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Abstract—Insulin regulates glucose uptake into fat and skeletal muscle cells by modulating the translocation of GLUT4
between the cell surface and interior. We investigated a role for cortactin, a cortical actin binding protein, in the actin fila-
ment organization and translocation of GLUT4 in Chinese hamster ovary (CHO-GLUT4myc) and L6-GLUT4myc
myotube cells. Overexpression of wild-type cortactin enhanced insulin-stimulated GLUT4myc translocation but did not
alter actin fiber formation. Conversely, cortactin mutants lacking the Src homology 3 (SH3) domain inhibited insulin-stim-
ulated formation of actin stress fibers and GLUT4 translocation similar to the actin depolymerizing agent cytochalasin D.
Wortmannin, genistein, and a PP1 analog completely blocked insulin-induced Akt phosphorylation, formation of actin
stress fibers, and GLUT4 translocation indicating the involvement of both PI3-K/Akt and the Src family of kinases. The
effect of these inhibitors was even more pronounced in the presence of overexpressed cortactin suggesting that the same
pathways are involved. Knockdown of cortactin by siRNA did not inhibit insulin-induced Akt phosphorylation but com-
pletely inhibited actin stress fiber formation and glucose uptake. These results suggest that the actin binding protein cort-
actin is required for actin stress fiber formation in muscle cells and that this process is absolutely required for translocation

of GLUT4-containing vesicles to the plasma membrane.
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Insulin plays a major role in regulating dietary glu-
cose by stimulating its uptake into skeletal muscle and
adipose tissue [1]. Glucose uptake is low in the basal
state, and insulin stimulates a rapid and reversible
increase in glucose uptake. Insulin-triggered glucose
uptake is mediated primarily by the transporter isoform
GLUT4, which is predominantly expressed in these tis-
sues [2, 3]. In the absence of insulin, GLUT4 is predom-
inantly localized in intracellular compartments as the rate
of internalization is 10 times greater than the rate of exo-
cytosis to the cell surface [1, 4-6]. Insulin treatment
greatly increases the rate of GLUT4 exocytosis and
reduces the rate of endocytosis changing the equilibrium
localization. The insulin signaling pathways that lead to
these changes have been an area of intense research. One
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of the most important components of this pathway is
phosphatidylinositol 3-kinase (PI3-K) which mediates
the glucoregulatory effects of insulin. Translocation of
GLUTH4 to the cell surface requires the activation of PI13-
K, which occurs when it binds tyrosine-phosphorylated
insulin receptor substrates. In parallel, insulin also causes
the rapid remodeling of actin filaments into a cortical
network. The cytoskeleton at the cell periphery consists of
a highly organized network of filamentous actin (F-actin)
closely associated with the overlying plasma membrane
[7, 8].

A number of studies have shown that actin remodel-
ing is required for GLUT4 translocation and glucose
uptake into cells [9-12] either by linking signaling or by
creating the tracks on which GLUT4 vesicles can move.
In adipocytes, both microtubules and actin stress fibers
contribute to GLUT4 translocation as disruption of
either myosin Myolc, an actin motor, or kinesins KIF3 or
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KIF5b, which are microtubule motors, impairs insulin-
stimulated GLUT4 translocation [13-17]. In contrast,
disruption of actin fibers in L6 muscle cells with jasplaki-
nolide or inhibition of actin branching with swinholide A
blocks GLUT4 translocation and actin ruffling, but dis-
ruption of microtubules with colchicine has no effect sug-
gesting that actin fibers represent the major route for
GLUTH4 vesicle trafficking in these cells [18, 19]. GLUT4
vesicles isolated from 3T3-L1 cells contain actin-poly-
merizing activity and demonstrate actin comet tails in
vitro [20].

Cortactin was initially identified as a tyrosine phos-
phorylated protein in v-Src-infected chicken embryo
fibroblasts. Subsequent cloning of the cDNA encoding
cortactin revealed a protein with a unique domain struc-
ture. Cortactin is able to bind to F-actin through multiple
internal tandem repeat sequences located in the N-termi-
nal half of the molecule and is thought to link the micro-
filaments to the cell membrane through proline-rich and
SH3 domains present in the C-terminus portion of the
molecule. The cortactin Src homology 3 (SH3) domain
shares significant homology to SH3 domains in Src fami-
ly kinases and various adapter and cytoskeletal proteins
[21-23]. Cortactin is known to bind the actin related pro-
tein complex Arp2/3 via the actin binding repeats, and
the neuronal Wiskott—Aldrich syndrome protein (N-
WASP) via its SH3 domain. The Arp2/3 complex drives
actin polymerization and is activated by N-WASP [24,
25]. N-WASP is activated by the GTPases Rho and
Cdc42 and the Src-family member Lck [26]. N-WASP is
essential for actin remodeling and GLUT4 translocation
in adipocytes and it localizes to cortical F-actin in
response to insulin in both adipocytes and skeletal muscle
[12, 27]. In addition, cortactin is phosphorylated on tyro-
sine, serine, and threonine residues upon stimulation of
cells with growth factors or transformation by activated
Src [28-30].

Because of these known associations, we investigated
the role of cortactin in actin remodeling and GLUT4myc
translocation to clarify its role in signal transduction and
transmembrane receptor organization.

MATERIALS AND METHODS

Cells. CHO cells (CHO-GLUT4myc) and L6
myotubes (L6-GLUT4myc) containing c-myc tagged
GLUT4, a GLUT4 construct with a 14 amino acid epi-
tope in the first endofacial loop, were used for these stud-
ies [31]. Cells were transfected with GFP-tagged wild
type and mutant cortactin ¢cDNAs by Lipofectamine
(Invitrogen Life Technologies, USA). Cells were used for
determining the effect of cortactin on insulin-stimulated
GLUT4 translocation pathway by fluorescence
microscopy [3]. CHO-GLUT4myc cells were maintained
in F12 medium (Sigma, USA) supplemented with 10%
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v/v fetal bovine serum (FBS) (ICN Biomedical Inc.,
USA) and gentamycin (100 U/ml). L6-GLUT4myc cells
were grown in o-minimal essential medium (o-MEM)
(Sigma) containing 2% FBS v/v and 0.1% gentamycin in
a 5% CO, atmosphere at 37°C as described previously [3,
32]. For translocation studies, cells were treated with
trypsin, transferred into a 3 cm dish, and incubated at
37°Cin a 5% CO, atmosphere. Cells were used in exper-
iments after four days of growth, before reaching conflu-
ence [33]. The inhibitors wortmannin, cytochalasin D,
genistein, and the PP1 analog were obtained from
Calbiochem Inc. (USA).

Cortactin expression. A cortactin cDNA containing
the entire coding region was cloned from a human iliac
cDNA library into the vector GFP (green fluorescent
protein) (Takara Company, Japan). Plasmid DNA (1 ug)
was transiently transfected into CHO-GLUT4myc cells
with Lipofectamine Plus reagent (Invitrogen Life
Technologies Inc.) according to the manufacturer’s
instructions. In brief, CHO-GLUT4myc cells were trans-
fected with Lipofectamine reagent with 1 pg plasmid
DNA (GFP-cortactin) in 100 pl pure medium (medium
without FBS), 6 ul Plus reagent was added, and the cells
were mixed and incubated for 15 min at room tempera-
ture. Lipofectamine was made up to 4% with pure medi-
um and added to the cells, which were mixed and incu-
bated 15 min at room temperature. The medium (800 pl)
was changed before the addition of transfection reagent,
and incubation was carried out for 3 h at 37°C, 5% CO,.
One milliliter of working medium (medium with FBS)
was added and the cells were incubated overnight at 37°C,
5% CO,. Transfected cell lines were stained with a tyra-
mide signal amplification system (TSA) (Perkin Elmer
Life Sciences Inc., USA).

L6-GLUT4myc cells were transiently transfected
with the cortactin using the liposome method. After 2-3
days of cell culture, 3 ul FuGENEG6 reagent (Roche
Molecular Biochemicals, USA) was made up to 100 pl
with pure medium, which was gently mixed and incubat-
ed for 5 min in room temperature. One microgram of
plasmid DNA was added and incubated for 15 min at
room temperature. The medium (800 pl) was changed
before the addition of transfected reagent, and the cells
were incubated overnight at 37°C, 5% CO,. One milliliter
of working medium was added, and the cells were incu-
bated at 37°C, 5% CO,. The medium was changed with
interval one day. Cells were stained with the TSA system
after 5 days showing which cells were differentiated.

Structure of cortactin and mutant derivatives. The
1653 bp cortactin gene encodes proteins of about 80 and
85 kDa (p80/85 cortactin). The amino terminus is large-
ly unstructured, and there are many acidic residues
between amino acids 45 and 105, a region that is referred
to as the amino terminal acidic domain (NTA). The NTA
region is followed by six tandem repeats of a 37-amino-
acid sequence and an incomplete repeat of 20 residues,
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Fig. 1. Schematic representation of cortactin and cortactin mutants. The 1653 bp cortactin cDNA encodes a protein consisting of an amino-
terminal acidic domain (NTA), a repeat region (RR), a helical region (HR), a proline-rich region (PRR), and a Src homology 3 (SH3)
domain. The following derivatives were studied: mutant 1 (M1), with a deletion of the RR, HR, PRR, and SH3 domain; mutant 2 (M2), with
a deletion of the NTA and RR; mutant 3 (M3), with a deletion of RR; mutant 4 (M4), with a deletion of the SH3 domain; and mutant 5 (M5),
with a deletion of PRR and the SH3 domain. A, deletion; N, N terminus; C, C terminus.

which has been termed the cortactin repeat region. The
repeat region is followed by an a-helical domain (48-52
residue in length), a proline-rich domain of variable
length also abundant in tyrosine, serine, and threonine
residues, and a SH3 domain at the carboxyl terminus [34-
36]. Five cortactin mutants with deletions of various
regions were previously constructed: dl1295-1653 bp
(mutant 1, with a deletion of the repeat, helical, and pro-
line-rich regions and SH3 domain), dl1-903 bp (mutant
2, with a deletion of NTA and the repeat region), d1295-
903 bp (mutant 3, with a deletion of the repeat region),
dl1263-1653 bp (mutant 4, with a deletion of the SH3
domain), d1965-1653 bp (mutant 5, with a deletion of the
proline rich region and SH3 domain) (Fig. 1) [34, 37, 38].

Colorimetric assay of surface GLUT4myc and actin
filament staining. Cells in a 3 cm dish with a cover slip
were incubated in 2 ml Krebs—Ringer-HEPES (KRH)
buffer for 30 min at 37°C and then incubated in 2 ml
300 nM insulin for 10 min. After fixation with 2% para-
formaldehyde (10 min, room temperature), cells were
washed with phosphate buffered saline (PBS), incubated
in 0.1 M glycine in PBS for 15 min at room temperature,
transferred to TNB buffer (1 M Tris-HCI, pH 7.5, 5 M
NacCl, blocking reagent) for 30 min at room temperature,
and incubated with primary antibody (anti-c-myc, 9E10;

Santa Cruz Biotechnology Inc., USA) for 30 min at
37°C. The cells were extensively washed with TNT buffer
(I M Tris-HCI, pH 7.5, 1.5 M NaCl, 5% Tween 20)
before and after introducing the second antibody for
30 min at 37°C (anti-anti-c-myc, anti-mouse IgG HRP-
conjugated; BioSource Inc., USA). Finally, the cells were
incubated with fluorescein tyramide (Perkin Elmer Life
Sciences Inc.) for 7 min at room temperature and washed
with TNT buffer, and GLUT4 translocation was detected
by fluorescence microscopy. The cells were inspected
using an inverted Nikon ECLIPSE E600 microscope
equipped with a Nikon digital camera DXM1200 con-
trolled by Nikon ACT-1 software. All digital images were
captured at the same settings to allow direct quantitative
comparison of staining patterns. Final images were
processed using Adobe Photoshop software. Fluorescent
intensity of red GLUT4 translocation was measured by
Nikon ACT-1 software and further analyzed by Scion
Image. Fluorescence intensities of GLUT4myc were nor-
malized by subtracting background intensities.

To stain actin filaments, cells were incubated in 2 ml
KRH buffer for 30 min at 37°C and then incubated in
2 ml 300 nM insulin. After fixation with 2% para-
formaldehyde (10 min, room temperature), cells were
washed with PBS and incubated in 0.1% Triton X-100 in
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PBS for 10 min at room temperature. Then the cells were
washed with PBS and incubated in 1% BSA in PBS for
20 min at room temperature. The cells were extensively
washed with PBS buffer before and after introducing rho-
damine-phalloidin or Alexa Fluor 488 phalloidin
(Molecular Probes Inc., The Netherlands) for 20 min at
room temperature. Actin filaments were detected by fluo-
rescence microscopy.

siRNA preparation. The siRNA (small interference
RNA) sequences targeting rat cortactin gene (Accession
number AF054618) corresponded to the coding regions
669 * 688 relative to the first nucleotide of the start codon
(gtcccagaaagactatgt) were synthesized by Gene Design
Inc. (Japan).

Transfection of siRNAs for targeting endogenous
genes was carried out using Lipofectamine Reagent (Life
Technologies) with 50 nM siRNA. This siRNA concen-
tration was sufficient to mediate silencing. Seventy-two
hours after transfection, cells were fixed and processed for
immunofluorescence or lysed with SDS-PAGE sample
buffer, subject to electrophoresis, and immunoblotted
with anti-cortactin (Santa Cruz Biotechnology Inc.), or
anti-Akt antibody (Cell Signaling, Inc., USA) which were
diluted 1 : 1500 and 1 : 1000, respectively. Specific silenc-
ing of targeted genes was confirmed by at least three inde-
pendent experiments.

Statistical analysis. Comparison of data was per-
formed using the one way ANOVA or the unpaired
Student’s 7-test and is presented as mean =+ standard devi-
ation. In each immunofluorescence experiment, the data
from =50 cells and at least five separate slides were quan-
tified. Values of p < 0.05 were considered significant.

RESULTS

Insulin triggers actin stress fiber formation and
GLUT4 translocation. In the absence of insulin stimula-
tion, the fluorescence intensity of cell surface
GLUT4myc (red) in CHO-GLUT4myc and L6-
GLUT4myc cells was minimal (Fig. 2a, left panels; see
color insert). There was an increase in GLUT4myc stain-
ing on the cell surface after 10 min incubation with
300 nM insulin (Fig. 2a, right panels). Insulin treatment
also caused the characteristic rearrangement of actin fila-
ments, resulting in the reorientation of fibers with the
long axis of the cells (stress fiber formation), as shown in
Fig. 2b. As actin remodeling is closely associated with
GLUT4 translocation, we tested the effect of cytocha-
lasin D, an inhibitor of actin polymerization, on GLUT4
translocation. The insulin-dependent stimulation of
stress fiber formation (Fig. 2c, upper panels) and
GLUT4myc translocation (Fig. 2c, lower panels) was also
completely blocked by treatment with cytochalasin D.
These results confirm that the formation of actin stress
fibers plays an important regulatory role in insulin-trig-
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gered GLUT4myc translocation as has been published
previously.

Cortactin overexpression enhances GLUT4myc
translocation. Cortactin plays an important role in actin
stress fiber formation as well as cortical actin filaments.
We initially studied the effect of overexpressing wild type
cortactin on actin stress fibers and GLUT4myc transloca-
tion. Cortactin resides in both cytoplasmic perinuclear
compartments as well as in submembranous compart-
ments (Fig. 3a; see color insert). Insulin-stimulated
GLUT4myc translocation was significantly greater in
cells overexpressing wild type cortactin (green, indicated
by white arrows) than in control cells (pink arrows) (Fig.
3b, upper panels). Quantitative fluorescence measure-
ments showed that overexpression of wild type cortactin
increased insulin-stimulated GLUT4 translocation pro-
moted by 52% (p < 0.05) the in L6-GLUT4myc cells.
Insulin stimulated the characteristic rearrangement of
actin filament in cells overexpressing wild type cortactin
as well as in control cells, resulting in the reorientation of
fibers with the long axis of the cells (stress fiber forma-
tion) (Fig. 3b, lower panels). Similar results were also
obtained by using CHO-GLUT4myc cells (Fig. 3c).
Treatment of cells with cytochalasin D caused the
depolymerization of F-actin with a loss of actin stress
fibers and the accumulation of actin in foci. Cortactin was
found to co-localize with actin in these foci in cytocha-
lasin D treated cells (Figs. 2c and 3d).

Cortactin mutants lacking the SH3 domain inhibit
actin stress fiber formation and GLUT4 translocation. We
then studied the effects of various cortactin mutants to
interfere with cortactin function. We found that insulin-
stimulated GLUT4myc translocation was markedly
decreased in cells transfected with mutants lacking the
SH3 domain. Data for the M5 mutant lacking the pro-
line-rich region and SH3 domain are shown in Figs. 4a
and 4b, respectively (upper panels) (see color insert).
Transfection with this cortactin mutant also resulted in a
loss of actin stress fibers, as evidenced by the foci of color
and the diffuse distribution of red in the cytoplasm (Figs.
4a and 4b, lower panels).

The pattern of actin and cortactin staining was very
similar to cells that had been treated with cytochalasin D
(Fig. 3d) suggesting that the mutant cortactin prevented
stress fiber formation. The effect of the cortactin mutants
on GLUT4myc translocation in L6 cells was determined
by quantitative fluorescence measurements. Insulin-
stimulated GLUT4 translocation was inhibited by the
expression of M5 cortactin 75% (p < 0.05). The effects of
the mutant cortactins were also assessed in CHO-
GLUT4myc cells. In these cells, transfection of cortactin
mutants decreased insulin-stimulated GLUT4myc
translocation significantly compared to control cells. The
greatest extent of inhibition (>60%) was observed in cells
transfected with mutants 4 and 5, which lack the SH3
domain (Fig. 5). These results suggest that the SH3
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Fig. 5. Effect of insulin on GLUT4 translocation in CHO-
GLUT4myc cells expressing wild type (WT) and mutant (M 1-M5)
cortactins. In each experiment the data from ~50 cells and at least
five separate slides were quantified. * p < 0.01 vs. insulin stimula-
tion, * p < 0.01 vs. wild-type cortactin.

domain plays an important role in actin stress fiber for-
mation and GLUT4 translocation.

Both actin stress fiber formation and GLUT4 translo-
cation in response to insulin are mediated through the P13
kinase and Src kinase pathways. Because PI13-K is impor-
tant for insulin signaling to GLUT4 translocation, we
next examined the role of PI3K in actin stress fiber for-
mation and GLUT4myc translocation in cells overex-
pressing cortactin using the PI3-K inhibitor wortmannin.
Insulin-stimulated GLUT4myc translocation was abol-
ished in L6-GLUT4myc cells pretreated with 0.3 uM
wortmannin for 30 min (Fig. 6a; see color insert). Similar
results were also obtained by using CHO-GLUT4myc
cells (data not presented). Insulin-induced stress fiber
formation in L6-GLUT4myc cells was also inhibited by
treatment with wortmannin (Fig. 6b). These results indi-
cate that both actin stress fiber formation and
GLUT4myc translocation are mediated by a PI13-K path-
way.

We also tested the effect of the Src family protein
tyrosine kinase inhibitors genistein and PP1 analog on
insulin-triggered actin stress fiber formation and
GLUT4myc translocation as Src-family members have
been shown to phosphorylate cortactin. Pretreatment
with 100 pM genistein and 10 pyM PPl inhibited
GLUT4myc translocation in CHO-GLUT4myc cells
both in the presence and absence of overexpressed wild
type cortactin (Fig. 6c¢). Similar results were also
obtained by using L6-GLUT4myc cells. The insulin-
induced formation of actin stress fibers in L6-
GLUT4myc cells was also completely blocked by treat-
ment with PP1 analog and genistein (Fig. 6d). The effect
of various inhibitors on translocation was quantified. The
insulin-induced GLUT4 translocation was completely
blocked by treatment with inhibitors by comparing the
fluorescent density on the plasma membrane of treated
cells (Fig. 7).
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Knockdown of cortactin impairs insulin-induced actin
stress fiber formation and glucose uptake, but has no effect
on Akt phosphorylation. To further elucidate a role for
cortactin in formation of actin stress fibers, we used RNAi
to knock down cortactin levels in L6 cells. Cells were
transfected with siRNA against cortactin. Western blot-
ting revealed a significant reduction in cortactin protein
levels after transfection with cortactin RNAi (Fig. 8a; see
color insert). The reduction in cortactin protein resulted
in a marked decrease in actin stress fibers in the absence
of insulin and blocked the formation of stress fibers (Fig.
8b) in the presence of insulin (Fig. 8c). To further ensure
that the observed reduction in actin stress fiber formation
was due to the specific knockdown of cortactin in trans-
fected cells, an alternative technique was adopted. Cells
were co-transfected with or without siRNA together with
a plasmid encoding the red fluorescent protein
(pDsRed1-Cl1). Cotransfection of cortactin siRNA and
pDsRed1-C1 plasmid exhibited the expected reduction in
actin stress fibers formation by greater than 70% (Fig. 8, f
and g). This is in contrast to cells transfected with
pDsRed1-C1 alone where no reduction in internal actin
stress fibers was observed (Fig. 8, d and e) [39].

Glucose uptake was also significantly decreased in
cells transfected with cortactin siRNA in agreement with
the GLUT4 translocation data (Fig. 8h).

Insulin signaling to GLUT4 translocation and actin
stress fiber formation is thought to be mediated through
Akt. To clarify whether the disruption of actin stress fiber
formation by transfection of cortactin siRNA was due to
the lack of Akt activation, we measured Akt phosphoryla-
tion and protein level. In the presence of the cortactin

-

H

o
I

100

GLUT4myc translocation
[=2]
o

20
Insulin - + + + + + +
Cortactin WT - - + + + + +
Inhibitor - - - CytD Wor Gen PP1

Fig. 7. Effect of inhibitors on GLUT4myc translocation (cytocha-
lasin D (CytD), wortmannin (Wor), genistein (Gen), and PP1) in
CHO cells. Examples of data from five independent experiments
(=50 cells) measuring the insulin-triggered translocation of
GLUT4 in cells expressing wild type cortactin by comparing those
in presence of inhibitors. * p < 0.01 vs. wild type cortactin without
inhibitors.
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siRNA, insulin induced Akt phosphorylation to the same
extent as control cells (Fig. 8, i-k) indicating that the fail-
ure to cause actin polymerization, GLUT4 translocation,
and glucose transport was not due to a lack of Akt activa-
tion.

DISCUSSION

In this study, we characterized the insulin-stimulated
translocation of GLUT4 with respect to cortactin/actin
in CHO-GLUT4myc cells and L6-GLUT4myc
myotubes. Overexpression of wild type cortactin
enhanced GLUT4myc translocation to the cell surface in
the presence of insulin, and cortactin deletion mutants
acted as dominant negative mutants to inhibit GLUT4
translocation, suggesting that the insulin-stimulated
translocation of GLUT4myc is dependent on the
actin—cortactin interaction. Cortactin knockdown by
siRNA resulted in decreased basal deoxyglucose transport
in L6 myotubes and severely impaired the response to
insulin, demonstrating that the altered GLUT4 traffick-
ing translated to altered transport. We observed that cort-
actin is required for stress fiber formation, as expression
of dominant-negative forms of cortactin or siRNA
knockdown resulted in a loss of actin stress fibers.
Interestingly, the disordered actin cytoskeleton did not
impair the activation of Akt suggesting that either the cort-
actin effects are PI3-kinase independent or the site of
action of cortactin is downstream of Akt in insulin signal-
ing. Thus, our results confirm that cortactin plays a piv-
otal role in the formation of actin stress fiber in L6
myotubes and also suggest that stress fiber formation pro-
motes GLUT4 translocation and glucose transport.

Previous studies have established that the transloca-
tion of GLUT4 is paralleled by an increase in actin
cytoskeletal organization. Stress fibers are formed in L6
cells upon insulin stimulation [40, 41]. Studies using spe-
cific inhibitors of PI3-K have shown that both actin stress
fiber formation and GLUT4 translocation are dependent
on PI3-K and Akt signaling [42, 43]. This close parallel
has prompted a number of groups to test whether actin
reorganization is required for GLUT4 translocation.
Pharmacological inhibitors of actin polymerization
(cytochalasin D, latrunculin B, and jasplakinolide) or
actin branching (swinholide A) prevent GLUT4 translo-
cation and glucose transport in muscle cells [18, 44]. The
data in adipocytes also support this model [11, 17, 45,
46]. Specific genetic manipulation of individual proteins
has confirmed the inhibitor studies. The actin motor
Myolc, the regulatory GTPase ARF6, and the N-WASP
complex are all involved in GLUT4 translocation in 3T3-
L1 adipocytes [16, 27, 47].

In muscle cells, the actin cytoskeleton forms two
functionally distinct structures, cytoplasmic actin stress
fibers that span the cell and a sub-membranous cortical

BIOCHEMISTRY (Moscow) Vol. 76 No. 11 2011

1267

actin ring. Cortactin is an actin-binding protein that con-
tains several protein interaction motifs, including an
amino terminal acidic (NTA) domain, a cortactin repeat
region, a proline-rich helical region, and a SH3 domain
at the C terminus [21, 29]. The NTA region binds the
Arp2/3 complex; the repeat region, especially the fourth
repeat, binds F-actin; and the SH3 domain binds a num-
ber of proteins including N-WASP, WIP, and dynamin I1
[48, 49]. Many of these interactions are critical for cort-
actin’s function as a regulator of actin assembly. The
Arp2/3 complex is the central regulator of actin polymer-
ization in cells [50]. It is found localized to areas of action
nucleation in cells and will promote actin filament assem-
bly in vitro when given ATP-G-actin. The activity of the
Arp2/3 complex is stimulated by proteins such as N-
WASP and WAVE. The actin filaments generated by
Arp2/3 are branched similar to actin structures found in
membrane ruffles and lamellipodia [51]. These branches
are unstable and dissociate to individual filaments.
Cortactin stabilizes the branches by binding to the Arp2/3
complex and actin filaments [49] and synergizes with N-
WASP to stimulate Arp2/3 polymerizing activity. N-
WASP and cortactin bind the Arp2/3 complex simultane-
ously via acidic domains, and cortactin also binds N-
WASP through its SH3 domain. Expression of the cort-
actin SH3 domain inhibits podosome formation in vascu-
lar smooth muscle cells indicating that the cortactin—N-
WASP interaction is critical for actin polymerization
[25].

We found that cortactin mutants lacking the SH3
domain exhibited the greatest dominant negative pheno-
type in L6 cells, which confirms the importance of this
domain in cortactin function. The function of the Arp2/3
complex is also subject to regulation by known signaling
proteins. Cdc42, Grb2, Nck, PI-4,5P,, syndapin, and
WISH all bind and activate N-WASP; Abl and PKA bind
WAVEI, and p53 (insulin receptor protein kinase sub-
strate) binds WAVE2 [50]. Cdc42 bound to the Arp2/3
complex is activated by specific GDP exchange factors,
FGDI1 and intersectin I, that bind to cortactin or N-
WASP, respectively. Insulin activates Cdc42 signaling in
3T3-L1 adipocytes via PI3-kinase [52] and also activates
a related Cdc42 family member TC10 that binds to N-
WASP [27, 53]. Interestingly, both Cdc42 and TCI10
induce actin comet tails in vitro and perinuclear actin
polymerization in 3T3-L1 cells, but only TC10 disrupts
cortical actin structures suggesting differential targeting
of actin polymerization [53].

Insulin is known to cause an initial disruption of
actin stress fibers followed by membrane ruffling due to
actin polymerization in cortical regions, then the re-syn-
thesis of actin stress fibers [54]. These actin filaments
could function as a track along which the GLUT4 vesicles
move. The requirement of the actin motor protein Myolc
for GLUT4 translocation in 3T3-L1 cells would support
this model [16]. It is difficult to reconcile this model with



1268

the known disruption of the actin filaments upon insulin
stimulation however. Alternatively, the actin re-polymer-
ization might provide the driving force for vesicular
movement in the cell. Microbial pathogens such as
Listeria, Salmonella, and Shigella have hijacked actin
polymerization to propel themselves through the cyto-
plasm [50, 55]. Indeed Arp2/3 complexes, WASP family
members, Cdc42 and Rac, and cortactin are recruited to
invading bacteria. Actin polymerization is limited to one
end or pole of the bacteria and results in characteristic
comet tails that propel the microbe. Actin comet tails
have been observed on GLUT4 vesicles raising the possi-
bility that the microbes may have hijacked a normal vesic-
ular transport mechanism [20].

In conclusion, we have demonstrated that the actin
binding protein cortactin is intimately involved in
GLUT4 translocation and actin stress fiber polymeriza-
tion in L6 muscle cells. These findings provide a new
framework for studies on the insulin-regulated trafficking
of GLUT4 at the molecular level and suggest a novel
hypothesis that actin polymerization on the GLUT4 vesi-
cle itself provides the driving force for vesicle movement.
Failure to translocate GLUT4 correctly in states of
insulin resistance or diabetes may be linked to changes in
actin dynamics in these conditions and, if true, suggest
novel potential targets for drug development.
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