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Abstract

Akt1 is frequently upregulated in human tumors, and has been shown to
accelerate cell proliferation and to suppress programmed cell death;
consequently, inhibiting the activity of Akt1 has been seen as an attractive
target for therapeutic intervention. Paradoxically, hyperactivation of the Akt1
oncogene can also prevent the invasive behavior that underlies progression to
metastasis. Here we show that overexpression of activated myr-Akt1 in
human breast cancer cells phosphorylates and thereby targets the tumor
suppressor tuberous sclerosis complex 2 (TSC2) for degradation, leading to
reduced Rho-GTPase activity, decreased actin stress fibers and focal
adhesions, and reduced motility and invasion. Overexpression of TSC2
rescues the migration phenotype of myr-Akt1-expressing tumor cells, and high
levels of TSC2 in breast cancer patients correlate with increased metastasis
and reduced survival. These data indicate that the functional properties of
genes designated as oncogenes or tumor suppressor genes depends on the
context of the cell type and the tissues studied, and suggest the need for
caution in designing therapies targeting the function of individual genes in

epithelial tissues.



Introduction

Metastasis occurs when cancer cells invade beyond the boundaries of
the primary site and establish new tumors in distant organs; because
metastases are responsible for most cancer deaths, attention has focused on
the mechanisms by which cancer cells acquire invasive metastatic properties
(1). Invasion by cancer cells into surrounding tissues involves alterations in
cellular shape and stiffness that facilitate interaction with the new tissue
microenvironment (2), and these modifications depend upon reorganization of
the actin cytoskeleton through the action of Rho-GTPases (3). While 22
members of the Rho-GTPase family have been identified, it is the activation of
the Rho subfamily that is principally responsible for the assembly of the
contractile actomyosin machinery necessary for most types of cell motility (4).
Inhibition of Rho or its effector Rho-kinase (ROCK) significantly compromises
cellular migration and invasiveness (5-10), and increased
expression/activation of Rho and its isoforms has been found in many types of
cancers (11-14). A recently discovered mechanism for activating Rho in
epithelial cells involves the tuberous sclerosis complex 2 gene product, TSC2

(15).

Tuberous sclerosis complex is a disorder characterized by hamartomas
in the skin, kidney, heart, and lung and is caused by inactivating mutations in
the tumor suppressor genes TSC1 and TSC2 (16). Though it has been best
characterized as a controller of cell size through its regulation of ribosomal
synthesis proteins including ribosomal S6 kinase (17, 18), TSC2 has been
implicated in a number of related signaling pathways in a variety of cell types
(19). Investigations of MDCK epithelial cells demonstrated that
overexpression of TSC2 results in activation of Rho and increased cellular
motility (15), and analysis of TSC2-deficient cells has shown reduced Rho
activity (16), although these effects may depend upon the cell type

investigated (20). While mutational inactivation of TSC2 contributes to



tuberous sclerosis complex, regulation of intact TSC2 occurs principally
through the action of the serine/threonine kinase Akt1/protein kinase B (21,
22). Phosphorylation of TSC2 by Akt1 stimulates association with 14-3-3
proteins that mediate subcellular translocation and proteolytic degradation of

TSC2 (23-27).

Akt1 is one of the most frequently activated protein kinases in human
cancer (28, 29). Activation of Akt1 is associated with resistance to apoptosis,
as well as increased cell growth, proliferation, and energy metabolism (28,
30). Activated Akt1 is correlated with altered cell migration and invasion in
several mammalian systems: constitutively active Akt1 or its isoforms can
enhance the ability to invade in already invasive cultured cancer cells (31-33),
but Akt1 can have the opposite effect on normal or less invasive cells (33).
Moreover, a constitutively active allele of Akt1 blocks ErbB2/Neu-mediated
invasion into surrounding tissue and lung metastasis in double transgenic
mice (34). These results reinforce the idea that understanding cell and tissue-
specific signaling pathways is critical for evaluating the implications of

activated upstream signaling molecules on complex phenotypic effects (35).

In a study investigating the mechanisms involved in the development of
functional mammary epithelial cell structures, we found that signaling
pathways activated by phosphatidyl inositol 3-kinase (PI3K) disrupted normal
tissue structure by blocking polarity through increased Rac1 activity and
stimulating cell proliferation through increased Akt1 activity (36). We found
that cells expressing activated Akt1 showed the expected effects of increased
proliferation and resistance to apoptosis, but surprisingly, also appeared to
have substantially decreased invasiveness and motility. Here, we show that
inhibition of motility by activated Akt1 is dependent upon downregulation of
Rho activity. We further show that TSC2 is a key intermediate in this

mechanism, that activated Akt1 inhibits motility by stimulating the degradation



of TSC2, and that increased expression of TSC2 can block the invasion-

inhibitory effects of activated Akt1.



Results

Activated Akt1 promotes cell proliferation, survival, and tumor growth,
but inhibits cell motility and invasion. Akt1 has been implicated in multiple
cellular processes, including cell survival, proliferation, growth, and apoptosis
resistance (28, 37). The particular role it plays in a given tissue, however,
depends on the model system investigated. We expressed constitutively
activated, myristoylated Akt1 (myr-Akt1) (38) or empty vector in the human
mammary epithelial cancer cell line HMT-3522 T4-2 (T4-2) (39, 40). In these
pooled populations, increased Akt1 signaling induced by this construct was
confirmed by phosphorylation of Akt1 substrates and specific downstream
targets (Supplemental Figure 1). Consistent with the results seen with the
transgenic Akt1 mice (34), xenografts of myr-Akt1 expressing cells formed
tumors that develop more rapidly and to a much larger size than control cells
(p<0.001, Fig. 1A and data not shown). Cells overexpressing myr-Akt1
showed significantly increased colony number and size in methylcellulose and
soft agar assays (Fig. 1B and C). When cultured in 3D laminin-rich
extracellular matrix (IlECM; Matrigel or collagen I+laminin1), cells expressing
myr-Akt1 also showed larger colony size ((36), and data not shown), due to
increased cell proliferation and suppressed apoptosis as assessed by KI-67
and TUNEL immunostaining (Supplemental Figure 2). These results
demonstrate that Akt1 activation strongly stimulates cell survival and tumor
growth in this experimental model. Opposite effects were seen in cell
migration, motility, and invasion assays, however. Myr-Akt1 significantly
inhibited cell motility in wound healing assays (Fig. 1D), and by tracking cell
location for 24 hours, we found that the motility of isolated myr-Akt1 cells was
significantly reduced relative to control cells (Fig. 1E), which suggests that the
decreased migration in the scratch assay is not due to increased cell-cell

adhesion. Consistent with these observations, we found that active Akt1



significantly reduced invasion of T4-2 cells through Matrigel-coated Boyden
chambers (Fig. 1F). Previous studies have linked Akt activity to expression of
matrix metalloproteinases (MMPs) (31), well-known effectors of cell
invasiveness, and while we found that cells expressing myr-Akt1 showed
reduced expression of MMP-9, supplementation with much higher levels of
MMP-9 in the media did not rescue the inhibition of motility by myr-Akt1 (data

not shown).

Cell spreading and formation of focal adhesions are inhibited by
activated Akt. Cell motility is a dynamic process in which moving cells
undergo dramatic changes in cell shape, associated with the creation of actin-
rich protrusions, formation and disassembly of adhesive complexes, and
establishment of migration polarity (2, 41). We found that cell spreading was
greatly reduced in cells expressing myr-Akt1 (Fig. 2A); because actin
polymerization is one of the major forces involved in cell spreading (42), we
evaluated the actin cytoskeleton in myr-Akt1-expressing cells. We found that
cells expressing active Akt1 had increased cortical actin staining and reduced
stress fiber formation (Fig. 2B), and that initiation of cell movement in scratch
assays was associated with fewer actin-rich projections towards the scratch
wound in myr-Akt1 cells (data not shown). Reduced cell extensions in myr-
Akt1 cells in the cell spreading and motility assays are consistent with the
requirement for these structures during the onset and maintenance of cell
motility (2).

Focal adhesions are required for cell attachment, and serve as points
of contact for cell spreading and traction during migration (43); we examined
the effect on focal adhesion formation in cells expressing myr-Akt1 by
immunostaining for paxillin. We determined that activated Akt1 decreased the
formation of focal adhesions without affecting the level of endogenous paxillin

expression (Fig. 2C and data not shown). These results suggest that reduced



motility in myr-Akt1 cells is due to alterations in the assembly and function of

the actin cytoskeleton.

Active Akt1 inhibits Rho. Assembly and organization of the actin
cytoskeleton are controlled by Rho GTPases, and the formation of stress
fibers and focal adhesions is a characteristic effect of activation of Rho
GTPases (44). Using a Rhotekin-GST fusion protein pulldown assay, we
found that active Rho levels were significantly lower in myr-Akt1-expressing
cells, starting 2 hours after cell plating (Fig. 3A). To determine the effect of the
decreased Rho activity on actin organization, cells plated on coverslips were
stained with phalloidin at the same time points as pulldown assays. At all time
points, myr-Akt1-expressing cells spread more slowly and formed fewer stress
fibers than vector control cells (Fig. 2A and B and data not shown). We found
no substantial difference in Rac1 or Cdc42 activities (Fig. 3B). Consistent with
the implication that compromised cell motility and invasiveness in myr-Akt1-
expressing cells was due to inhibition of Rho activity, treatment with
exoenzyme C3 transferase (C3 toxin), which inhibits Rho when added to the
media (45, 46), was as effective at blocking cell migration as was expression

of myr-Akt1 (Fig. 3C).

Active Akt1 controls migration and invasion by modulating levels of the
tumor suppressor TSC2. In many systems, Aki1 has been shown to
phosphorylate TSC2, triggering 14-3-3-dependent proteolytic degradation (16,
19). Moreover, elevated TSC2 and TSC1 have been shown to increase Rho
activity in epithelial MDCK cells (15) and in fibroblasts (47), respectively.
Accordingly, we hypothesized that Akt1-mediated inhibition of Rho activity
was the consequence of phosphorylation and downmodulation of TSC2.
Consistent with this possibility, we found increased phosphorylation and
decreased total levels of TSC2 in cells expressing myr-Akt1 (Fig. 4A), and

decreased TSC2 expression in myr-Akt1 tumor xenografts (Fig. 4B). Using



immunoprecipitation experiments, we found significantly increased association
of TSC2 with 14-3-3 in cells expressing myr-Akt1 (Fig. 4C).

To determine if exogenous expression of TSC2 could compensate for
the inhibition of cell motility and invasion induced by active Akt1, wild type
TSC2 was stably expressed in vector control and myr-Akt1 cells (Fig. 4E).
Functional expression of TSC2 was demonstrated by decreased
phosphorylation of p70S6K (Fig. 4D) (48). We found that myr-Akt1 cells
expressing TSC2 showed enhanced migration and invasion (Fig. 4E), as well
as increased cell spreading, formation of stress fibers, and focal adhesions

(Supplemental Figure 3).

Relative expression of Akt1 and TSC2 predicts progression to
metastasis in human breast cancer patients. These results suggested a
model (Fig. 5A) in which active Akt1 reduces the levels of TSC2, which
causes a reduction in the TSC2-dependent activation of Rho, causing in turn
decreased cell migration, motility, and invasiveness. This system presents a
striking example of the importance of cell-type specificity for the function of
key signaling molecules, inasmuch as the expression of the oncogene Akt1 is
inhibiting the invasive behavior that underlies progression to metastasis,
whereas the tumor suppressor TSC2 is stimulating this same tumor
progression step. Moreover, because the inhibition of Rho activity and
consequent effects on invasiveness are dependent upon the relative activities
of Akt1 and TSC2, this model suggests that the effect of TSC2 to stimulate the
pro-metastatic invasive phenotype would be most pronounced in cells
expressing lower levels of Akt1.

To evaluate the applicability of these findings, we interrogated a
comprehensive RNA expression microarray dataset of 295 primary human
breast cancers (49). To analyze the contribution of TSC2 and Akt1 to tumor
progression and metastasis, tumors were divided in quartiles by expression

level of each marker, and metastasis-free survival was calculated for the



upper and lower quartiles (n=74 samples for each single gene). Whereas
elevated expression of TSC2 did appear to correlate with decreased time to
metastasis (data not shown), this result fell short of the standard for statistical
significance (p=0.053). However, consideration of Akt1 expression levels in
combination with TSC2 expression produced a different result (Fig. 5B). We
found that tumors in both the highest quartile for TSC2 expression and the
lowest quartile for Akt1 (blue line, n=11) showed significantly decreased time
to metastasis relative to tumors in the lowest quartile of TSC2 and Akt1
expression (black line, n=28; p<0.005). Comparison of tumors with high
TSC2 and high Akt1 (red line, n=26) to tumors with low TSC2 and high Akt1
(green line, n=14), by contrast, revealed no statistically significant difference

(not shown).

Discussion

Akt1 has been classified as an oncogene on the basis of its frequent
upregulation in a wide variety of human tumors (reviewed in (50, 51)), but
increased expression of Akt1 does not always correlate with invasiveness (52,
53), the defining stage of malignancy. Recent experimental studies have
confirmed these observations: comparisons of ErbB2/Akt1 double transgenic
mice with ErbB2 single transgenics have shown that expression of activated
Akt1 accelerates tumorigenicity but blocks metastasis (34), and in articles
appearing after this work was completed, expression of activated Akt1 was
shown to inhibit motility and invasiveness of MDA-MB-435 (54) and MCF-10A
(55) cells. These observations are corroborated by other studies of cultured
cancer cells, as almost without exception, increased activation of Akt1
correlates with increased proliferation and anchorage-independent growth, but
the effects of activated Akt1 on cell migration and invasiveness depend on the
cell type that is investigated (31-33, 54-57). Here, we present a novel
mechanism to account for this apparent paradox: overexpression of an

activated isoform of Akt1 leads to phosphorylation and degradation of TSC2
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and decreased Rho activity, resulting in a reduction in stress fiber and focal
adhesion formation, reduced random and persistent migration and invasion

(Figure 5A).

Such observations suggest the existence of a dichotomy between
proliferation and cell motility.  Although often regulated by the same
extracellular cues and intracellular signal transduction pathways, cell
migration and proliferation rarely occur simultaneously. During wound
healing, keratinocytes migrate into the wound site before proliferating (58),
and during embryonic development, neural crest cells can migrate across the
distance of the embryo without entering the cell cycle (59). Additional
examples can be found during development of the lung and vasculature,
where buds and sprouts have been seen to form prior to initiation of cell
proliferation (60, 61). Similarly, a switch between proliferation and migration
has been observed in gliomas, other brain tumors, and bladder carcinoma
(62-64). There are several possible explanations for this phenomenon. Much
of the cytoskeletal machinery required for migration is also required for cell
cycle progression and cytokinesis. In addition to regulating the actin
cytoskeleton during locomotion, RhoA accumulates at, and recruits myosin to,
the cleavage furrow during cell division (65). It is conceivable that maintaining
the cell in a non-motile state during cell cycle progression allows for the
proper distribution of RhoA and other resources to facilitate cytokinesis, and
this organization may constitute part of the check point machinery. Our data
implicate Akt1/TSC2 as a crucial signaling node in this decision-making
process; a similar role has been reported for the adaptor protein Shc (66). If
so, a breakdown of the separation of proliferative and invasive behaviors, as
is observed in advanced stages of tumor progression, could contribute to
improper apportioning of chromosomes during cell division, leading to
genomic amplifications and deletions, thereby accelerating cancer

progression.
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Much of the current research into cancer etiology, progression, and
potential therapies is centered on understanding and circumventing the
activation of proto-oncogenes and for reactivating or substituting for the loss
of protective tumor suppressor genes. However, classification of a gene as
an oncogene or tumor suppressor may result from limited observations of
specific cell lines, transgenic mouse tissues, or types of human tumors. Given
that cancer is not a single disease, evaluating the status of a tumor simply by
the presence of certain activated “oncogenes” or inactivated “tumor
suppressors” is incomplete and potentially misleading. Indeed, a similar effect
has been proposed for KLF4, which acts as a tumor suppressor in
gastrointestinal cancer but has oncogenic properties in breast cancer cells
(67); similarly, cell context-dependent tumor-suppressive and oncogenic
effects have been found for TGF-f (68) and oncostatin (69). These findings
suggest the importance of a more nuanced approach, since the functional
outcome of activating or inactivating a gene depends largely on the cell type,
its pre-existing genetic background, and the local microenvironment (70).
Here, the overexpression of Akt1 (a classical oncogene) leads to larger
tumors that are less invasive, and that — given that the majority of mortality
resulting from breast cancer is a result of metastatic disease — could
potentially lead to a more favorable outcome clinically if occurring in the
absence of other tumor-specific modifications (34). Conversely, increased
expression of TSC2 (a classical tumor suppressor) stimulates invasiveness,
and correlates with a less favorable clinical outcome (Figure 5B). Ongoing
efforts to therapeutically target the Akt1 pathway in breast cancer patients (71)
might benefit from consideration of TSC2 expression status in the target
population, inasmuch as reducing Akt1 activity in tumors expressing high
levels of TSC2 could potentially enhance progression to a more malignant

phenotype.
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Materials and Methods

Cell line, constructs, and antibodies. HMT-3522 mammary epithelial cells
were cultured as described previously (40, 72). The myr-Akt1 pWZL retroviral
construct myrA4-129 and kinase-dead Akt1 (T308A/S473A) constructs were
kindly provided by Richard Roth, Stanford University, Stanford, CA.
TSC2/pMSCVneo was the gift of Elizabeth P. Henske, Fox Chase Cancer
Center, Philadelphia, Pennsylvania. Transfection of Phoenix packaging cells
(gift of Garry P. Nolan, Stanford University, Stanford, CA), production of
retroviral stock, and viral infection were according to standard protocol. The
stably expressing cells were selected in the presence of neomycin (500 pg/ml)
or hygromycin B (50 ug/ml) and surviving clones were pooled. Antibodies
were: E-cadherin, paxillin (clone 165), hamartin, (Transduction Laboratory,
San Diego, CA), total and phospho-p70 S6 kinase (threonine 389), phospho-
(Ser/Thr) Akt1 substrate, total and phospho-FKHR (serine 256), phospho-
tuberin (Thr 1462) (Cell Signaling Technology, Beverly, MA), Akt1 and tuberin
(C-20) (Santa Cruz Biotechnology, Santa Cruz, California ), 14-3-3, pan Ab-4
(clone CG15) (Neomarkers, Fremont, CA). Rho antibody was clone 55 from
Upstate (Charlottesville, VA), which does not distinguish between RhoA,
RhoB, and RhoC.

Immunoblot analysis and Immunoprecipitation. Immunoblot analysis was
described previously (72). For immunoprecipitatipn, cells were lysed in IP
buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCI, pH 7.4, 1 mM EDTA,
1 mM EGTA, containing 2 mM NaF, 1 mM sodium orthovanadate, 10 ug/ml
leupeptin, 10 pg/ml pepstatin, 10 ug/ml aprotinin, 10 ug/ml E 64, and 1 mM
Pefabloc). Equal amounts of protein lysates were precleared by 50 ul of
Protein G Plus-conjugated Agarose beads (Santa Cruz Biotechnology, Santa
Cruz, CA) before the addition of primary antibody. Samples were incubated at

4 °C for 1 hour. Subsequently, samples were incubated with Protein G Plus-
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conjugated beads for 1 h at 4 °C. The beads were washed three times with IP
buffer before heated with sample buffer and analyzed by SDS-PAGE and
Western blotting.

Immunofluorescence and Immunohistochemistry. Cells were fixed in
either 2% paraformaldehyde at room temperature for 20 minutes or in 1:1
methanol/acetone at -20 °C for 10 minutes. The samples were blocked with
blocking buffer (130 mM NaCl, 15 mM Na;HPO,4, 3.5 mM NaH,PO4, 0.1%
BSA, 0.2% Triton X-100, 0.05% Tween 20) containing 10% goat serum and
then incubated with primary antibodies followed directly by either FITC or
Texas red-congugated secondary antibodies for 45 minutes. Nuclei were
counterstained with 4’, 6-diamidino-2 phenylindole (DAPI, Sigma, St. Louis,
MO). The images were collected with Zeiss 410 LSM confocal microscope
(Zeiss Pluar 40 oil objective lenses, Zeiss, Oberkochen, Germany) or RT
SLIDER SPOT digital camera (software: SPOT RT v3.2, San Francisco, CA)
attached to Zeiss Photomicroscope Il (Zeiss Plan-Neofluar 40% oil objective

lenses, Zeiss, Oberkochen, Germany).

Invasion and migration assays. For invasion assay, cell culture inserts (8
um, 24-well format, Becton Dickinson Labware, Franklin Lakes, NJ) were
evenly coated with diluted Matrigel. 1x10° cells were added to upper chamber
and lower chamber was filled with 300 ul medium. The culture was maintained
for 48 hours. The number of cells was counted under 20x objective in each of
five randomly chosen fields. Or the membrane of the insert was cut and the
dye was eluted from the membrane with 200 ul of 10% acetic acid. The O.D.
reading was obtained at 590 nm wavelength. The stained insert without
adding cells was used as background reading. Each experiment was
duplicated. The cell migration assay is similar to the invasion assay except

that inserts were not coated with Matrigel and that 10% fetal bovine serum
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was added to lower chamber and the culture was maintained for 24 hours.
For cell migration wound healing assays, cells were plated into 24-well plates
(Nalge Nunc International, Naperville, IL) at the density of 4x10* cells/cm?.
After cells had grown to confluence, a wound was made cross the well with
blue tips under the guide of a ruler. The gap of the wound was marked and
imaged immediately after wounding and 24 hours later. The gap was
measured and presented as net closure per 24 hours. Each experiment was

duplicated or triplicated.

Anchorage-independence growth assays. For soft agar assay, 5,000 cells
were plated in 1 ml of DMEM/F12 containing 0.3% agarose, overlaid with 1 ml
of 1% agarose. Cultures were maintained for 15 days. Colonies from
duplicated wells were measured and scored positive when the colony sizes
exceeded a diameter of 50 um. For methyl cellulose assay, 100,000 cells
were seeded per 60 mm dishes in 5 ml of DMEM/F12 containing 1.5% methyl
cellulose (Fisher Scientific, Pittsburgh, PA). Colonies were scored after 2

weeks.

Xenografts. Nude mice, 4-5 weeks of age, were purchased from Simonsen
Laboratories, Inc (Santa Clara, CA). T4-2 cells expressing myr-Akt1 or vector
alone were propagated as monolayers, trypsinized, and resuspended in PBS
at the concentration of 1x10° cells/ml. 0.1 ml of cell suspension (1x10’ cells)
was injected subcutaneously into rear flanks of nude mice and tumor size was
monitored twice a week by measuring tumor size (LxWxH). All the mice were
sacrificed by CO, at day 17 because of tumor burden. Tumors were

dissected, fixed in 2% formaldehyde, paraffin-embedded, and sectioned (5

um).
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GST-fusion protein pull down assay. The cells were lysed in GST-Fish
buffer (10% glycerol, 50 mM Tris pH 7.4, 100 mM NaCl, 1% NP-40, 2 mM
MgCl,, containing 10 ug/ml leupeptin, 10 ug/ml pepstatin, 10 ug/ml aprotinin,
10 ug/ml E 64, and 1 mM Pefabloc) and centrifuged at 16,000 g at 4°C. Equal
amounts of protein supernatants were incubated with recombinant GST-
Rhotekin or GST-Pak-CD fusion protein-coupled Sepharose beads at 4 °C for
45 min. The beads were washed with an excess of lysis buffer, eluted in
sample buffer, and then analyzed by SDS-PAGE and Western blotting using
antibody against Rho, Rac1, or Cdc42.

Statistics. All data analysis was performed using Graphpad Prism. Bar
graphs represent mean + standard error of mean. The database consisting of
the microarray profiles of the 295 human breast tumors and associated clinical
data (49) was obtained from Rosetta Inpharmatics. Patients were stratified
into quartiles for expression of TSC2 or Akt1, and metastasis-free survival
was computed using the Kaplan-Meier method; statistical significance was

assessed using the log-rank test.
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Figure legends

Figure 1. Activated Akt1 promotes growth and anchorage independence in
T4-2 cells but suppresses motility and invasion. Cells expressing myr-Akt1
showed (A) increased tumor volume in nude mouse xenografts, (B) increased
colony number in methyl cellulose, and (C) increased colony size in soft agar.
However, myr-Akt1 inhibited (D) cell migration and (E) motility, as well as (F)

invasion. All graphs display average + SEM; *, p<0.05.

Figure 2. Activated Akt1 alters cell-substratum adhesion. Cells expressing
myr-Akt1 show (A) reduced cell spreading (scale bar 10 um), (B) increased
cortical distribution of actin (scale bar, 20 um), and (C) fewer paxillin-

containing focal adhesions (scale bar, 10 um).

Figure 3. Rho GTPases are selectively inhibited by Akt1. Cells were plated
for the indicated times, then lysates were analyzed for activity by pulldown
with GST-Rhotekin (A) or GST-PAK-CD (B). C. Inhibition of Rho by
pretreatment with recombinant C3 transferase (10 ug/ml) reduced migration of
vector control cells in scratch assay to levels of myr-Akt1-expressing cells.

Graph displays average + SEM; *, p<0.05.

Figure 4. TSC2 mediates the effects of Akt1 on motility and invasion. A.
TSC2 shows increased phosphorylation but decreased total levels in cells
expressing myr-Akt1; scale bar, 50 um. B. Decreased levels of TSC2 in
tumor xenografts from myr-Akt1 cells. C. TSC2 shows increased association
with 14-3-3 in cells expressing myr-Akt1. D. Expression of functional TSC2 in

myr-Akt1 cells as shown by reduced phosphorylation of p70S6K. E.
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Expression of TSC2 rescues cell invasiveness and motility in myr-Akt1 cells.

Graphs display average + SEM; *, p<0.05; **, p<0.02; ***, p<0.001.

Figure 5. Analysis of pathway implication on human breast cancer
metastasis. A. Pathway model. a) Active Akt1 phosphorylates TSC2,
stimulating downmodulation of TSC2 levels. b) TSC2 activates Rho. c)
Active Rho promotes cytoskeletal rearrangements permissive for cell invasion.
B. Metastasis-free survival of human breast tumors stratified by expression of
Akt1 and TSC2. Higher expression of TSC2 together with low expression of

Akt1 is predictive of decreased time to metastasis in breast tumors.

Supplemental Figures

Supplemental Figure 1. Effect of myr-Akt1 expression on protein
phosphorylation and cell proliferation and apoptosis in 3D IrECM. A.
Increased phosphorylation of Akt1 substrates in myr-Akt1 transfectants. B.

Specific phosphorylation of FKHR and p70S6K by myr-Akt1.

Supplemental Figure 2. Myr-Akt1 expression enhances cell proliferation and
decreases apoptosis in cells grown in 3D IrECM. A. myr-Akt1 significantly
increased the percentage of Ki-67-positive cells at days 2 and 4. B. myr-Akt1-
expressing cells showed significantly decreased TUNEL staining at days 6, 8,

and 10.

Supplemental Figure 3. Expresion of TSC2 increases stress fibers and focal
adhesion in cells expressing myr-Akt1. Actin stress fibers (left column) and
paxillin staining of focal adhesions (right column) are decreased in myr-Akt1-
expressing cells (middle row) as compared to vector transformed cells (top
row). Co-expression of TSC2 with myr-Akt1 (bottom row) re-establishes

stress fibers and focal adhesions (scale bar, 20 um).
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Figure 4
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Figure 5

A
a b Active  ©
t Aktt —| TSC2 —>» Rho —» invasiveness
B
100 - Akt1 lowest quartile/
] _ == TSC2 lowest quartile
..llllll L 1 11 11 J =28
% 80 | . (n )
o - Akt1 lowest quartile/
[72] e . .
3 60 TSC2 highest quartile
o (n=11)
(7)) _
-.(E 1 1 1 ]
o 40 Akt1 highest quartile/
E ] == TSC2 lowest quartile
§ 20 (n=14)
o Akt1 highest quartile/
& o~ TSC2highestquarile
0.0 50 100 150  20.0 (n=26)

Metastasis-free survival (years)

=— VS. =, p<0.005; == vs.== p<0.01




Supplemental figure 1
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