount of profilin within 2 days. The amount of
cofilin also increased and phosphorylation of cofilin-Ser3 increased at 3 days (Fig. 5). Tyr/
Phe, Gln and Met restriction similarly increased the amount of PAK1 and the
phosphorylation of PAK1-Thr423. Tyr/Phe, and Gln but not Met restriction increased
phosphorylation of PAK1-Ser199/204. Since the alterations in PAK1 are associated with
increased phosphorylation of LIMK1-Thr508, this indicates that LIMK1 is activated and that
the decreased phosphorylation of PAK1-Ser199/204 by Met restriction does not affect
activation of LIMK1. Activated LIMK1 phosphorylates and inactivates cofilin (Schmidt and
Hall, 1998; Niwa et al., 2002). The progressive changes of cofilin, phosphorylated-cofilin,
and profilin in DU145 cells induced by amino acid restriction alters the balance between
cofilin and profilin, and this would affect their regulatory function to maintain actin
polymerization and depolymerization dynamics in a proper order leading to reduced cell
motility. Interestingly, the enhanced activation of PAK1 and LIMK1 is not consistent with
the inhibition of Rac1 GTP by amino acid restrictions in DU145. This suggests that a Rac-
independent pathway is involved in activation of PAK1 and LIMK1 by amino acid
restriction. Reduced expression of LIMK1 also inhibits invasiveness of prostate cancer cells
(Davila et al., 2003). Since the activation of LIMK1 increased during amino acid restriction,
this indicates that inhibition of invasion by amino acid restriction in DU145 cells is not due
to inhibition of LIMK1. This also suggests that increased LIMK1 inhibits invasion of
DU145 by phosphorylating cofilin and by altering the balance between cofilin and profilin
to reduce cell motility.
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Unlike DU145, Tyr/Phe, Gln, and Met restriction only reduced the amount of profilin in
PC3 cells. This suggests that inhibition of profilin alone is sufficient to alter actin dynamics/
cell motility in PC3 cells.

The present study shows that specific amino acid restriction differentially affects multiple
steps in cell invasion of DU145 and PC3 such as cell attachment and spreading, cell motility
and directionality, and that the mechanisms by which restriction inhibits invasion are
different between the two cell lines. Combined with our previous findings on FAK
inhibition induced by specific amino acid restriction, the scheme outlined in Figure 7
concisely summarizes these findings and our current understanding of the underlying the
effects of specific amino acid restriction on prostate cancer cell invasion.

In DU145, the three different amino acid restrictions inhibit integrin-mediated cell adhesion/
spreading without significantly altering the cell surface integrins. They all inhibit G protein
activity to affect cell directionality. They also progressively modulate two actin-binding
proteins, profilin and cofilin, the upstream regulators of cofilin, PAK1 and LIMK1, to affect
their regulatory function on maintaining actin polymerization and depolymerization
dynamics. This reduces cell motility. Moreover, inhibition of FAK by Tyr/Phe restriction
contributes to reduced cell adhesion/spreading and directionality. The combined effects on
cell motility and directionality inhibit invasion.

In PC3 cells, the inhibition of cell attachment by Tyr/Phe and Met restriction is associated
with modulation of surface density of α3β1 and α5β1 integrins. Inhibition of FAK could
further contribute to the inhibition of cell spreading and directionality in cells restricted for
Met. Cell motility and the subsequent inhibition of invasion are also related to inhibition of
profilin. The differences between DU145 and PC3 under amino acid restriction not only
suggest different mechanisms by which restriction inhibits invasion of these two cell lines,
but also indicate the complexity in specific amino acid dependency of prostate cancer.

Metabolic studies on specific amino acid dependency of prostate cancers are in their
infancy. Because DU145 and PC3 cells were originally isolated from metastatic lesions,
DU145 from brain and PC3 from bone, it is possible that differences in the
microenvironments at the original metastatic sites not only contributed to the ability of the
prostate cancer cells to colonize at the metastatic sites, but also contributed to the differences
that we observed in amino acid dependency of these cells. However, the current knowledge
regarding the genetic and metabolic phenotypes does not suggest any direct connection to
specific amino acid dependency. However, the present study indicates that the amino acid
dependency and alterations in cellular processes are connected in these cells.

The purpose of this paper was to compare the effects of amino acid restriction on DU145
and PC3, which are invasive prostate cancer cell lines. We also examined the effects of
amino acid restriction on LNCaP, a non-invasive prostate cancer cell line. Compared to
DU145 and PC3 Tyr/Phe, Gln, and Met restriction had much less of an effect on attachment
and spreading on laminin, fibronectin and Matrigel in LNCaP cells (data not shown). Since
LNCaP is non-invasive, we were unable to compare the responses of this cell line to amino
acid restriction on cell motility and invasion with those of DU145 and PC3 cells. LNCaP is
also resistant to apoptosis induced by Tyr/Phe, Gln, and Met restriction; whereas, restriction
of these amino acids induces apoptosis in DU145 and PC3 cells (Fu et al., 2003). This
further shows the differences in relative amino acid dependency between invasive and non-
invasive prostate cancer cells.

It is not known which metabolic alterations connect to the above signaling pathways that
control invasion of prostate cancer; however, this study suggests a possible metabolic
connection. For example, the lack of cell protrusions during cell spreading by amino acid
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restriction might indicate either inhibition of F-actin movement controlled by myosins, or
inhibition of G-actin transportation to the leading edges of cell protrusions (Zicha et al.,
2003). These processes are ATP-dependent, and our previous study showed that specific
amino acid restriction reduces the amount of ATP in DU145 and PC3 cells (Fu et al., 2006).
It is likely that the metabolic alterations induced by specific amino acid restriction alter actin
cytoskeleton remodeling and cell motility. This further indicates that the detailed metabolic
alterations induced by the amino acid restriction require elucidation in order to fully
understand the mechanisms by which amino acid restriction inhibits invasion of prostate
cancer cells. We are actively pursuing this avenue of investigation.
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Abbreviations

ECM extracellular matrix

DAPI 4′,6′-diamidino-2-phenylindole

FAK focal adhesion kinase

Gln glutamine

LIMK1 LIM kinase 1

Met methionine

Tyr tyrosine

Phe phenylalanine

RBD Rho binding domain
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Fig. 1.
Deprivation of specific amino acids inhibits attachment of DU145 and PC3 cells. Cells were
cultured in complete medium or amino acid-deprived medium for 3 days. Then 1 × 105 cells
were suspended in 0.1% bovine serum albumin and plated into six-well culture dishes
precoated with fibronectin, laminin or Matrigel as described in Materials and Methods
Section. Each dish was incubated in a tissue culture incubator for 4 h. Then the attached
cells were counted microscopically(Materials and Methods Section). Values represent the
mean ± SE of three experiments and are presented as a percentage of the attached cells
cultured in complete medium. *P < 0.01, **P < 0.001 compared to cells cultured in normal
medium (Control).
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Fig. 2.
Specific amino acid deprivation modulates the expression of surface integrin molecules in
PC3 cells. Specific culture and staining conditions are described in Materials and Methods
Section. Cells were suspended and stained with fluorescently labeled anti-integrin
antibodies. Twenty thousand events for each sample were collected by and analyzed. The X
axis represents the density of fluorescence. The Y axis represents the cell count. Black line:
cells cultured in complete medium; red line: cells cultured in Tyr/Phe-deprived medium;
green line: cells cultured in Met-deprived medium. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Fig. 3.
Confocal fluorescence microscopy of paxillin in PC3 cells during cell attachment. Cells
were cultured in complete medium, or Tyr/Phe-, Gln-, or Met-restricted medium for 3 days
and then allowed to attach to fibronectin coated four-well slides for 4 h. The slides were
incubated with an anti-paxillin monoclonal antibody and then stained with a Texas Red-
conjugated horse anti-mouse IgG antibody. The slides were then mounted with an anti-fade
mounting medium containing DAPI to show nuclear staining. A and a: Confocal
fluorescence (A) and phase contrast (a) images in PC3 cells cultured in normal medium. B
and b: Cells cultured in Tyr/Phe-free medium for 3 days. C and c: Cells cultured in Met-free
medium for 3 days. D and d: Cells cultured in Gln-free medium for 3 days. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 4.
A: Specific amino acid restriction differentially modulates the activity of G proteins.
Prostate cancer cells were cultured in complete or amino acid-free medium for 3 days. GTP
binding activity of each G protein was analyzed using the activation assay kits from
Cytoskeleton (Denver, CO). Briefly, the GTP-bound G proteins were precipitated by
specific binding proteins. For example, the Rho binding domain (RBD) of Rho effector
protein Rhotekin, binds specifically to the GTP-bound form of Rho. The glutathione S-
transferase-tagged Rhotekin RBD precipitated the GTP-bound Rho protein from the cell
lysate and the amount of activated Rho was determined by an immunoblot with a Rho
specific antibody. An equal amount of protein from cells cultured in normal or amino acid
restricted conditions was used in each assay to precipitate each GTP-bound G protein. The
blots show the relative activation of each G protein. Since selective amino acid restriction
does not alter the total amount of these proteins in DU145 and PC3, the relative activation of
each G protein in cells cultured in amino acid-free media is shown as a percentage of control
cells cultured in complete medium (Numbers at the bottom of the blot). Lane C: lysates from
cells cultured in complete medium; Lane T/P: lysates from cells cultured in Tyr/Phe-free
medium; Lane Gln: lysates from cell cultured in Gln-free medium. *P < 0.01 compared to
cells cultured in complete medium. Statistical analysis was conducted on the results from
three experiments. B. Immunoblots of FAK in DU145 and PC3 during amino acid restriction
(center part) and densitometry of phos-FAK-Tyr397 (bottom). Cells were cultured in
complete (Con) or in amino acid-free medium. Immunobloting was conducted as described
in Materials and Methods Section. Lane C: lysate from cells grown in complete medium.
Lanes 1d–4d: cells cultured from 1 to 4 days respectively in Tyr/Phe (T/P), Gln, or Met
restricted media. Each blot was also probed with an anti-actin monoclonal antibody that
served as a protein loading control. We did not detect phos-FAK-Tyr577 in DU145 cells. The
autophosphorylation of FAK at Tyr397 is adhesion-dependent (Slack et al., 2001). The ratio
of the integrated absorbance of the phos-FAK-Tyr397band to the FAK band was used as an
index of its phosphorylation. The relative phosphorylation of phos-FAK-Tyr397 from cells
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cultured in amino acid-free media is expressed as the ratio to cells cultured in complete
medium and is expressed on the Y-axis as a percentage (%) in the bottom panel. *P <
0.01, **P < 0.001 compared to cells cultured in complete medium. Statistical analysis was
conducted on the results of three experiments. (●) Tyr/Phe-, (■) Gln-, and (▲) Met-
restriction.
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Fig. 5.
A: Immunoblots of profilin and cofilin in DU145 and PC3 during amino acid restriction.
Cells were cultured in complete or in amino acid-free medium. The proteins on the
immunoblots were analyzed as described in Materials and Methods Section. Lane C: lysate
from cells grown in complete medium. Lanes 2d–4d: cells cultured from 2 to 4 days
respectively in Tyr/Phe (T/P), Gln, or Met restricted media. Each blot was also probed with
an anti-actin monoclonal antibody that served as a protein loading control. B: Densitometry
of A. The ratio of the integrated absorbance of the profilin or cofilin band to that of the actin
band is used as an index of its expression. The relative amount of each protein in cells
cultured in aminoacid-free media is expressed as a percentage of control cells. The ratio of
the integrated absorbance of the phosphorylated cofilin band to the cofilin band is used as an
index of its phosphorylation. The relative phosphorylation of each protein from cells
cultured in aminoacid-free media is expressed as the ratio to cells cultured in complete
medium. *P < 0.01, **P < 0.001 compared to cells cultured in complete medium. Statistical
analysis was conducted on the results from three experiments. (●) Tyr/Phe-, (■) Gln-, and
(▲) Met-restriction.
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Fig. 6.
Immunoblots of LIMK1 and PAK1 in DU145 and PC3 under aminoacid restriction. A: Cells
were cultured in complete or in aminoacid-free medium. Lane C: lysate from cells grown in
complete medium. Lanes 2d–4d: cells cultured from 2 to 4 days respectively in Tyr/Phe (T/
P), Gln, or Met restricted media. Each blot was also probed with an anti-actin monoclonal
antibody that served as a protein loading control. B: Densitometry of A. The ratio of the
integrated absorbance of the LIMK1 and PAK1 band to that of the actin band is used as an
index of its expression. The relative amount of each protein in cells cultured in amino acid-
free media is expressed as a percentage or fold of control cells. The relative phosphorylation
of each protein from cells cultured in amino acid-free media is expressed as a percentage or
fold of control cells. *P < 0.01, **P < 0.001 compared to cells cultured in complete medium.
Statistical analysis was conducted on the results from three experiments. (●) Tyr/Phe-, (■)
Gln-, and (▲) Met-restriction.
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Fig. 7.
Diagram concisely summarizing the findings and current understanding regarding the effects
of specific amino acid restriction on prostate cancer invasion.
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