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RhoA is overexpressed in human cancer and contributes to aberrant cell motility and metastatic progression; however, regula-
tory mechanisms controlling RhoA activity in cancer are poorly understood. Neuroepithelial transforming gene 1 (Net1) is a
RhoA guanine nucleotide exchange factor that is overexpressed in human cancer. It encodes two isoforms, Net1 and Net1A,
which cycle between the nucleus and plasma membrane. Net1 proteins must leave the nucleus to activate RhoA, but mechanisms
controlling the extranuclear localization of Net1 isoforms have not been described. Here, we show that Rac1 activation causes
relocalization of Net1 isoforms outside the nucleus and stimulates Net1A catalytic activity. These effects do not require Net1A
catalytic activity, its pleckstrin homology domain, or its regulatory C terminus. We also show that Rac1 activation protects
Net1A from proteasome-mediated degradation. Replating cells on collagen stimulates endogenous Rac1 to relocalize Net1A, and
inhibition of proteasome activity extends the duration and magnitude of Net1A relocalization. Importantly, we demonstrate
that Net1A, but not Net1, is required for cell spreading on collagen, myosin light chain phosphorylation, and focal adhesion mat-
uration. These data identify the first physiological mechanism controlling the extranuclear localization of Net1 isoforms. They
also demonstrate a previously unrecognized role for Net1A in regulating cell adhesion.

Rho family small G proteins are critical regulators of actin cy-
toskeletal organization. In this role, they impact many aspects

of cell function, including cell motility, extracellular matrix inva-
sion, and oncogenic transformation (1–3). Rho GTPases fulfill
this role by acting at the plasma membrane as molecular switches,
cycling between their active, GTP-bound, and inactive, GDP-
bound states. In their active forms, Rho proteins stimulate intra-
cellular signaling by interacting with downstream effector pro-
teins.

The best-characterized Rho proteins are Cdc42, Rac1, and
RhoA, each of which makes important contributions to cell
motility. For example, RhoA activation stimulates actomyosin
contraction by promoting phosphorylation of the regulatory
myosin light chain subunit (4, 5). This increased contractility
drives F-actin stress fiber and focal adhesion formation (6).
Within a migrating cell, RhoA is activated at both the leading
and trailing edges (7, 8). At the leading edge, RhoA activation
stimulates focal adhesion maturation, cortical actin polymer-
ization, and retrograde actin flow (9, 10). At the trailing edge,
RhoA activation promotes focal adhesion disassembly, thereby
allowing trailing edge retraction (11).

Because of its crucial role in controlling cell motility and inva-
sion, RhoA activation is thought to be a critical component of
human cancer cell tumorigenic and invasive capacities. RhoA sub-
family proteins are overexpressed in human cancers; however,
unlike the related Ras GTPases, they are not activated by mutation
(12–15). Thus, it is commonly believed that increased RhoA acti-
vation in human cancer occurs through alterations in the activity
of up- and downstream regulatory proteins. The GTP activation
cycle of Rho proteins is controlled by two large families of proteins
known as GTPase-activating proteins (RhoGAPs) and guanine
nucleotide exchange factors (RhoGEFs) (16, 17). RhoGAPs termi-
nate downstream signaling by stimulating the intrinsic GTPase
activity of Rho proteins, while RhoGEFs respond to extracellular

stimuli to catalyze Rho protein exchange of GDP for GTP, thereby
activating downstream signaling.

The neuroepithelial transforming gene 1 (Net1) is a RhoGEF
specific for the RhoA subfamily of small G proteins. NET1 tran-
scripts are overexpressed in a number of human cancers (18–20),
and we have shown that coexpression of Net1 and �4 integrin is
prognostic for decreased distant metastasis-free survival in estro-
gen receptor-positive breast cancer patients (21). Two isoforms of
Net1 exist in most cells, known as Net1 and Net1A, which are
expressed from different promoters and contain unique N-termi-
nal regulatory domains (22, 23). By using small interfering RNAs
(siRNAs) that target both Net1 isoforms, NET1 gene expression
has recently been shown to be important for gastric and breast
cancer cell motility and extracellular matrix invasion (18, 24, 25).
NET1 expression is also necessary for cytoskeletal rearrangements
associated with transforming growth factor � (TGF-�) signaling.
Specifically, interfering with the function of both Net1 isoforms
blocks TGF-�-stimulated RhoA activation and actin cytoskeletal
reorganization, and siRNA-mediated knockdown of Net1A inhib-
its TGF-�-stimulated epithelial-mesenchymal transformation
(EMT) (26–28). Thus, Net1 isoforms are emerging as important
regulators of EMT and cell motility in both normal development
and cancer progression.

A key aspect regulating the cellular activity of Net1 isoforms
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appears to be through control of their subcellular localization.
Net1 proteins are unusual among RhoGEFs in that they localize to
cell nuclei. For the Net1 isoform, this is at least partly due to the
presence of two nuclear localization signal (NLS) sequences in its
unique N-terminal regulatory domain (29). Mechanisms control-
ling the nuclear localization of Net1A are less well defined, but
they clearly rely on the presence of an N-terminal region shared
with Net1 (23). Importantly, Net1 isoforms must translocate to
the plasma membrane to stimulate RhoA activation and actin cy-
toskeletal reorganization (23, 29). Thus, identification of regula-
tory mechanisms controlling the subcellular localization of Net1
proteins is crucial to understanding their function in normal and
cancer cells.

In the present work, we demonstrate that activation of the
small G protein Rac1 stimulates the accumulation of Net1 iso-
forms outside the nucleus. It also causes plasma membrane accu-
mulation of Net1A, stimulates its activity toward RhoA, and
protects Net1A from proteasome-mediated degradation. Further-
more, we demonstrate that the process of cell spreading results in
a transient, Rac1-dependent relocalization of Net1A outside the
nucleus and that inhibition of proteasome function extends the
duration of Net1A extranuclear localization. Moreover, we dem-
onstrate that Net1A expression is required for efficient cell spread-
ing and is necessary for myosin light chain phosphorylation and
focal adhesion maturation. These data provide for the first time an
understanding of how Net1 isoform relocalization outside the nu-
cleus is controlled and reveal a unique role for Net1A in regulating
the process of cell spreading. In addition, this work demonstrates
a clear functional distinction between Net1 isoforms, in both their
regulation and downstream signaling activities within the cell.

MATERIALS AND METHODS
Cell culture and reagents. MCF7 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with high glucose and glutamine (Sigma),
supplemented with 10% fetal bovine serum (FBS; Invitrogen) and peni-
cillin-streptomycin (HyClone) in 10% CO2. MDA-MB-231 cells were cul-
tured in DMEM–F-12 plus 10% FBS in 5% CO2. Plasmids were trans-
fected with Lipofectamine Plus reagent (Invitrogen) according to the
manufacturer’s instructions. siRNA transfections were performed with
INTERFERin (PolyPlus). All siRNAs (Sigma) targeted human gene prod-
ucts and comprised the following sequences: Rac1-1, 5=-AAGGAGAUU
GGUGCUGUAAAA-dTdT-3=; Rac1-2, 5=-AACCUUUGUACGCUUUG
CUCA-dTdT-3=; Net1, 5=-GAAAACGCAGAGAGAAAGAUU-3=; Net1A
#1, 5=-GGACCAUACGAGUCCUAGAUU-3=; Net1A #2, 5=-GCAUGGU
GGCACAUGAUGAUU-3=; Net1/Net1A, 5=-GAGUGGACAUAAACUU
UAC-dTdT-3=. The control siRNA sequence, 5=-GAUCAUACGUGCGA
UCAGA-dTdT-3=, corresponds to a scrambled sequence targeting
p21CIP1. Cells were assayed 96 h (Rac1-silenced cells) or 72 h (Net1-,
Net1A-, Net1/Net1A-silenced cells) posttransfection. For experiments
that included both siRNA and plasmid transfections, relevant plasmids
were transfected 24 or 48 h after siRNA transfections.

Hemagglutinin (HA)-tagged mouse Net1 and Net1A were contained
in pEFHA (23). Myc-tagged constitutively active forms of Pak1 (L107F),
Rac1 (V12Rac1), Cdc42 (V12Cdc42), and RhoA (L63RhoA) were as de-
scribed previously (30, 31). V12Rac1-C189S (-SAAX) was created by PCR
using Pfu polymerase (Agilent), as were the Net1A point mutants W438L,
S98A/S99A, and S98E/S99E and the deletion mutant Net1A 1–307. In all
cases, the entire cDNA insert was sequenced to confirm correct amplifi-
cation. The plasma membrane marker PM-mCherry was a generous gift
from Guangwei Du (UT—Houston) (32).

Mouse collagen IV was obtained from BD Biosciences. Commercial
antibodies used were anti-Rac1, anti-Cdc42, and antipaxillin from BD
Biosciences, anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH),

anti-glutathione S-transferase (anti-GST), anti-Net1, anti-HA, anti-superoxide
dismutase 1 (anti-SOD1), anti-Na�/K�-ATPase (ATP1A1), and rabbit anti-
Myc epitope from Santa Cruz Biotechnology, anti-RhoA from Cytoskel-
eton, anti-H3, mouse anti-pMLC2, and anti-phospho-FAK (Y397) from
Cell Signaling, mouse anti-Myc epitope 9E10 (NCCC) and anti-�-tubulin
from Sigma, and anti-THOC1 from GeneTex. Western blots were visual-
ized with horseradish peroxidase-conjugated secondary antibodies
(Kirkegaard & Perry Laboratories) via enhanced chemiluminescence
(ECL). For immunofluorescence microscopy, Cy2- and Cy3-conjugated
anti-mouse and anti-rabbit secondary antibodies were obtained from
Jackson ImmunoResearch. Tetramethyl rhodamine isocyanate-phalloi-
din and 4=,6-diamidino-2-phenylindole (DAPI) were from Sigma. Alexa
Fluor 647-phalloidin and Alexa Fluor 488-conjugated anti-mouse anti-
body were from Invitrogen.

Subcellular fractionation. MCF7 cells were transfected with HA-
Net1A, with or without Myc-V12Rac1. MDA-MB-231 cells were trans-
fected with control or Rac1-specific siRNAs. For fractionation, cells were
washed in phosphate-buffered saline (PBS) and scraped into cold hypo-
tonic lysis buffer (50 mM Tris-HCl [pH 7.4], 1 mM EDTA, 1 mM dithio-
threitol [DTT], 50 mM NaF, 80 mM �-glycerophosphate, 1 mM sodium
orthovanadate, 10 �g/ml pepstatin A, 10 �g/ml leupeptin, 2 �g/ml apro-
tinin, 1 mM phenylmethylsulfonyl fluoride [PMSF]). The cells were al-
lowed to swell on ice for 10 min and then lysed with 20 strokes in a Dounce
homogenizer. Nuclei and unbroken cells were pelleted by centrifugation
(1,500 � g, 10 min, 4°C). The pellet was washed once with hypotonic lysis
buffer and solubilized with 2% SDS buffer (2% SDS, 20 mM Tris-HCl [pH
8.0], 50 mM NaF, 80 mM �-glycerophosphate, 1 mM sodium orthovana-
date, 10 �g/ml pepstatin A, 10 �g/ml leupeptin, 2 �g/ml aprotinin, 1 mM
PMSF). DNA within the pellet was fragmented by sonication. The super-
natant from the initial centrifugation step was separated into membrane
and cytosol fractions by high-speed centrifugation (100,000 � g, 30 min,
4°C). The membrane pellet was resolubilized with 2% SDS buffer. Protein
concentrations were determined by a bicinchoninic acid (BCA) assay
(Pierce), and equal amounts of protein were resolved by SDS-PAGE. After
transfer to a polyvinylidene difluoride (PVDF) membrane, the presence of
the indicated proteins was assessed by Western blotting.

Half-life determinations. MCF7 cells were transfected with HA-
Net1A with or without Myc-V12Rac1 and then treated with 10 �g/ml
cycloheximide (Fisher) for the indicated times. The cells were washed with
PBS and lysed in 2% SDS buffer, and protein concentrations were deter-
mined via a BCA assay. Equal amounts of protein were resolved by SDS-
PAGE and transferred to a PVDF membrane. Levels of HA-Net1A and
other proteins were determined by Western blotting and normalized to
�-tubulin. Data were plotted using Prism software and fitted using a sin-
gle-phase exponential decay curve or linear regression, where indicated.

Net1 activity assays. G17A-RhoA in pGEX-KG was created by PCR
and verified by DNA sequencing. Expression and purification of GST or
GST-A17RhoA protein were as previously described (33). Briefly, cultures
of Escherichia coli BL21(DE3) bearing the relevant plasmids were cultured
to an optical density at 600 nm (OD600) of 0.8, and protein expression was
induced for 12 to 16 h at room temperature following the addition of 50
�M isopropyl-�-D-thiogalactopyranoside (IPTG). Bacterial cells were
lysed in buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM
MgCl2, 1% Triton X-100, 1 mM DTT, 1 mM PMSF, 1 mg/ml lysozyme
(Fisher), and 10 �g/ml each of aprotinin, leupeptin, and pepstatin A, and
insoluble material was pelleted by centrifugation (20,000 � g, 30 min,
4°C). GST or GST-A17RhoA in the soluble fraction was purified by incu-
bation with glutathione-agarose beads (Sigma) for 1 h at 4°C, followed by
two washes with lysis buffer and two washes with lysis buffer lacking
Triton X-100 and protease inhibitors. Protein purity was assessed by Coo-
massie staining, and concentrations were determined by BCA assay. Pro-
teins were left attached to the beads and snap-frozen in aliquots.

Active Net1 pulldown assays were performed essentially as described
previously (33). Briefly, cells were washed with PBS and lysed in lysis
buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 5 mM MgCl2, 1% Triton
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X-100, 1 mM DTT, 1 mM PMSF, and 10 �g/ml each of aprotinin, leupep-
tin, and pepstatin A), sonicated for 30 s, and clarified by centrifugation
(16,100 � g, 10 min, 4°C). Lysate concentrations were determined by BCA
assay, and equal amounts of lysate were mixed for 1 h at 4°C with 20 �g of
GST or GST-A17RhoA beads. Beads were pelleted by centrifugation and
washed 3 times in lysis buffer, resuspended in 25 �l Laemmli sample
buffer, boiled for 5 min, separated by SDS-PAGE, and transferred to a
PVDF membrane for Western blot analysis.

Rac1 activity assays. Rac1 activity was measured by GST pulldown
using the p21-binding domain (PBD) of Pak1 cloned into pGEX-2T
(Catherine Denicourt, UT—Houston). Prokaryotic expression of the
pGEX-2T/PBD construct was performed as described previously (34).
Briefly, E. coli BL21(DE3) cells containing pGEX-KG or pGEX-2T/PBD
constructs were grown to an OD600 of 0.8, and expression of the GST or
GST-PBD proteins was induced with 400 �M IPTG for 3 h at 30°C. Bac-
terial cells were pelleted by centrifugation and resuspended in buffer con-
taining 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 1 mM
EDTA, 1 mM DTT, 1 mM PMSF, 1 mg/ml lysozyme, and 10 �g/ml each of
aprotinin, leupeptin, and pepstatin A. After sonication, insoluble material
was pelleted by centrifugation (12,000 � g, 10 min, 4°C), and soluble
proteins were incubated with glutathione-agarose beads for 1 h at 4°C.
Beads were then pelleted by centrifugation and washed using buffer con-
taining 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM MgCl2, 1 mM
DTT, 1 mM PMSF, and 10 �g/ml each of aprotinin, leupeptin, and pep-
statin A. Protein purity was assessed by Coomassie staining, and concen-
trations were determined by BCA assay. Proteins were left attached to the
beads and snap-frozen in aliquots.

Active Rac1 pulldown experiments were performed as described pre-
viously (34). Briefly, suspended and adherent cells were washed with PBS
and lysed in lysis buffer (50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 10 mM
MgCl2, 1% NP-40, 5% glycerol, 1 mM PMSF, and 10 �g/ml each of apro-
tinin, leupeptin, and pepstatin A) and incubated on ice for 5 min. Insol-
uble material was pelleted by centrifugation (13,000 � g, 10 min, 4°C).
Lysate concentrations were determined by BCA assay, and equal amounts
were incubated with GST or GST-PBD beads for 1 h at 4°C. The beads
were pelleted and washed 3 times in wash buffer (25 mM Tris-HCl [pH
7.5], 40 mM NaCl, 30 mM MgCl2, 1% NP-40, 1 mM DTT, 1 mM PMSF,
and 10 �g/ml each of aprotinin, leupeptin, and pepstatin A), followed by
two washes with wash buffer lacking NP-40. Lysates were subsequently
prepared for SDS-PAGE as described above.

Cell spreading assays. MCF7 cells were serum starved for 16 h in
DMEM supplemented with antibiotics and 0.5% FBS, then trypsinized,
washed three times with PBS, and resuspended in DMEM plus 0.5% de-
lipidated bovine serum albumin (BSA; Sigma) for 1 h at 37°C (35). Cells
were then replated on tissue culture dishes or glass coverslips previously
coated with collagen (10 �g/ml). Cells were harvested at the indicated
times for biochemical or microscopic analysis. Where noted, cells were
resuspended in the presence 10 �M MG132 (Calbiochem) or an equiva-
lent volume of dimethyl sulfoxide (DMSO).

Immunofluorescence microscopy. Cells grown or plated on collagen-
coated coverslips were washed in PBS, fixed in 4.0% paraformaldehyde
(Electron Microscopy) in PBS for 5 min at 37°C, and permeabilized with
0.2% Triton X-100 in PBS for 5 min at room temperature. Coverslips were
then washed in PBS plus 0.1% Tween 20 (PBST), followed by blocking
with 1% BSA in PBST for 30 min. Cells were incubated with primary
antibody diluted to 1 to 3 �g/ml in PBST plus 1% BSA for 1 h at 37°C.
Coverslips were washed 3 times in PBST for 5 min and incubated with
secondary antibodies diluted to 0.5 to 2 �g/ml in PBST plus 1% BSA for 1
h at 37°C. For pMLC staining, cells were fixed in 2% paraformaldehyde in
PBS for 15 min at room temperature and permeabilized in 0.2% Triton
X-100 in PBS for 5 min at room temperature. Coverslips were then
blocked in 3% BSA in PBS for 30 min at room temperature, followed by
incubation for 1 h at 37°C with mouse anti-pMLC2 diluted in PBS plus
3% BSA. Coverslips were incubated with secondary antibodies diluted in
3% BSA in PBS for 1 h at room temperature and then washed in PBS and

rinsed with deionized H2O. All other coverslips were washed with PBST
and rinsed in deionized H2O. All coverslips were mounted on slides with
FluorSave reagent (Calbiochem). Epifluorescence images were captured
with a Zeiss Axioskop 40 microscope equipped with a Zeiss AxioCam
MRm MC100 Spot digital camera and AxioVision software. Confocal
images were taken using the Nikon A1R confocal system. For quantitative
analysis, images were serially acquired with the same illumination and
exposure parameters, and the average fluorescence intensity in regions of
interest for each transfected cell was determined using ImageJ software.
The ratio of cytosolic to nuclear HA-Net1A was determined as the total
fluorescence intensity of staining for HA minus the intensity of HA stain-
ing in the nuclear region as defined by DAPI staining, divided by the
intensity in the nucleus. The total cell area of MCF7 cells was determined
by costaining with phalloidin and was quantified using ImageJ software.
Focal adhesions were quantified with ImageJ, using dual staining for pax-
illin and phospho-Y397 FAK. Cell shape was defined as the length of the
cell between the two most distant points divided by the width of the cell
perpendicular to the axis defined by those points.

For Net1A colocalization studies with PM-Cherry, MCF7 cells grown
on glass coverslips were cotransfected with expression plasmids for HA-
Net1A and PM-Cherry (plasma membrane marker), with or without
Myc-V12Rac1. After 48 h, the coverslips were fixed in 4% paraformalde-
hyde in PBS for 20 min at room temperature. Cells were permeabilized
with 0.5% Triton X-100 in PBS for 10 min. After washing with PBST, the
cells were incubated in primary and secondary antibodies as described
above and mounted on slides with FluorSave reagent. Confocal images
were taken using the Nikon A1R confocal system in Galvano mode. z-
stack images were acquired in 0.4-�m steps by using the 60� Apo TIRF/
1.49-numerical-aperture oil objective lens and visualized with NIS Ele-
ments software (Nikon).

RESULTS
Active Rac1 coexpression preferentially stimulates Net1A relo-
calization to the plasma membrane and Net1A activation. We
and others have shown that Net1 isoforms must be localized out-
side the nucleus to stimulate RhoA activation and actin cytoskel-
etal rearrangement (23, 29). In order to find candidate proteins
that control Net1 isoform relocalization, we cotransfected MCF7
breast cancer cells with various regulators of Rho GTPase signal-
ing pathways plus Net1 or Net1A. The localization of Net1 pro-
teins was then assessed by immunofluorescence microscopy. In
these assays, we transfected HA epitope-tagged Net1 isoforms,
because antibodies suitable for detection of endogenous Net1 iso-
forms by immunofluorescence were not available. We found that
coexpression of constitutively active Rac1 (V12Rac1) caused a dra-
matic relocalization of Net1A outside the nucleus. Although sig-
nificant, this effect was less apparent for the Net1 isoform (Fig.
1A). Quantification of these results demonstrated that coexpres-
sion of V12Rac1 caused extranuclear localization of Net1A and
Net1 in nearly 90% and 40% of the cells, respectively (Fig. 1B).
Because the effect on Net1A localization was greater, we focused
on understanding how Net1A function was impacted by Rac1.

Relocalized Net1A appeared to accumulate in the cell periph-
ery (Fig. 1A). To ascertain whether this reflected an increase in
membrane localization, we used subcellular fractionation to bio-
chemically assess its localization in cells coexpressing active Rac1.
In these assays, we observed a significant increase in the amount of
HA-Net1A in the membrane fraction in V12Rac1-coexpressing
cells (Fig. 1C). Because this membrane fraction also contains cy-
toskeletal elements, we further assessed Net1A localization by test-
ing for colocalization with the plasma membrane marker PM-
Cherry. PM-Cherry contains the N-terminal myristoylation and
palmitoylation domain of the Lyn tyrosine kinase, which targets it
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to the plasma membrane, fused to the fluorescent protein
mCherry (32). MCF7 cells were cotransfected with PM-Cherry
plus Net1A, with or without V12Rac1, and Net1A localization was
assessed by confocal microscopy. As shown in Fig. 1D, coexpres-
sion of V12Rac1 caused clear colocalization of Net1A with the
plasma membrane marker PM-Cherry. Taken together, these data
indicate that active Rac1 stimulates the relocalization of the Net1A
isoform to the plasma membrane.

Because relocalized Net1A would be expected to be active to-
ward RhoA, we tested whether interaction with A17RhoA, which is
a nucleotide-free version of RhoA that binds tightly only to active
RhoGEFs (33). MCF7 cells were transfected with Net1, Net1A, or
the constitutively active deletion mutant Net1�N (36), with or
without V12Rac1. Two days later, the cells were lysed and incu-

bated with GST-A17RhoA bound to glutathione-agarose. Net1
proteins bound to GST-A17RhoA, or in the cell lysates, were detected
by Western blotting. Net1 isoform activity was quantified by dividing
the amount of Net1 protein in the pulldown fraction versus that in
the lysate. Although V12Rac1 coexpression tended to increase expres-
sion of all Net1 proteins, quantification of these protein levels clearly
demonstrated that active Rac1 coexpression significantly increased
Net1A activity (Fig. 1E and F). On the other hand, both Net1 and
Net1�N displayed a relatively high degree of activity that was not
significantly enhanced by coexpression of V12Rac1. Therefore, these
data indicate that Rac1-stimulated relocalization of Net1A is accom-
panied by a robust increase in Net1A activity.

Rac1 and Cdc42 can both stimulate Net1A relocalization. Be-
cause Rac1 shares many effector proteins with the related GTPase

FIG 1 Coexpression of V12Rac1 relocalizes Net1A to the plasma membrane. (A) MCF7 cells were transfected with expression plasmids for HA-Net1 or
HA-Net1A, with or without Myc-V12Rac1. Two days later the cells were fixed and stained for HA epitope (green), Myc epitope (red), and DNA (blue). Results
of a representative experiment are shown. (B) Quantification of subcellular localization of Net1 proteins. Shown are the averages of at least three independent
experiments. Error bars show standard errors of the means. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Subcellular fractionation of MCF7 cells transfected with
expression plasmids for HA-Net1A alone or with Myc-V12Rac1. Proteins were analyzed by Western blotting with the indicated antibodies. SOD-1, histone H3
(H3), and Na�/K�-ATPase 1 (ATP1A1) were monitored as controls. Shown are results of a representative experiment. (D) MCF7 cells were transfected with
expression plasmids for HA-Net1A and the plasma membrane marker PM-Cherry, without or with Myc-V12Rac1. The cells were fixed and stained for HA-Net1A
(green), Myc-V12Rac1 (yellow), and DNA (blue) and analyzed by confocal microscopy. Shown are z-plane images from a representative experiment. (E) MCF7
cells were transfected with expression plasmids for HA-Net1, HA-Net1A, or HA-Net1�N, with or without Myc-V12Rac1. The activity of Net1 protein was
assessed in a GST-A17RhoA pulldown assay. (F) Quantification of Net1 protein activity from GST-A17RhoA pulldown assays. Averages are from three indepen-
dent experiments. Error bars are standard errors of the means. **, P � 0.01.
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Cdc42 (37), we tested whether coexpression of constitutively ac-
tive Cdc42 stimulated Net1A relocalization. MCF7 cells were
transfected with Net1A alone or with constitutively active Rac1 or
constitutively active Cdc42 (V12Cdc42). The cells were fixed only
1 day after transfection, as expression of V12Cdc42 for longer pe-
riods of time was toxic to MCF7 cells (not shown). In these exper-
iments, we observed that coexpression of either V12Rac1 or

V12Cdc42 caused Net1A relocalization, although V12Rac1 was
more efficient in this regard (Fig. 2A and B). Coexpression of
constitutively active RhoA (L63RhoA) did not affect Net1A local-
ization (data not shown). We then examined whether membrane
targeting of Rac1 was required for effects on Net1A localization by
coexpressing a V12Rac1 mutant in which the geranylgeranylated
cysteine is mutated to serine (V12Rac1-SAAX) (38–40). As shown

FIG 2 Net1A relocalization in MCF7 cells is regulated by Rac1 and is not controlled by Pak1. (A) MCF7 cells were transfected with expression plasmids for
HA-Net1A (green), with or without Myc-V12Rac1 or Myc-V12Cdc42 (both red). Results from a representative experiment are shown. (B) Quantification of
Net1A subcellular localization in V12Rac1- or V12Cdc42-transfected cells. Shown are the averages from three independent experiments. *, P � 0.05; **, P � 0.01.
(C) MCF7 cells were transfected with HA-Net1A plus vector, V12Rac1-CAAX, or V12Rac1-SAAX and then fixed and stained for HA-Net1A localization. Shown
is the quantification from three independent experiments. **, P � 0.01; ***, P � 0.001. (D) MCF7 cells were transfected with control or Rac1-specific siRNAs.
One day later, they were retransfected with an expression plasmid for HA-Net1A. Two days later, the cells were fixed and stained for HA-Net1A (green) and DNA
(blue). Shown are the results of a representative experiment. (E) Quantification of effects of Rac1 knockdown on HA-Net1A localization. Shown are the averages
of three independent experiments. Insets are Western blots for HA-Net1A and Rac1 expression. **, P � 0.01; ***, P � 0.001. (F) MDA-MB-231 cells were
transfected with control or Rac1-specific siRNAs. Three days later, the membrane fraction was isolated by subcellular fractionation. The presence of Net1 proteins
and controls were detected by Western blotting. THOC1 is a nuclear matrix protein. (G) MCF7 cells were transfected with expression plasmids for HA-Net1A
(green), alone or together with constitutively active Myc-Pak1-L107F or Myc-V12Rac1 (red). Shown are results from a representative experiment. (H) Quanti-
fication of localization of wild-type and mutant Net1A proteins, without or with Pak1 L/F or V12Rac1. Shown are the averages of three independent experiments.
Error bars are standard errors of the means. **, P � 0.01; ***, P � 0.001. The inset shows Western blots for activated Pak1 and the Myc epitope tag in control or
Myc-Pak1 L107F-transfected cells.
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in Fig. 2C, mutation of this residue this completely inhibited the
ability of V12Rac1 to stimulate Net1A relocalization. Thus, these
data indicate that both Rac1 and Cdc42 are capable of stimulating
Net1A plasma membrane localization and that membrane local-
ization of Rac1 is required for this effect. Because Rac1 was some-
what more effective than Cdc42 at stimulating Net1A relocaliza-
tion, these results may also indicate that Rac1 couples to the
relevant effector more efficiently than Cdc42.

Endogenous Rac1 controls Net1A localization. Net1A local-
izes outside the nucleus in 20% to 30% of MCF7 cells growing in
FBS (Fig. 1B and 2B). To determine whether this was due to en-
dogenous Rac1 activity, MCF7 cells were transfected with control
or Rac1-specific siRNAs. One day later, the cells were transfected
with a Net1A expression plasmid, and 2 days after that the cells
were fixed and tested for Net1A localization by immunofluores-
cence microscopy. In these experiments, we observed that trans-
fection of two different siRNAs targeting Rac1 reduced the num-
ber of cells exhibiting extranuclear Net1A localization from 28%
to 9% (Fig. 2D and E). Both siRNAs were equally effective at in-
hibiting Rac1 expressio and did not affect HA-Net1A expression
(Fig. 2E, inset). In separate experiments, transfection of siRNAs
targeting Cdc42 did not affect Net1A localization, and cotransfec-
tion of Rac1 and Cdc42 siRNAs did not result in a greater reduc-
tion of extranuclear Net1A (data not shown). Thus, these data
indicate that endogenous Rac1 expression is required for extranu-
clear localization of Net1A in actively growing MCF7 cells. They
also indicate that the subcellular localization of Net1A is largely
controlled by Rac1 rather than Cdc42 in these cells.

We then tested whether the plasma membrane localization of
endogenous Net1A was controlled by endogenous Rac1. For these
experiments, we used MDA-MB-231 cells, which express higher
levels of plasma membrane-localized Net1A than MCF7 cells.
Cells were transfected with control or Rac1-specific siRNAs, and
the membrane fraction was isolated by subcellular fractionation.
We observed that inhibition of Rac1 expression significantly re-
duced the localization of endogenous Net1 and Net1A in mem-
branes (Fig. 2F). Thus, these data demonstrate that Rac1 controls
the subcellular localization of endogenous Net1 isoforms, and
they also show that the effects of Rac1 on Net1 isoform localiza-
tion are not restricted to MCF7 cells.

The Rac1 effector Pak1 does not control Net1A localization.
We showed previously that the Rac1 effector Pak1 phosphorylates
two residues within the N terminus of Net1, serines 152 and 153,
which inhibits the catalytic activity of Net1 toward RhoA (31).
These sites are conserved in Net1A, but effects of Pak1 on Net1A
activity or localization have not been tested. To determine
whether Pak1 mediates the effects of Rac1 on Net1A localization,
MCF7 cells were transfected with Net1A, with or without consti-
tutively active PAK1 L107F (Pak1 L/F) (41). Two days later, the
cells were fixed and tested for Net1A localization by immunoflu-
orescence. In these experiments we observed that coexpression of
active Pak1 did not stimulate Net1A relocalization (Fig. 2G). In
related experiments, we examined whether alanine or glutamate
substitutions of Net1A at residues corresponding to the Pak1
phosphorylation sites in Net1 affected Net1A localization. In these
experiments, we observed that replacement of serines 98 and 99
with alanines did not prevent relocalization of Net1A by V12Rac1.
Similarly, replacement of these serines with glutamates, which
mimics the effect of Pak1 phosphorylation on the activity of Net1
(31), did not stimulate Net1A relocalization in the absence of

V12Rac1 expression (Fig. 2H). Taken together, these data indicate
that Pak1 cannot substitute for Rac1 in stimulating Net1A relocal-
ization and that the putative Pak1 phosphorylation sites in Net1A
are not required for Rac1-stimulated Net1A relocalization.

Net1A catalytic activity and pleckstrin homology (PH) do-
main function are not required for Rac1-stimulated relocaliza-
tion. We next examined whether Net1A activity toward RhoA was
required for V12Rac1-stimulated relocalization. MCF7 cells were
transfected with wild-type or catalytically inactive Net1A L267E
(Net1A L/E) (23), with or without V12Rac1, and the localization of
Net1A was assessed by immunofluorescence microscopy. We ob-
served that Net1A catalytic activity was not required for Rac1-
stimulated relocalization (Fig. 3A and B). These data are consis-
tent with the lack of effect of constitutively active RhoA
coexpression on Net1A localization.

We then tested whether the function or presence of the PH
domain within Net1A was necessary for Rac1-stimulated relocal-
ization. Although the PH domain of Net1A has not been shown to
bind phosphoinositides or other proteins, in some RhoGEFs this
domain may contribute to plasma membrane localization (16).
To test this possibility, we assessed Rac1-stimulated relocalization
of Net1A containing a W438L mutation within its PH domain
(Net1A W/L), which is predicted to preclude PH domain function
and has been shown to inhibit catalytic activity of the Net1 iso-
form (36). We also tested whether the localization of a Net1A
deletion mutant lacking the PH domain and the entire C terminus
(Net1A 1–307) was regulated by Rac1. In these experiments, we
observed that Rac1 stimulated the relocalization of Net1A W438L
as efficiently as wild-type Net1A (Fig. 3C and D). Net1A lacking its
C terminus and PH domain was also relocalized outside the nu-
cleus by V12Rac1 coexpression. Although relocalization of the
Net1A 1–307 mutant was slightly less efficient than for wild-type
Net1A, the percentage of cells expressing extranuclear Net1A
1–307 in the absence of active Rac1 was also reduced, indicating
that the magnitude of the effect of active Rac1 on this mutant was
maintained. Taken together, these data indicate that neither the
catalytic activity of Net1A nor the presence of its PH domain or C
terminus is required for V12Rac1-stimulated relocalization.

Rac1 activation enhances Net1A stability. We have shown
that Net1A is subject to proteasome-mediated degradation (42).
Thus, a possible mechanism accounting for Rac1-stimulated
Net1A accumulation outside the nucleus might be through en-
hancement of Net1A stability. To test this, we measured the half-
life of Net1A in cells coexpressing V12Rac1. MCF7 cells were trans-
fected with HA-Net1A, alone or together with V12Rac1. After 2
days, the protein translation inhibitor cycloheximide was added to
the medium for different periods of time, and the expression of
Net1A was then tested by Western blotting. In these experiments,
Net1A expressed alone had a half-life of 40 min, consistent with
our previous observations (42). Importantly, coexpression of
V12Rac1 significantly stabilized Net1A, increasing its half-life to
5.8 h (Fig. 4A and B). Thus, these data indicate that V12Rac1 co-
expression strongly enhances Net1A stability. Because Net1A is
subject to degradation by the proteasome, we then examined
whether treatment with the proteasome inhibitor MG132 is suffi-
cient to cause Net1A relocalization on its own or to enhance
V12Rac1-stimulated relocalization. We observed that in the ab-
sence of V12Rac1 coexpression, MG132 treatment increased the
number of cells staining positive for Net1A within the nucleus,
indicating that it protected Net1A from degradation (Fig. 4C).
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However, it did not enhance Net1A localization outside the nu-
cleus in these cells, nor did it increase the already high percentage
of cells with relocalized Net1A caused by cotransfection of
V12Rac1 (Fig. 4C and D). Thus, although active Rac1 stabilizes
Net1A, protection from proteasome-mediated degradation is not
sufficient to promote Net1A relocalization outside the nucleus.

Cell spreading stimulates Rac1-dependent relocalization of
Net1A. Replating fibroblasts on fibronectin or collagen has been
reported to result in a transient activation of Rac1 (43, 44). To
assess whether stimuli that activate endogenous Rac1 also control
Net1A localization, we tested whether replating cells on the extra-
cellular matrix collagen affected the Net1A distribution. We first
examined the kinetics of endogenous Rac1 activation after replat-
ing MCF7 cells on collagen, as this has not been reported previ-
ously. MCF7 cells were serum starved, trypsinized, held in suspen-
sion for an hour, and then replated on collagen-coated dishes.
After different periods of time, the cells were lysed, and Rac1 ac-
tivity was assessed in a GST-PBD pulldown assay (34). In these
assays, we observed that endogenous Rac1 was maximally active
within 30 min of replating (Fig. 5A and B), consistent with previ-
ously published data in other cell types (43, 44).

We then examined whether replating cells on collagen stimu-
lated Net1A relocalization outside the nucleus and if this required
endogenous Rac1 activity. Because Net1A relocalization stimu-
lated by transient Rac1 activation was expected to be less robust
than that caused by V12Rac1 expression, we more precisely quan-
tified Net1A relocalization by measuring the immunofluorescent

signal of Net1A in the nuclear and cytoplasmic compartments.
The subcellular localization of Net1A was then represented as the
ratio of cytoplasmic to nuclear staining. To monitor Rac1-depen-
dent relocalization of Net1A during cell spreading, MCF7 cells
were transfected with control or Rac1-specific siRNAs. Two days
later the cells were retransfected with an HA-Net1A expression
plasmid. Two days after that, the cells were serum starved over-
night, trypsinized, and replated on collagen-coated coverslips for
different periods of time. The cells were then fixed, and the local-
ization of Net1A was assessed. In these assays we observed that
Net1A was relocalized outside the nucleus immediately as cells
began to attach to the collagen. This reached a peak by 1 h after
replating, and by 90 min the Net1A was relocalized to the nucleus.
Furthermore, Net1A relocalization required Rac1 expression,
since there was no extranuclear localization of Net1A in the Rac1
siRNA-transfected cells (Fig. 5C and D). These results clearly
demonstrated that Net1A is transiently exported from the nucleus
during cell spreading and that this requires endogenous Rac1 ex-
pression.

Proteasome-mediated degradation terminates extranuclear
localization of Net1A during cell spreading. Because V12Rac1
expression enhanced Net1A stability (Fig. 4), we tested whether
the reduction in Net1A localization outside the nucleus 90 min
after replating required proteasome activity. Thus, MCF7 cells
expressing Net1A were replated on collagen for different periods
of time in the presence of vehicle (DMSO) or the proteasome
inhibitor MG132. Consistent with previous experiments, the

FIG 3 Rac1-stimulated relocalization of Net1A does not require Net1A enzymatic activity or the Net1A PH domain. (A) MCF7 cells were transfected with
expression plasmids for wild-type or catalytically inactive HA-Net1A (Net1A L267E), without or with Myc-V12Rac1. The cells were then fixed and stained for
HA-Net1A proteins (green), Myc-V12Rac1 (red), and DNA (blue). Results of a representative experiment are shown. (B) Quantification of the localization of
wild-type Net1A and Net1A L/E. Shown are the averages of three independent experiments. Error bars are standard errors of the means. ***, P � 0.001. (C) Cells
were transfected with expression plasmids for HA-Net1A containing an inactivating mutation in its PH domain (W438L) or the truncation mutant lacking the PH
domain and the C terminus (Net1A 1–307), without or with Myc-V12Rac1. Cells were then fixed and stained for HA-Net1 proteins (green), Myc-V12Rac1 (red),
and DNA (blue). Results of a representative experiment are shown. (D) Quantification of the localization of wild-type Net1A, Net1A W/L, and Net1A 1–307.
Averages are from three independent experiments. Error bars are standard errors of the means. *, P � 0.05; **, P � 0.01; ***, P � 0.0001.
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DMSO-treated cells reached peak relocalization at 60 min, and by
90 min the Net1A was largely relocalized within the nucleus. Strik-
ingly, the cells replated in the presence of MG132 maintained
Net1A in the cytoplasm for the duration of the experiment (Fig. 5E
and F). Thus, these data indicate that proteasome activity is re-
quired to remove Net1A from the cytoplasm once cells have com-
pleted the spreading process. Since Net1A is subject to protea-
some-mediated degradation (42), this suggests that extranuclear
Net1A is cleared from the cell by degradation.

Net1A is required for myosin light chain phosphorylation
and focal adhesion maturation during cell spreading. Cell
spreading on an extracellular matrix is generally controlled by an
early burst of Rac1 activation, which drives lamellar spreading and
initial focal contact formation. At later times, RhoA is activated to
stimulate cortical actin polymerization and F-actin stress fiber
formation. This, in turn, promotes actomyosin contraction and
focal adhesion maturation (45). Since Net1A relocalization was
stimulated by cell spreading, we examined whether it contributed
to this process. MCF7 cells were transfected with control, Net1,
Net1A, or dual isoform-specific siRNAs and then replated on col-
lagen-coated coverslips. At different times, the cells were fixed and
stained for F-actin. In these experiments, depletion of either
Net1A alone or both Net1 isoforms together equally lowered the
rate of cell spreading, such that the total cell area was smaller at all
times measured (Fig. 6A and B). Importantly, depletion of the
Net1 isoform was without effect (Fig. 6B). Knockdown of Net1A
also significantly altered cell morphology at later times, so that by
60 min many of the cells had assumed an elongated morphology
(Fig. 6A and C). This type of morphology is consistent with re-
duced actomyosin contractility during cell spreading (46).

Because RhoA controls actomyosin contraction in part by
stimulating phosphorylation of the regulatory myosin light chain

(MLC) subunit (4, 5, 45), we examined whether Net1A was re-
quired for MLC phosphorylation during cell spreading. In these
experiments, we observed that Net1A knockdown reduced overall
MLC phosphorylation in cells 60 min after replating and also re-
sulted in a loss of the cortical pMLC signal (Fig. 7A to D). This was
accompanied by a decrease in F-actin staining (Fig. 7A). These
data indicate that Net1A is required for efficient MLC phosphor-
ylation and F-actin polymerization during cell spreading, which is
consistent with a reduction in actomyosin contractility.

Because Net1A knockdown affected the rate at which cells
spread, we also measured effects on focal adhesion formation. As
shown in Fig. 7E, control siRNA-transfected cells exhibited nu-
merous, large, phospho-FAK-positive focal adhesions that were
distributed throughout the cell 60 min after replating. However,
Net1A siRNA-transfected cells had fewer focal adhesions that
were generally smaller and restricted to the cell periphery. Quan-
tification of focal adhesion size and number indicated that siRNA-
mediated knockdown of Net1A alone, or of both Net1 isoforms
together, reduced focal adhesion maturation equally. However,
knockdown of the Net1 isoform minimally affected focal adhesion
size and did not affect focal adhesion number (Fig. 7F and G).
Taken together, these data indicate that Net1A expression, but
not Net1, is required for focal adhesion maturation during cell
spreading.

DISCUSSION

RhoA is a critical regulator of actin cytoskeletal organization and
cell motility (2). Moreover, wild-type forms of RhoA are com-
monly overexpressed in human cancer, including breast cancer
(12–15). However, the regulatory mechanisms governing RhoA
activation in human cancers have not been fully elucidated. It has
been shown that the ability of Net1 proteins to activate RhoA and

FIG 4 Active Rac1 coexpression enhances Net1A stability. (A) MCF7 cells were transfected with HA-Net1A alone or with Myc-V12Rac1. Two days later the cells
were incubated with the protein synthesis inhibitor cycloheximide (CHX) for different lengths of time. After lysis, the amount of HA-Net1A was determined by
Western blotting. Shown are results of a representative experiment. (B) Quantification of Net1A stability. Shown are the averages of three independent
experiments. Error bars are standard errors of the means. (C) Addition of the proteasome inhibitor MG132 is not sufficient to alter Net1A localization. MCF7
cells were transfected with expression plasmids for HA-Net1A, alone or with Myc-V12Rac1. Cells were incubated with MG132 overnight prior to fixation and
stained for HA-Net1A (green) and DNA (blue). (D) Quantification of the effects of MG132 on Net1A localization. Shown are the averages of three independent
experiments. Error bars are standard errors of the means. *, P � 0.05; ***, P � 0.001.
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thereby stimulate cytoskeletal reorganization and cell motility is
inhibited by their nuclear localization. However, mechanisms
controlling their extranuclear localization have not been identi-
fied. In the present work, we showed that Rac1 activation potently
stimulates Net1 isoform relocalization outside the nucleus, and in
the case of Net1A it causes a marked accumulation at the plasma
membrane. We also showed that cell spreading on the extracellu-
lar matrix collagen activates endogenous Rac1 to cause a transient
relocalization of Net1A and that removal of Net1A from the ex-
tranuclear space requires proteasome activity. Moreover, we dem-
onstrated that the Net1A isoform is specifically required for

proper cell spreading. In particular, loss of Net1A expression in-
hibits myosin light chain phosphorylation, actin stress fiber for-
mation, and focal adhesion maturation. These data represent the
first identified mechanism controlling Net1 isoform relocalization
outside the nucleus, and they also demonstrate an isoform-spe-
cific function for Net1A in controlling actin cytoskeletal organi-
zation.

We surmise that Rac1 controls the subcellular localization of
Net1 isoforms by affecting their rates of nuclear import and/or
export, as well as their stability. This conclusion is based on a
number of observations. For example, protection from degrada-

FIG 5 Cell spreading stimulates Net1A relocalization in a Rac1-dependent and proteasome-regulated manner. (A) MCF7 cells were replated on collagen-coated
dishes for different lengths of time and then lysed and tested for endogenous Rac1 activation in GST-PBD assays. Shown are results of a representative
experiment. (B) Quantification of Rac1 activation after replating MCF7 cells on collagen. Results shown are the average of three independent experiments. Error
bars are standard errors of the means. (C) MCF7 cells were transfected with control of Rac1-specific siRNAs. Two days later, the cells were transfected with an
HA-Net1A expression plasmid. Cells were starved overnight and replated on collagen for different lengths of time. Cells were fixed and stained for HA-Net1A
(green) and DNA (blue). Results of a representative experiment are shown. (D) Quantification of Net1A subcellular localization. Localization is represented as
the ratio of HA-Net1A in the extranuclear space (Cyto) divided by that in the nucleus (Nuc). Error bars are standard errors of the means. Shown in the inset is
a representative Western blot, demonstrating Rac1 knockdown. ***, P � 0.001. (E) Proteasome inhibition extends the time of Net1A localization outside the
nucleus during cell spreading. MCF7 cells were transfected with an HA-Net1A expression plasmid and then starved and replated on collagen-coated coverslips
for different lengths of time in the presence of DMSO or MG132. Cells were then fixed and stained for HA-Net1A (green) and DNA (blue). Shown are results of
a representative experiment. (F) Quantification of HA-Net1A localization. Shown are the averages of three independent experiments. Error bars are standard
errors of the means. **, P � 0.01; ***, P � 0.001.
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tion was not sufficient for plasma membrane accumulation of
Net1A, as treatment with the proteasome inhibitor MG132 signif-
icantly increased the half-life of Net1A and augmented its nuclear
expression without affecting its extranuclear localization (Fig. 4).
However, stabilization of Net1A outside the nucleus was also
clearly important for its localization, as proteasome inhibition
caused a significant extension in the duration of Net1A localiza-
tion outside the nucleus during cell spreading (Fig. 5). Thus, we
favor a model in which Rac1 activation alters the nuclear import/
export dynamics of Net1A, thereby promoting its accumulation at
the plasma membrane and access to RhoA. Once localized at the
membrane, Rac1 signaling protects Net1A from proteasome-me-
diated degradation. Cessation of Rac1 signaling would promote
the termination of Net1A activity by allowing proteasome-depen-
dent degradation to occur. In support of a role for the proteasome
in controlling Net1A activity, we showed previously that Net1A is
subject to ubiquitylation and degradation by the proteasome in
MCF7 cells (42), and Papadimitriou et al. similarly observed that
Net1A is degraded by the proteasome in TGF-�-treated HaCaT
keratinocytes (27).

A question that arises from this work is precisely how Rac1
activation in MCF7 cells stimulates Net1A relocalization. This is
unlikely to occur through direct interaction, as Net1A and
V12Rac1 did not interact in coimmunoprecipitation assays (data
not shown). A more likely explanation is that Rac1 initiates a
signaling cascade to stimulate Net1A relocalization. Rac1 controls
cell signaling by activating downstream effectors, including such
well-studied proteins as Paks 1 to 3, phosphatidylinositol 3-kinase
(PI3K), PI4-P5K, Wave/Scar, and IQGAP1 to -3 (37). Because we
observed that expression of constitutively active Cdc42 can also

stimulate Net1A relocalization (Fig. 2), we surmise that an effector
shared by Rac1 and Cdc42 may mediate this effect. Of these, it is
unlikely that class I Paks (Paks 1 to 3) control Net1A localization,
since we showed that expression of constitutively active Pak1 did
not cause Net1A relocalization (Fig. 2), and these kinases have
very similar substrate specificities (47, 48). Similarly, Net1A relo-
calization is not likely to be mediated by PI3K, as it was not inhib-
ited by addition of the PI3K inhibitor LY29004, by coexpression of
a dominant-negative p85 PI3K subunit, or by overexpression of
PTEN (data not shown). We also observed that coexpression
of constitutively active PI4-5PK or PLD2 did not stimulate Net1A
relocalization (data not shown). Thus, many of the commonly
studied Rac1 and Cdc42 effectors do not mediate Net1A relocal-
ization.

Rac1 caused accumulation of Net1A outside the nucleus more
frequently than that of Net1. An explanation for this may be that
mechanisms controlling the nuclear localization of Net1A are less
robust than for Net1. For example, Schmidt and Hall showed that
Net1 contains two NLS sequences within its unique N terminus
(29), and we have found that Net1 contains two additional NLS
sequences in a region common to both Net1 isoforms (H. S. Carr
and J. A. Frost, unpublished data). Thus, Net1A may be poised to
respond to plasma membrane accumulation stimuli, such as that
generated by Rac1. This fits with our prior observation that trans-
fected fibroblasts are more sensitive to actin cytoskeletal reorga-
nization following Net1A overexpression than with Net1 (23). A
more stringent nuclear localization of Net1 is also consistent with
the prior studies of Schmidt and Hall, in which they were unable to
find stimuli that caused relocalization of the Net1 isoform in
transfected fibroblasts (29). Importantly, some of the stimuli that

FIG 6 Net1A expression is required for efficient cell spreading. (A) MCF7 cells were transfected with control or Net1A-specific siRNAs. Three days later the cells
were serum starved, trypsinized, and replated on collagen-coated coverslips. At different times, the cells were fixed and stained for F-actin (red) and DNA (blue).
Shown are results of a representative experiment. (B) Quantification of cell area in siRNA-transfected cells. MCF7 cells were transfected with the control of
siRNAs specific for Net1, Net1A, or the dual isoform (Net1/Net1A). The cell area after replating was measured using ImageJ software. Shown are the averages of
three independent experiments. Error bars are standard errors of the means. *, P � 0.05; **, P � 0.01; ***, P � 0.001. The inset shows a representative Western
blot for Net1 isoform-specific knockdown. (C) Quantification of cell shape. Cells were transfected with the siRNAs shown and replated on collagen-coated
coverslips for 60 min. Cell shape (length/width) was measured. Shown are the averages of three independent experiments. Bars are median values. *, P � 0.05.
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were listed by Schmidt et al. would be expected to have activated
Rac1, further supporting the divergent regulation of Net1 iso-
forms that we have observed.

An important observation of this work is that Net1A, but not
Net1, is required for efficient cell spreading and focal adhesion
maturation. To date, only two studies have touched on differing
roles for Net1 isoforms in cell function. Duterte et al. showed that
estrogen treatment preferentially stimulated the expression of
Net1 over Net1A in MCF7 cells. They also showed data indicating
that siRNA-mediated knockdown of Net1 reduced the prolifera-
tion of these cells more than Net1A, while Net1A knockdown
caused cells to detach from the culture dish (22). Alternatively,
Papadimitriou et al. showed that Net1A expression was preferen-
tially induced by TGF-� treatment and that its expression was
necessary for early actin cytoskeletal reorganization events associ-
ated with EMT (27). Our work clearly showed that Net1A knock-
down reduced the rate of cell spreading on collagen (Fig. 6). It also

significantly changed cell morphology during this process, such
that the cells assumed an elongated, spindly shape. We also ob-
served that Net1A knockdown blocked myosin light chain phos-
phorylation and inhibited focal adhesion maturation, leaving cells
with fewer focal adhesions that were smaller and confined to the
cell periphery. All of these effects are consistent with a reduction in
actomyosin contractility, which is known to be required for main-
tenance of cell shape during spreading, as well as for focal adhe-
sion maturation (45, 49).

Since the mechanics of cell spreading are similar to those re-
quired for cell motility, it is likely that Net1A mediates many of the
effects on cancer cell motility and invasion that have hitherto been
ascribed to both Net1 isoforms (18, 24, 25). As cells move, they
generally require Rac1 activation at the leading edge to promote
lamellar extension and to initiate the formation of focal contacts.
On the other hand, RhoA activation at the leading edge contrib-
utes to cortical actin polymerization and the maturation of focal

FIG 7 Net1A controls MLC phosphorylation and focal adhesion formation during cell spreading. (A) MCF7 cells were transfected with control or Net1A-specific
siRNAs and then replated on collagen-coated coverslips for 1 h. Cells were then fixed and stained for pMLC and F-actin. Shown are representative confocal
images. (B) Quantification of pMLC fluorescence intensity. Shown are the averages of three independent experiments. Error bars are standard errors of the
means. ***, P � 0.001. (C) Quantification of cortical pMLC staining. Shown are the averages of three independent experiments. Error bars are standard errors
of the means. *, P � 0.05. (D) Western blot for pMLC in control or Net1A siRNA-transfected cells. Shown are results of a representative experiment. (E) Net1A
knockdown inhibits focal adhesion maturation. MCF7 cells were transfected with control or Net1A-specific siRNAs. Three days later, the cells were replated on
collagen-coated coverslips for 1 h. The cells were then fixed and stained for pY397-FAK (green), paxillin (red), and DNA (blue). Shown are representative images.
(F) Quantification of focal adhesion size. MCF7 cells were transfected with the siRNAs shown and replated on collagen-coated coverslips for 1 h. Focal adhesions
containing pY397-FAK and paxillin were quantified. Error bars are standard errors of the means. ***, P � 0.001. (G) Quantification of focal adhesions per cell
area (in �m2). Cells were transfected and processed as for panel F. Phospho-Y397-FAK- and paxillin-positive focal adhesions were quantified, and values were
then divided by the areas of the cells. Error bars are standard errors of the means. ***, P � 0.001.
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contacts to larger focal adhesions. RhoA activation is also neces-
sary at the trailing edge, where it generates actomyosin contrac-
tion to promote focal adhesion disassembly and trailing edge re-
traction (10, 11, 45). In future studies, it will be important to
determine what aspects of leading and trailing edge dynamics are
regulated by Net1A to control planar cell movement and extracel-
lular matrix invasion, and also to understand how these mecha-
nisms may be coopted in metastatic cancer cells.
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