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The phosphatidylinositol 3-kinase (PI3K)/AKT pathway
plays important roles in regulating cell motility. TSC2, a down-
stream target of AKT, is a central player in negatively control-
ling cell proliferation and protein translation through suppress-
ing the activity of mTOR (mammalian target of rapamycin).
However, the function of TSC2 in regulating cell migration
remains unclear. Here, we show that TSC2 plays a critical role in
the control of cell spreading, polarity, and migration. TSC2-de-
ficient fibroblast cells were impaired in their ability to spread
and alter actin cytoskeleton upon stimulation with insulin-like
growth factor-1. Using scratch-induced polarization assay, we
demonstrate that TSC2(�/�) fibroblast cells polarized poorly
toward the wound compared with wild-type cells. Similarly,
knockdown of TSC2 expression in colon cancer cells resulted in
a marked decrease in cell motility. Functionally, the activation
of CDC42- and RAC1-GTPase was largely reduced in TSC2
knock-out fibroblast and TSC2 knockdown cancer cells. Fur-
thermore, overexpression of an activating p110� mutant or
short term rapamycin treatment rescued the cell polarization
defect inTSC2(�/�) fibroblast cells. Concurrently, the activation
of CDC42 and RAC1 increased. The defect in cell migration and
CDC42 and RAC1 activation was reversed by reintroducing
TSC2 back into TSC2(�/�) fibroblast cells. Taken together, we
identified a novel role of TSC2 in controlling cell polarity and
migration by regulating CDC42 and RAC1 activation.

Tuberous sclerosis is an autosomal dominant disorder char-
acterized by formation of hamartomas in multiple organs,
including the brain, kidney, heart, lung, and skin. The muta-
tions are found in genes encoding two tumor suppressors,
tuberous sclerosis complexes TSC1 and TSC2, also named har-
matin and tuberin, respectively (1). TSC1 andTSC2 function as
a complex and exert their tumor suppressor function by nega-
tively regulating the mTOR pathway (2). In the TSC1-TSC2
complex, TSC1 functions as a membrane-tethering anchor

protein, whereas TSC2 serves as a GTPase activation protein to
promote GTP hydrolysis and inactivation of RHEB, a small
G-protein activator of mTOR. Loss of function mutations in
either the TSC1 or TSC2 gene lead to abnormal up-regulation
of mTOR signaling and are associated with the pathogenesis of
the disease. Recent studies have shown that the activity of TSC2
can be regulated by multiple signaling inputs in cells (3). For
example, TSC2 lies downstream of the PI3K/AKT2 pathway,
and phosphorylation by Akt deceases the GTPase activation
protein activity of TSC2 and subsequently actives mTOR (4, 5).
On the other hand, phosphorylation by the nutrient-sensing
kinase, AMPK, enhances its ability to inactivate RHEB, there-
fore turning off mTOR-dependent cell growth signaling (6). In
addition, TSC2 plays a critical role in controlling the negative
feedback regulation of PI3K/Akt signaling (7, 8). Specifically,
whereas loss of TSC2 function in tuberous sclerosis and other
hamartoma syndromes leads to hyperactivation of mTOR and
its downstream substrate p70S6 kinase (p70S6K), activation of
AKT is suppressed strongly due to p70S6K-directed down-reg-
ulation of IRS-1 protein. This feedback inhibition of PI3K/AKT
signaling has been indicated as the major underlying mecha-
nism for the low malignant potential of tumors arisen from
TSC2 mutations. Indeed, bypassing the feedback inhibition to
activate AKT as in the case of PTEN loss dramatically enhances
the tumormalignancy inmousemodels (9).Moreover, the neg-
ative regulation imposed upon PI3K signaling by TSC2 muta-
tions can be released by treating cells with rapamycin, a specific
inhibitor of mTOR (8).
Several previous studies have indicated that TSC1 and TSC2

may play a role in regulating cell migration (10–12). It has been
shown that TSC1 interacts with the ezrin-radixin-moesin family
of actin-binding proteins and promotes the cell adhesion-
mediated activation Rho-GTPase (10). In addition, overexpres-
sion of TSC2 results in an increase of Rho-GTP but not RAC1-
GTP or CDC42-GTP (11). However, a later study shows that
overexpression of TSC2 in TSC2-deficient rat leiomyoma cells
promotes RAC activation and inhibition of Rho-GTP (12). The
regulatory effect of TSC2 on actin cytoskeleton has been attrib-
uted to its ability to interact with TSC1 (12). Collectively, it
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remains unclear how loss of functional TSC2, as in the case of
tuberous sclerosis and other tumors, directly affects cell
migration.
The driving force for cell migration is provided by actin

cytoskeleton reorganization, a dynamic and complex proc-
ess orchestrated by activation of small GTPases of the Rho
family, particularly Rho, RAC, and CDC42. Among them,
Rho activation induces stress fiber formation, RAC pro-
motes actin polymerization to produce lamellipodia, and
CDC42 is required for cell polarity (13–15). Many growth
factor pathways have been implicated in the regulation of
cell migration. Specifically, activation of PI3K downstream
of growth factor receptors leads to generation of PtdIns-
3,4,5-P3, and this lipid product serves as a scaffold at the
leading edge of the cells to facilitate the compartmentaliza-
tion of effector proteins required for directional sensing and
cell polarity (16). The establishment and maintenance of cell
polarity is essential in directing cell movement, and inhibi-
tion of CDC42 activity prevents cell polarization and results
in slower migration. Moreover, PI3K and PtdIns-3,4,5-P3
have been linked to the positive feedback activation of RAC
at the front edge of migrating neutrophils (17). Dysregula-
tion of coordinated activation of Rho family GTPases often
leads to defects in cell migration. However, hyperactivation
of Rho family GTPases has frequently been utilized by cancer
cells to promote cell invasion and metastasis (18).
In this study, we examined the loss of TSC2 expression on

cell migration and polarization. Using TSC2(�/�) fibroblast
cells, we showed that loss of TSC2 inhibits cell polarization and
migration. Similarly, knockdown of TSC2 in colon cancer cells
resulted in decreased migration rate. Because TSC2 is involved
in controlling the signaling amplitude of PI3K/AKT pathway
through feedback regulation, we addressed whether loss of
TSC2-mediated inhibition of PI3K signaling contributes to the
migration defect. Furthermore, we determined the activation of
RAC1 and CDC42 in TSC2(�/�) fibroblasts and TSC2 knock-
down colon cancer cells.

EXPERIMENTAL PROCEDURES

Reagents—The retroviral expression plasmid for
p110�H1074R, pBabe-p110�H1074R, and the pBabe-puro
control vector were obtained fromAddgene. Thewild-type and
TSC2(�/�) rat embryonic fibroblast (REF) cells were generously
provided byDr. JinQ.Cheng (H. LeeMoffitt CancerCenter and
Research Institute). The retroviral expression plasmid for wild-
type human TSC2, pBabe-TSC2, was a gift from Dr. Sourav
Ghosh (The University of Arizona College of Medicine). The
following rabbit antibodies were from Cell Signaling: anti-
TSC2, anti-AKT (detect total AKTprotein), and phospho-AKT
(the Ser473 site). The anti-RAC1 and anti-CDC42mousemono-
clonal antibodies were purchased from Millipore. The anti-
GM-130 monoclonal antibody was obtained from BD Trans-
duction Laboratories. The anti-� tubulin monoclonal antibody
was from Sigma-Aldrich.
Cells—The following cell culturemedia were used for the cell

lines specified: human colon cancer HCT116 cells, McCoy’s 5A
medium; human colon cancer KM20 cells, minimum Eagle’s

medium plus sodium pyruvate, nonessential amino acids, and
essential vitamin; 293T cells, Dulbecco’smodified Eagle’smedi-
um; and REF cells, Dulbecco’s modified Eagle’s medium/F12
(50:50). All media were supplemented with 10% fetal bovine
serum (Hyclone) and 1% penicillin/streptomycin. Transient
transfection of HCT116 cells with small interfering RNA tar-
geting TSC2 (siGENOME SMARTpool siRNA, Dharmacon)
was carried out using Lipofectamine 2000 (Invitrogen) by fol-
lowing the manufacturer’s protocol. The final concentration of
small interfering RNA used was 50 nM.
Generation of TSC2KnockdownCells Using Lentivirus-medi-

ated Delivery of shRNA—The shRNAs for the human TSC2
gene used in this study were constructed in a pLKO.1-puro
vector and obtained from Addgene. The targeting sequence is
5�-CACTGGCCTTGGACGGTATTG-3�. A plasmid carrying
a nontargeting sequence was used to create the control cells.
For virus packaging, the control or TSC2-specific shRNA con-
structs were co-transfected withMission lentiviral packingmix
(Sigma-Aldrich) into 293T cells using FuGENE 6. The colon
cancer cells including HCT116 and KM20 were infected with
virus containing media, and the stable knockdown cells were
obtained through selection with puromycin.
Generation of p110�H1074R- or TSC2-overexpressing Stable

Cell Lines—293T cells were co-transfected with pBabe-puro
vector, pBabe-p110�H1074R, or pBabe-TSC2, and a packaging
plasmid pCL (Addgene) using FuGENE 6. The cell mediumwas
collected at 72 h post-transfection and used directly to infect
wild-type and TSC2(�/�) REF cells. The stable REF cells were
selected using puromycin.
Cell Spreading Assay—REF cells were starved in Dulbecco’s

modified Eagle’s medium/F12 with 0.1% bovine serum albumin
for 2 h and collected by trypsinization. The cells were plated
onto fibronectin-coated glass coverslips for the indicated times.
The phase images were taken with a 10� objective (Nikon
TE2000). The spread cells were defined as cells with extended
processes and not phase-bright, whereas the nonspread cells
were round and phase-bright. The percentage of spreading cells
were calculated accordingly.
Wound Healing and Cell Polarization Assays—Amonolayer

of confluent REF cells grown in a 6-well culture plate was
wounded with a linear scratch by a sterile 200-�l pipette tip.
The phase-contrast images were taken at 0 and 15 h after the
scratch wounds were made (4� objective, Nikon TE2000).
To monitor cell polarization, REF cells were grown on cov-
erslips and allowed to reach confluency. A larger wound was
made using a sterile 1-ml pipette tip. The cells were washed
and returned to regular growth medium with 10% fetal
bovine serum for 15 h. Immunofluorescence staining was
performed as described previously (14). Briefly, the cells
were fixed in 4% paraformaldehyde and permeabilized using
0.3% Triton X-100. The localization of the Golgi network
was detected using the anti-GM-130 antibody and visualized
using Alexa488-conjugated secondary antibody (Invitro-
gen). Actin was stained using Texas Red-conjugated phalloi-
din. The nuclei of the cells were stained with 4�,6-diamidino-
2-phenylindole-containing mounting medium. Images were
taken using a Nikon TE2000 inverted microscope with a 20�
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objective. The cells with Golgi localized within 120o sectors
facing the wound were scored positive as polarized cells.
Time-lapse Live Cell Imaging and Analysis—To record the

migration of live REF cells in the wound healing assay, a mono-
layer of confluent cells grown in a glass-bottom culture dish
were wounded as described above. The cells at the edge of the

scratch wound were monitored at
37 °C using a Nikon BioStation IM
equipped with a CO2 incubation
chamber. Time-lapse phase images
were taken every 30 min for 15 h
with a 20� objective. The move-
ment of cells was tracked and ana-
lyzed using Nikon Element AR
software.
Trans-well Migration Assay—

The control and TSC2 knockdown
colon cancer cells were cultured
overnight in serum-free medium.
The next day, cells were trypsinized,
resuspended in serum-free medium
containing 0.1% bovine serum albu-
min, and added to the top well of
each migration chamber with an
8-�m pore size membrane (Corn-
ing). The migration was induced by
the presence of collagen (15 �g/ml)
and IGF-1 (20 ng/ml) in the bottom
chambers. To assess the effect of
rapamycin on cell migration, rapa-
mycin (20 nM) or dimethyl sulfoxide
were included in the bottom-cham-
ber medium. After 5 or 18 h (for
HCT116 and KM20 cells, respec-
tively), the inserts were fixed in
methanol and stained with 0.5%
crystal violet. The cells that have
not migrated were removed from
the top chambers using cotton
swaps. The numbers of migrated
cells were counted using an
inverted microscope.
Pulldown Assay for Activated

CDC42 and RAC1—To assess the
amount of activated CDC42 and
RAC1 in REF or colon cancer cells,
GST pulldown assays were per-
formed using the GST-tagged p21
binding domain of PAK1 (GST-
PBD) as described previously (19).
Briefly, GST-PBD fusion proteins
were expressed in bacteria and
purified using glutathione-Sepha-
rose. The REF and colon cancer
cells were grown to �70% conflu-
ency in regular growth medium
containing fetal bovine serum. For
rapamycin treatment, the cells

were incubated in medium containing 20 nM rapamycin for
5 h. Subsequently, the cells were lysed in lysis buffer (50 mM

Tris, pH 7.4, 100 mM NaCl, 1% Nonidet P-40, 10% glycerol, 2
mM MgCl2, and protease inhibitor cocktails), and soluble
proteins were incubated with purified GST-PBD to pull
down activated CDC42 and RAC. The amount of total and

FIGURE 1. Loss of TSC2 expression inhibits cell spreading and actin rearrangement. A, morphology of WT
and TSC2(�/�) REF cells on culture plates. WT and TSC2(�/�) REF cells grown on glass coverslips were fixed and
stained with Texas Red-conjugated phalloidin. Formation of lamellipodia was observed in WT cells as indicated
by solid arrows. B, WT and TSC2(�/�) REF cells were serum-starved for 2 h and replated onto fibronectin-coated
coverslips for 1 and 4 h. Representative phase contrast images were taken from the WT and TSC2(�/�) cells after
spreading for indicated time. C, quantitative representation of summarized results obtained from three inde-
pendent experiments. The percentage of cell spreading was calculated as described under “Experimental
Procedures.” For statistical analysis, the data obtained from the TSC2(�/�) cells were compared with the WT
cells, and the p values were determined by two-sample t tests. Data represent the mean � S.E. (n � 3; *, p �
0.05). D, after allowing cells to spread on fibronectin-coated coverslips for 1 h, one set of the cells were treated
with IGF-1 (20 ng/ml) for 5 min. The cells were subsequently fixed and stained with Texas Red-conjugated
phalloidin. Images shown were obtained with a 20� objective. E, activation of PI3K signaling is attenuated in
TSC2(�/�) REF cells. WT and TSC2(�/�) REF cells were serum-starved for 2 h and subsequently stimulated with
IGF-1 (20 ng/ml) for 10 min. The cells lysates were prepared and analyzed for the phosphorylation status of
p70S6K and AKT.
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active CDC42 and RAC1 was
detected using CDC42 and RAC1
antibodies.

RESULTS

Loss of TSC2 Expression Inhibits
Cell Spreading and Disrupts Actin
Cytoskeleton Rearrangement—Dur-
ing the experiments to examine the
negative feedback regulation medi-
ated by TSC2 using TSC2(�/�) rat
fibroblast cells, wewere intrigued by
the observation that the morphol-
ogy of WT and TSC2(�/�) cells
showed striking differences. When
adhered to the culture plates, the
formation of lamellipodia and filo-
podia was readily observed in WT
REF cells (Fig. 1A, lamellipodia indi-
cated by solid arrows), whereas
TSC2(�/�) cells showed elongated
spindle-like morphology, however,
apparently completely lacking
lamellipodia. The numbers of filo-
podia were largely reduced and
observed only at the end of cell pro-
trusions in TSC2(�/�) cells (Fig.
1A). To determine the effect of
TSC2 deletion on cell spreading,
WT and TSC2(�/�) cells were
trypsinized, reseeded onto fibronec-
tin-coated coverglasses, and moni-
tored for the morphological
changes during the time course of
cell attachment. As shown in Fig.
1B, a marked difference in the
appearance of cell spreading on
fibronectin was observed at 1 and
4 h. At the 1-h time point, �50% of
WT cells showed spread out mor-
phology with clear formation of
lamellipodia and filopodia, and
�80% of the cells are fully spread
out by 4 h. In contrast, �20% of
TSC2(�/�) cells at 1 h, and 50% at
4 h appeared to establish attach-
ments with fibronectin, and an
elongated morphology was ob-
served as well (Fig. 1C).

Next, we determined whether
loss of TSC2 affects actin cyto-
skeleton organization. WT and
TSC2(�/�) cells were reseeded onto
fibronectin-coated coverglasses as
in the cell-spreading experiments
and treated with IGF-1 after 1 h of
spreading. The cells were stained
with Texas Red-conjugated phalloi-

FIGURE 2. Loss of TSC2 expression inhibits cell migration and prevents cell polarization. The confluent
monolayer of WT and TSC2(�/�) REF cells were scratched with a sterile pipette tip. A, shown are phase-contrast
images showing the size of the wounds at 0 and 15 h. B, shown is a quantitative representation of summarized
results obtained from three independent scratch assay experiments. The distance migrated (�m) was meas-
ured and quantified using Nikon Element software. Data represent the mean � S.E. (n � 3; *, p � 0.05). C, 15 h
post-wounding, WT and TSC2(�/�) REF cells were stained with the anti-GM-130 antibody and visualized using
the Alexa488-conjugated secondary antibody (GM-130 panels). The actin was visualized using Texas Red-
conjugated phalloidin (Actin panels). The nuclei were stained with 4�,6-diamidino-2-phenylindole. The scratch
wounds were located parallel to the bottom of each image. The polarized cells with Golgi facing the wound are
marked with solid arrows. D, the quantitative results showing the percentage of polarized cells are shown. For
each experiment, six to eight images were taken along the scratch, and 100 –120 total cells located at the
edge of the wound were counted. The cells with Golgi orientated facing the wound are considered
polarized. Data represent the mean � S.E. (n � 3; *, p � 0.05). E, representative trace of a single migrating
WT or TSC2(�/�) cell is shown. Time-lapse images of migrating live cells were taken every 30 min for 15 h
during cell migration, and the position of a single cell was tracked at each time point using Nikon Element
software. The cells start out from the bottom of the graphs, and the arrows indicate the direction of the cell
movement if moving toward the wound.
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din to reveal the growth factor-induced rearrangement of actin
cytoskeleton. Compared with untreated WT cells, TSC2(�/�)

cells showed a more contracted actin structure lacking detect-
able actin staining other than in the cortical region (Fig. 1D, left
panels). Upon IGF-1 treatment, a striking difference in actin
cytoskeleton rearrangement was observed in TSC2(�/�) cells
comparedwithWTcells.Whereas the actin structure was rear-
ranged to localize to the cell margin upon formation of lamel-
lipodia and filopodia in WT cells, abundant actin stress fiber
formationwas observed inTSC2(�/�) cells, and no lamellipodia
and filopodia were formed (Fig. 1D, right panels). Taken
together, these observations indicate thatTSC2plays an impor-
tant role in the regulation of actin cytoskeleton assembly,
including lamellipodia and filopodia formation to affect cell
spreading and morphology. To confirm that the activation of
PI3K signaling is attenuated largely in TSC2(�/�) cells, the cells
were subjected to IGF-1 treatment and analyzed for activation
of p70S6K and AKT. Consistent with previous findings (7, 8),
loss of TSC2 expression resulted in hyperactivation of p70S6K
and impaired activation of AKT indicating that TSC2(�/�) cells
are controlled by the p70S6K-dependent negative feedback
regulation.
Loss of TSC2 Expression Inhibits Directional Cell Migration

and Polarization—To examine the role of TSC2 in regulating
cell migration, the rate of REF cell migration was determined
using in vitro wound-healing assays. A confluent monolayer of
WT or TSC2(�/�) REF cells were scratched and allowed to
migrate into the wound area for 15 h. As shown in Fig. 2A,
although the wound area was healed completely byWT cells, a
significant gap remained for TSC2(�/�) cells. The rate ofmigra-
tion was �50% slower for TSC2(�/�) cells compared with WT
cells (Fig. 2B).
We next examined the role of TSC2 in controlling polarity

establishment using the wound-healing assay. In this assay,
directional movement of cells is initiated by a scratch through
the cell monolayer, and cells at the wound edge polarize toward
the wound, allowing cells to migrate in a direction perpendicu-
lar to the wound (15). In our study, polarization of the cells is
visualized by reorientation of the Golgi forward to face the
wound. As shown in Fig. 2, C and D, �40% of WT REF cells
clearly polarized along the edge of the wound as the Golgi
moved to the front of the cell facing the wound. In marked
contrast, almost all of TSC2(�/�) cells failed to polarize with
�5% cells showing reorientation of the Golgi. Interestingly,
when tracking the cell movement over the entire course of the
wound-healing assay, we found that WT cells migrate toward
the wound in a more persistent and efficient manner, whereas
TSC2(�/�) cells tended tomove around in all directions (Fig. 2E
and supplemental Movies 1 and 2). Although the total distance
traveled by WT and TSC2(�/�) cells was not significantly dif-
ferent, the final distance of a single cell from its starting origin
was decreased by 30–50% in TSC2(�/�) cells. Taken together,
these results suggest that loss of TSC2 expression blocks the
establishment of cell polarization, resulting in a large decrease
in the rate of cell migration.
Knockdown of TSC2 in Colon Cancer Cells Inhibits Cell

Migration—To further confirm the role of TSC2 in regulating
cell migration, we generated stable TSC2 knockdown cells

using lentivirus-based shRNA. Fig. 3A shows that TSC2 protein
expression was decreased in both KM20 (lanes 1 and 2) and
HCT116 (lanes 3 and 4) colon cancer knockdown cells. As
reported previously, whereas phosphorylation at Thr389 of
p70S6K is up-regulated in TSC2 knockdown cells, phosphory-
lation of Akt is inhibited indicating the activation of the nega-
tive feedback loop upon loss of TSC2 expression (Fig. 3A).
Because both colon cancer cell lines are from epithelial cell
origin, the rate of migration is difficult to measure within a
reliable time frame with the wound-healing assay. Thus, trans-
well migration assays were performed to determine whether
altering TSC2 expression affects cell migration. Consistent
with the results obtained from REF cells in the wound-healing
assay, knockdown of TSC2 largely reduced the rate of cell
migration. The number of cells migrated to the lower chamber
decreased by �65 and �50% for KM20 and HCT116 cells,
respectively (Fig. 3, B and C). To confirm the specificity of
TSC2-specific shRNA, HCT116 cells were transiently trans-
fected with a pool of small interfering RNAs targeting endoge-
nous TSC2. Consistent with the results obtained from the sta-
ble knockdown cells, depletion of TSC2 expression reduced the
number of cells migrated by �70% as assessed using trans-well
migration assays (data not shown). Collectively, our findings
indicate that loss of TSC2 negatively affects cell migration.
Loss of TSC2 Expression Suppresses RAC1 and CDC42

Activation—It is accepted generally that alteration of the func-
tion of Rho family GTPases leads to defects in cell migration.
Particularly, activation of RAC is linked to formation of lamel-
lipodia, and CDC42 is required to establish cell polarity in

FIGURE 3. Knockdown of TSC2 in colon cancer cells impairs cell migration.
A, Western blots of cell lysates prepared from TSC2 stable knockdown cells
(shTSC2) were analyzed using the following antibodies to show the phospho-
rylation status or the total protein expression: TSC2, phospho-p70S6K (Thr389

site, p-S6K), p70S6K (S6K), phospho-Akt (Ser473 site, p-Akt), Akt, and � tubulin
antibodies. B, KM20 control and TSC2 knockdown cells were subjected to a
two-chamber trans-well migration assay. The numbers of migrated cells were
quantified and normalized to the control cells. C, HCT116 control and TSC2
knockdown cells were subjected to a two-chamber migration assay. The
numbers of migrated cells were quantified, normalized to the control (Con)
cells, and expressed as percentage of migration. Data represent mean � S.E.
(n � 4; *, p � 0.05).
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migration (13, 15). As we found that TSC2(�/�) REF cells lack
lamellipodia formation when spread on fibronectin (Fig. 1) and
polarize poorly (Fig. 2), GST pulldown activity assays were per-
formed to examine whether loss of TSC2 expression affects the
activation of RAC1 and CDC42 in REF and colon cancer cells.
As shown in Fig. 4,A andB, the amount of activatedCDC42 and
RAC1 (GST-PBD bound) was decreased by �80 and �50%,
respectively, in TSC2(�/�) cells compared with WT cells. Sim-
ilarly, CDC42 and RAC1 activation was reduced to 50–70% of
the control level in TSC2 knockdown KM20 (Fig. 4C, lanes 1

and 2) andHCT116 cells (lanes 3 and 4) as well (Fig. 4D). These
results suggested that TSC2 expression is required to maintain
CDC42 and RAC1 activation in cells, and this decrease in
CDC42 and RAC1 activity may account for the cell migration
defects observed in TSC2 knock-out and knockdown cells.
Rapamycin Treatment Partially Rescues the Polarization

Defect in TSC2(�/�) REF Cells—Because it has been well docu-
mented that PI3K and its lipid product PtdIns-3,4,5-P3 closely
regulate cell migration, and loss of TSC2 inhibits PI3K/AKT
activity through activation of mTOR and p70S6K (8), we

FIGURE 4. Loss of TSC2 expression represses the activation of CDC42 and RAC1. A, WT and TSC2(�/�) REF cells were analyzed for CDC42 and RAC1 activation
using GST-PBD pulldown assays. The amount of activated and total CDC42 and RAC1 in the cells were detected using the anti-CDC42 and anti-RAC1 antibodies
on Western blots. The GST-PBD bound panels represent the activated fraction of CDC42 and RAC1, and 10% of cell lysates were used to show the total
expression of CDC42 and RAC1 (Lysate panels). The p-Akt panel shows the phosphorylation level of AKT at Ser473 in the cell lysates. B, the percentage of
activation was quantified by normalizing the level of activated CDC42 and RAC1 (Bound panels) to the total proteins in the lysates (Lysate panels). Data
shown in the graph represent the mean � S.E. (n � 3; *, p � 0.05). C, the control and TSC2 knockdown colon cancer cells, including KM20 and HCT116,
were analyzed for CDC42 and RAC1 activation using GST-PBD pulldown assays. The activated and total CDC42 and RAC1 were analyzed as in A. D, the
percentage of activation was quantified by normalizing the level of activated CDC42 and RAC1 (Bound panels) to total proteins in the lysates (Lysate
panels). Data shown in the graphs represent the mean � S.E. (n � 4; *, p � 0.05).

TSC2 Controls Cell Polarity and Migration

24992 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 32 • AUGUST 6, 2010



hypothesized that loss of TSC2-induced inhibition of cell
motilitymay be due to the negative feedback regulation of PI3K.
As discussed above, treating cells with rapamycin releases
TSC2-mediated inhibition of PI3K signaling. Here, we exam-

ined whether the defect in cell polarization in TSC2(�/�) REF
cells can be rescued by rapamycin.WTandTSC2(�/�) REF cells
were scratched and allowed to polarize along the edge of the
wound in the presence or absence of rapamycin. In the presence
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FIGURE 5. Rapamycin treatment partially rescues the polarization and CDC42/RAC1 activation defects in TSC2(�/�) REF cells. A, the confluent
monolayer of WT and TSC2(�/�) REF cells were scratched with a sterile pipette tip. Rapamycin (Rapa; 20 nM) was added to cell medium. 15 h after
wounding, the WT and TSC2(�/�) REF cells were stained with the anti-GM-130 antibody and visualized using the Alexa488-conjugated secondary
antibody (GM-130 panels). The actin was visualized with Texas Red-conjugated phalloidin (Actin panels). The nuclei were stained with 4�,6-diamidino-
2-phenylindole. The scratch wounds were located parallel to the bottom of each image. The polarized cells with Golgi facing the wound are marked with
solid arrows. B, the quantitative results showing the percentage of polarized cells are shown. For each experiment, six to eight images were taken along
the scratch, and 100 –120 total cells located at the edge of the wound were counted. The cells with Golgi orientated facing the wound are considered
polarized. Data represent the mean � S.E. (n � 3; *, p � 0.05). C, WT and TSC2(�/�) REF cells were treated with dimethyl sulfoxide or rapamycin (20 nM)
for 5 h and analyzed for CDC42 and RAC1 activation using GST-PBD pulldown assays. The amount of activated and total CDC42 and RAC1 in the cells were
detected using the anti-CDC42 and anti-RAC1 antibodies on Western blots. The GST-PBD bound panels represent the activated fraction of CDC42 and
RAC1, and 10% of cell lysates were used to show the total expression of CDC42 and RAC (Lysate panels). The p-Akt and Akt panels show the phosphor-
ylation level of AKT at Ser473 and total AKT expression in the cell lysates, respectively. D, the percentage of activation was quantified by normalizing the
level of activated CDC42 and RAC1 (Bound panels) to total proteins in the lysates (Lysate panels). Data shown in the graphs represent the mean � S.E. (n �
3; *, p � 0.05).
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of rapamycin, polarization of WT REF cells was slightly less
efficient. However, whereas TSC2(�/�) cells failed to polarize
under the control condition, the percentage of cells polarized
increased from�5% tomore than 25% as indicated by theGolgi
reorientation in the presence of rapamycin (Fig. 5, A and B).

We next determined the activation of CDC42 and RAC1 in
the presence of rapamycin. Consistent with previous studies,
treating cells with rapamycin released the negative regulation
of PI3K/AKT signaling as phosphorylation of AKT increased in
the presence of rapamycin (Fig. 5C). Under the same condition,
the amount of activated CDC42 was significantly increased in
TSC2(�/�) cells (Fig. 5C, lanes 3 and 4, and D). Activation of
RAC1 was increased with rapamycin treatment in TSC2(�/�)

cells as well, although the difference compared with untreated
cells was not significant (Fig. 5, C and D). In addition, the mor-
phology of TSC2(�/�) cells was not altered upon rapamycin
treatment. Taken together, our results showed that the negative
feedback loop activated by loss of TSC2 contributes to the
impaired cell polarization observed in TSC2(�/�) cells, and
treating the cells with rapamycin allows the re-establishment of
polarity during cell migration.
Rapamycin Treatment Increases the Rate of Migration in

TSC2 Knockdown Colon Cancer Cells—To confirm the effects
of rapamycin on TSC2(�/�) cells, we examined whether rapa-
mycin treatment improves the rate of migration in TSC2
knockdown colon cancer cells. In addition, the activation of
CDC42 and RAC1 was determined in the control and TSC2
knockdown KM20 cells upon rapamycin treatment. As
shown in Fig. 6A, treating cells with rapamycin had no effect
on the amount of activated CDC42 and RAC1 in control cells
(lanes 1 and 2), whereas activation of CDC42 and RAC1 was
increased largely in the TSC2 knockdown cells to a similar
level as in the control cells (lanes 3 and 4). In addition, the
control and TSC2 knockdown KM20 cells were subjected to
trans-well migration assay, and the rate of migration was
determined by counting the cells migrated to the lower
chamber. As reported in previous studies (21), treating cells
with rapamycin reduced the rate of cell migration in the
control cells. However, the number of TSC2 knockdown
cells migrated increased by 2-fold when treated with rapa-
mycin (Fig. 6B). Similar results were obtained with HCT116
control and TSC2 knockdown cells (data not shown). Col-
lectively, these data suggest that rapamycin may have a pos-
itive effect on cell migration if the cells are under the control
of negative feedback regulation.
Overexpression of an Active Mutant of p110� Partially Res-

cues the Polarization Defect in TSC2(�/�) REF Cells—The
above data suggest that TSC2-mediated feedback inhibition of
PI3K may contribute to the cell polarization and migration
defect seen in TSC2-deficient cells. We next tested whether
overexpression of an active mutant of the catalytic subunit of
PI3K (PIK3CA), p110�-H1074R, can improve cell polarization.
The H1074R mutation in the PIK3CA gene was first identified
in colorectal cancer patients (22). Cancer cells carrying this
mutant PIK3CA have reduced dependence on growth factors,
and apoptosis is inhibited (22). The p110�-H1074Rmutantwas
stably expressed inWT and TSC2(�/�) REF cells using retrovi-
rus-mediated infection. The control cells were generated by

infecting cells with a retrovirus encoding the blank vector. The
ability of the stable cells to establish polarity was examined
using the wound-healing assay as described above. Fig. 7A
shows that the WT control and H1074R-overexpressing cells
polarized similarly as the parental cells (Fig. 2), and�40%of the
cells established polarity toward the wound (Fig. 7B). On the
other hand, whereas polarization of the control TSC2(�/�) cells
was largely abolished (Fig. 2B, and similar as the parental cells
shown in Fig. 2), overexpression of H1074R mutant markedly
increased the percentage of polarized cells from �5% to �30%
(Fig. 7B).
To investigate whether the overexpression of H1074Rmutant

restores CDC42 and RAC1 activation in TSC2(�/�) cells, we per-
formed a GST-PBD pulldown assay to determine the amount of
activated CDC42 and RAC1 in the control and H1074R-overex-
pressing cells. Moderate overexpression of p110�-H1074R was
detectedwith theanti-p110�antibodyusingWesternblot analysis
(Fig. 7C, p110� panel). In addition, phosphorylation of AKT was
increased in H1074R-overexpressing cells (Fig. 7C, p-Akt panel)
suggesting that theH1074Rmutant is able to bypass loss of TSC2-
mediated negative inhibition of Akt. Furthermore, CDC42 activa-
tion is significantly increased in H1074R overexpressing
TSC2(�/�) cells to a similar level as seen in the control WT cells
(Fig.7D,Cdc42graph).TheamountofactivatedRAC1is increased
upon overexpression of H1074R as well, although the difference

FIGURE 6. Rapamycin treatment partially rescues the migration and
CDC42/RAC1 activation defects in TSC2 knockdown colon cancer cells.
A, KM20 control (Con) and TSC2 knockdown cells were treated with dimethyl
sulfoxide or rapamycin (20 nM) for 5 h and analyzed for CDC42 and RAC1
activation using GST-PBD pulldown assays. The amount of activated and total
CDC42 and RAC1 in the cells were detected using the anti-CDC42 and anti-
RAC1 antibodies on Western blots. The GST-PBD bound panels represent the
activated fraction of CDC42 and RAC1, and 10% of cell lysates were used to
show the total expression of CDC42 and RAC1 (Lysate panels). The expression
of TSC2, p-AKT (phospho-Ser473), total AKT, and tubulin are detected in the
cell lysates. The percentage of activation was quantified by normalizing
the level of activated CDC42 and RAC1 (Bound panels) to total proteins in the
lysates (Lysate panels), and indicated by the numbers below the representative
panels. B, KM20 control and TSC2 knockdown cells were subjected to trans-
well migration analysis in the presence or absence of rapamycin in the lower
chamber. The numbers of migrated cells were quantified, normalized to the
control cells, and expressed as percentage of migration. Data represent
mean � S.E. (n � 3; *, p � 0.05). Rapa, rapamycin.
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FIGURE 7. Overexpression of an active p110� mutant of PI3K rescues the polarization and CDC42/RAC1 activation defects in TSC2(�/�) REF cells. A, WT
and TSC2(�/�) REF cells infected with control (Con) retrovirus or a retrovirus encoding an oncogenic activating mutant of p110�, H1047R, were subjected to
polarization assays as described in Fig. 2. The cells were stained with the anti-GM-130 antibody and visualized using the Alexa488-conjugated secondary
antibody (GM-130 panels). The actin was visualized with Texas Red-conjugated phalloidin (Actin panels). The nuclei were stained with 4�,6-diamidino-2-
phenylindole. The scratch wounds were located parallel to the bottom of each image. The polarized cells with Golgi facing the wound are marked with solid
arrows. B, shown are the quantitative results showing the percentage of polarized cells. For each experiment, six to eight images were taken along the scratch,
and 100 –120 total cells located at the edge of the wound were counted. The cells with Golgi orientated facing the wound are considered polarized. Data
represent the mean � S.E. (n � 3; *, p � 0.05). C, the control and p110�-H1047R-infected WT and TSC2(�/�) REF cells were analyzed for CDC42 and RAC1
activation using GST-PBD pulldown assays. The amount of activated and total CDC42 and RAC1 in the cells were detected using the anti-CDC42 and anti-RAC1
antibodies on Western blots. The GST-PBD bound panels represent the activated fraction of CDC42 and RAC1, and 10% of cell lysates were used to show the total
expression of CDC42 and RAC1 (Lysate panels). The expression of p110� in the cell lysates was detected using the anti-p110� antibody. The p-AKT and AKT panels show
the phosphorylation level of AKT at Ser473 and total AKT expression, respectively. D, the percentage of activation was quantified by normalizing the level of CDC42 and
RAC1 activation (Bound panels) to total proteins in the lysates (Lysate panels). Data shown in the graphs represent the mean � S.E. (n � 3; *, p � 0.05).
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was not significant compared with the control TSC2(�/�) cells
(Fig. 7D,Rac graph). Taken together, these results suggest that the
active mutant of p110� rescues the polarization defect of
TSC2(�/�) cells likely through activation of CDC42.

Re-expression of TSC2 Rescues the
Migration Defect in TSC2(�/�) REF
Cells—To confirm the specificity of
TSC2-dependent regulation on cell
migration, we reintroduced the
wild-type human TSC2 gene into
TSC2(�/�) REF cells via retrovi-
rus-mediated infection. First,
re-expression of TSC2 changed
the morphology of TSC2(�/�) REF
cells. Whereas the vector infected
cells maintained the triangular
and elongated shape as observed
in parental cells, more lamellipo-
dia and filopodia formation was
detected in cells re-expressing
TSC2 (Fig. 8A). The negative feed-
back loop was effectively blocked
as shown by the expression of
TSC2 and the alteration of p70S6K
and AKT phosphorylation (Fig.
8B). In addition, the GST-PBD
pulldown assays were performed
to determine the amount of acti-
vated CDC42 and RAC1 in the vec-
tor- and TSC2-expressing cells. The
results showed that re-expression
of TSC2 resulted in a 2–4-fold
increase of active CDC42 and
RAC1 (Fig. 8, C andD) in cells sug-
gesting that the activation of
CDC42 and RAC1 was rescued by
TSC2. Furthermore, the rate of
cell migration was significantly
improved in cells re-expressing
TSC2 (Fig. 8E).
In summary, we demonstrate that

TSC2plays an important role in reg-
ulating cell polarity and migration
by controlling the negative feedback
loop. Loss of TSC2 expression
results in a decrease of PI3K activa-
tion and subsequently reduced acti-
vation of CDC42 and RAC1. Thus,
TSC2 positively regulates the rate of
cell migration and polarization via
maintaining the activation of
CDC42 and RAC1 (Fig. 8F).

DISCUSSION

Loss of function mutations in the
TSC2 gene are responsible for the
pathogenesis of tuberous sclerosis
and other hamartoma syndromes

(1). TSC2 functions as a tumor suppressor by negatively con-
trolling themTOR-signaling pathway. In addition, loss of TSC2
is known to activate the negative feedback regulation of PI3K/
AKT signaling (23).While the antigrowth function of TSC2 has

FIGURE 8. Re-expression of TSC2 rescues the migration defection in TSC2(�/�) REF cells. A, phase-contrast
images were taken from stable TSC2(�/�) REF cells infected with control (Con) vector or wild-type TSC2. Images
shown were obtained with a 20� objective. B, expression of TSC2 and phosphorylation status of p70S6K and
Akt in stable TSC2(�/�) REF cells infected with control vector or TSC2 (lanes 1 and 2, respectively). C, the control
vector or TSC2-infected TSC2(�/�) REF cells were analyzed for CDC42 and RAC1 activation using GST-PBD
pulldown assays. The amount of activated and total CDC42 and RAC1 in the cells were detected using the
anti-CDC42 and anti-RAC1 antibodies on Western blots. The GST-PBD bound panels represent the activated
fraction of CDC42 and RAC1, and 10% of cell lysates were used to show the total expression of CDC42 and RAC1
(Lysate panels). D, the percentage of activation was quantified by normalizing the level of CDC42 and RAC1
activation (Bound panels) to total proteins in the lysates (Lysate panels). Data shown in the graphs represent the
mean � S.E. (n � 4; *, p � 0.05). E, wound healing assays were performed to determine the rate of migration in
the vector or TSC2-infected TSC2(�/�) REF cells. The quantitative results are summarized and shown in the
graph. The distance migrated (�m) was measured and quantified using Nikon Elements software. Data repre-
sent the mean � S.E. (n � 3; *, p � 0.05). F, shown is a diagram showing signaling pathways involved in
TSC2-dependent regulation of cell polarity and migration. Our study here demonstrates that loss of TSC2
triggers the negative feedback regulation in which the activation of PI3K is largely diminished. This leads to
decreased activation of RAC1 and CDC42 and migration defects. Treating cells with rapamycin, overexpression
of a constitutively active p110� or re-expression of TSC2 rescue the migration defect by releasing or bypassing
the negative regulation.
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been well characterized, it is less clear how TSC2 regulates cell
migration and polarization. In the current study, we focused on
elucidating the effect of TSC2 knockdown on cell motility.
Fibroblasts lackingTSC2 display significantly reduced ability to
spread and migrate. Similarly, knockdown of TSC2 expression
in colon cancer cells results in a decrease in cell migration.
Moreover, loss of TSC2 expression largely inhibits the estab-
lishment of cell polarity. Thesemigration defects correlate with
decreased CDC42 and RAC1 activation in TSC2 deficient cells.
Furthermore, treating cells with rapamycin or overexpression
of an active mutant p110� allows TSC2(�/�) cells to polarize,
suggesting that loss of TSC2-induced negative feedback regu-
lation of PI3K plays a major role in inhibiting cell polarization.
Finally, re-expression of a human wild-type TSC2 gene in
TSC2(�/�) RFE cells rescues the migration defect, confirming
the role of TSC2 in regulating cell migration.
It has been shown previously that TSC1 inhibits RAC1 acti-

vation andTSC2blocks this inhibition upon binding toTSC1 in
Eker rat leiomyoma cells (12). Consistent with this report, we
demonstrate that RAC1 activation is inhibited in both
TSC2(�/�) REF and TSC2 knockdown colon cancer cells. More
importantly, we show for the first time that CDC42 activation is
greatly reduced upon loss of functional TSC2 expression. It has
been shown that integrin-mediated activation of CDC42 con-
trols cell polarity in migrating astrocytes (15). In this study, we
find that change inCDC42 activity tightly correlateswith polar-
ization of rat fibroblast cells duringmigration, and loss of TSC2
largely inhibits CDC42 activation. It has been shown that acti-
vation of PI3K and production of its lipid product PtdIns-
3,4,5-P3 are required for activation of CDC42 (17). Because lack
of cell polarization in TSC2(�/�) cells is rescued by rapamycin
treatment or overexpression of an active p110� mutant in our
experiments, we conclude that loss of TSC2-induced decrease
of PI3K activity, and the subsequent decrease of PtdIns-3,4,5-P3
is likely responsible for down-regulation of CDC42 and the
polarity defect.
In the case of RAC1 activation, many studies have placed

RAC1 downstream of PI3K as well (13, 16). Thus, inhibition of
RAC1 activation in TSC2-deficient cells is likely the result of
TSC2-mediated feedback inhibition of PI3K. This may account
for lack of lamellipodia formation in TSC2(�/�) REF cells.
Interestingly, similar alteration in cell morphology have been
reported in RAC1-null mouse embryonic fibroblasts. Both lack
of lamellipodia formation and elongated morphology are
observed in RAC1-null mouse embryonic fibroblast cells (24,
25). Consistent with previous studies that genetic deletion of
RAC1 results in delayed cell spreading and slower migration
rate (24, 25), we find that TSC2(�/�) REF cells spread and
migrate much slower compared with WT cells. However, the
rate of migration is not significantly accelerated in TSC2(�/�)

REF cells either treated with rapamycin or overexpressing the
p110�-H1074R mutant (data not shown). This may due to the
fact that only a moderate increase of RAC1 activation is
achieved (Figs. 5D and 7D). Indeed, either rapamycin or p110�-
H1074R are not sufficient to alter themorphology of TSC2(�/�)

REF cells. In addition, recent studies show that TSC2 can
directly suppress mTORC2 activity (23, 26), and mTORC2
activity is known to regulate actin cytoskeleton organization

(27). Further studies are needed to determine whether the loss
of the TSC2-induced migration defect is associated with the
ability of TSC2 to regulate mTORC2.
Previous studies indicate that activation of Rac1 and RhoA is

mutually inhibitory in cells (28–30). Indeed, we find that lyso-
phosphatidic acid-induced RhoA activity is elevated in
TSC2(�/�) REF and TSC2 knockdown colon cancer cells (data
not shown),whereasCDC42 andRAC1 activities are decreased.
Most recently, using real-time imaging of biosensors for small
GTPases, Machacek et al. (31) elegantly demonstrate that
assembly of cell protrusion initially requires RhoA activity, fol-
lowed by increased activation of CDC42 and RAC1 to ensure
coordinated cell movement. Thus, the overall defect of cell
migration observed in TSC2-deficient cells is likely a combina-
tional effect of activity imbalance among CDC42, RAC1, and
RhoA.
Loss of TSC2 is known to play a major role in up-regulating

the negative feedback inhibition of the PI3K/AKT pathway.
Because AKT signaling is largely diminished by this feedback
inhibition, tumors lacking TSC2 are usually benign and rarely
metastasize to other organs (1). Here, we show that cell migra-
tion is also impaired in TSC2-deficient cells, thus, providing an
underlying molecular mechanism for lack of aggressiveness in
mutant TSC2-related tumors. However, if the limitation set by
TSC2mutations can be overcome, as in the case of PTEN dele-
tion, the severity of the tumor enhances dramatically (9). Con-
sistent with this notion, we also find that knockdown of TSC2
has no effect on cell migration in PTEN-deleted U87 glioblas-
toma cells (data not shown). Furthermore, we show that rapa-
mycin treatment reduces cell migration in control colon cancer
cells. During this short term rapamycin treatment (5 h), no
significant change in CDC42 and RAC1 activity is observed
(Figs. 5D and 6A). Thus, this rapamycin-induced decrease of
migration is likely due to suppression of p70S6K activity as
reported previously in rhabdomyosarcoma cells (21). Further
studies are needed to elucidate the potential role of mTOR in
regulating CDC42 and RAC1 activation. More importantly,
rapamycin treatment releases the inhibition of migration in
TSC2 knockdown cells (Fig. 6B). As rapamycin and its deriva-
tives are being tested clinically for their anti-cancer activity
(20), caution should be taken, as our results suggest that rapa-
mycin treatment may increase the metastatic potential of
tumors lacking TSC2. In summary, our study has identified a
novel role ofTSC2 in regulating cell polarization andmigration.
In addition to increased cell growth mediated by loss of TSC2
expression, TSC2 plays a positive role in maintaining the bal-
ance of small GTPases to ensure coordinated cell migration.
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