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ABSTRACT
Calcium- and integrin-binding protein 1 (CIB1) has been shown to be involved in cell spreading andmigration. The signaling events regulated

by CIB1 during cell migration are poorly understood. Here we found that accumulation of CIB1 at the tip of the filopodia requires an intact

cytoskeleton. Depletion of CIB1 using shRNA affects formation of FAK- and phosphotyrosine-rich focal adhesions without affecting stress

fiber formation. Overexpression of CIB1 results in cell migration on fibronectin and Erk1/2 MAP kinase activation. CIB1-induced cell

migration is dependent upon Erk1/2 activation, since it is inhibited by the MEK-specific inhibitor PD98059. Furthermore, CIB1-induced cell

migration, as well as Erk1/2 activation, is dependent on PKC, Src family kinases as well as PI-3 kinase as it is inhibited by bisindolylmaleimide

1, PP2, and wortmannin, respectively, in a dose-dependent manner. Co-expression of dominant-negative Cdc42 completely abolished CIB1-

induced cell migration. Additionally, co-expression of constitutively active, but not dominant negative PAK1, a CIB1 binding protein,

inhibited CIB1-induced cell migration. These results suggest that CIB1 positively regulates cell migration and is necessary for the recruitment

of FAK to the focal adhesions. Furthermore, CIB1-induced cell migration is dependent on MAP kinase signaling and its function is attenuated

by PAK1. J. Cell. Biochem. 112: 3289–3299, 2011. � 2011 Wiley Periodicals, Inc.
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T he dynamic interaction of a cell with extracellular matrix

(ECM) proteins plays an important role in wound healing,

defense against infection, tumor metastasis, and cell migration,

proliferation, and differentiation [Hynes, 2002]. Cells interact with

the ECM through proteins called integrins. Integrins are hetero-

dimers composed of a and b subunits, each of which contains a large

extracellular domain, a transmembrane domain, and a short

cytoplasmic domain. As a result of ligand binding, integrin

clustering occurs and is critical for the activation of intracellular

signaling [Miyamoto et al., 1995], which includes signal transduc-

tion events such as the activation of protein kinases, an increase of

intracellular calcium levels, and cytoskeleton reorganization [Aplin

et al., 1998; Juliano et al., 2004]. The integrin-mediated signals lead

to the formation of focal adhesions where integrins associate with

the cytoskeleton through their cytoplasmic domain [Pavalko and

Otey, 1994]. These events are crucial for cell adhesion to ECM and

the process of cell migration. One of the major signaling pathways

activated downstream of integrins during cell migration is the MAP

kinase signaling cascade [Zhu and Assoian, 1995; Miyamoto et al.,

1996; Sastry et al., 1999]. Although some of the players in the

signaling cascade induced by integrins leading to MAP kinase

activation have been identified, significant gaps still exist.

CIB1 is a 22 kDa calcium-binding protein, which specifically

binds to the cytoplasmic domain of integrin aIIb in platelets [Naik

et al., 1997]. CIB1 (also known as calmyrin or kinase interacting

protein Kip) contains two functional calcium-binding EF-hand

domains [Blamey et al., 2005]. CIB1 is anchored to the platelet

membrane through myristoylation. Upon platelet activation, CIB1

initially concentrates at the filopodia through its association with

the cytoskeleton [Shock et al., 1999; Naik and Naik, 2003b]. CIB1

mRNA and protein are widely distributed in a variety of tissues,

suggesting that it has cellular functions independent of integrin
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aIIbb3, which is specific to platelets [Shock et al., 1999; Naik and

Naik, 2003a]. In addition to integrin aIIbb3, CIB1 has been shown to

interact with a variety of proteins with diverse functions, such as

kinases, phosphatases, ion channels, and cytoskeletal proteins

[Kauselmann et al., 1999; Tsuboi et al., 2006; Heineke et al., 2010].

Consistent with its ability to bind and regulate these proteins, it has

been shown to be involved in a variety of processes, such as

spermatogenesis, thrombosis, cardiac hypertrophy, and angiogene-

sis [Tsuboi, 2002; Yuan et al., 2006; Zayed et al., 2007; Naik et al.,

2009; Heineke et al., 2010]. The role of CIB1 in regulating some of

these processes could be attributed to its ability to regulate cell

spreading and cell motility [Naik and Naik, 2003a, 2003b; Leisner

et al., 2005]. In this report, we show that in adherent cells, the

filopodial localization of CIB1 is actin cytoskeleton-dependent. CIB1

supports cell migration on fibronectin (Fn) by augmenting FAK- and

phosphotyrosine-rich focal adhesion formation. We also show that

CIB1-induced cell migration requires signaling through PI-3 kinase,

PKC, and SFKs, eventually leading to the activation of the MAP

kinase-signaling cascade. Furthermore, we show that PAK1, one of

the binding partners of CIB1, inhibits CIB1-induced cell migration.

MATERIALS AND METHODS

REAGENTS

Fibronectin and vitronectin was purchased from BD Bioscience (San

Jose, CA). Wortmannin, cytochalasin D, bisindolylmaleimide 1,

BAPTA-AM, gelatin, and genistein were purchased from Sigma (St.

Louis, MO); herbimycin A, PP2, and LY29002 were from Calbiochem

(Darnstadt, Germany). Vinculin monoclonal antibody was a

generous gift from Dr. Keith Burridge (University of North Carolina

at Chapel Hill, NC). Phosphospecific Erk1/2 antibody, anti-Erk1/2,

MAP Kinase inhibitor PD98059, and anti-VE-Cadherin were

purchased from Cell Signaling (Danvers, MA). Polyclonal antibodies

against c-Src, FAK, PAK1, and HSC-70 were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA). Human fibrinogen (Fg) was

purchased from Enzyme Research (South Bend, IN). Generation of

anti-CIB1 monoclonal antibody was described previously [Naik

et al., 1997]. All other reagents used were of analytical grade from

Sigma.

CELL CULTURE AND TRANSFECTION

Chinese hamster ovary (CHO) and human breast cancer (T47D) cells

were obtained from American Tissue Culture Collection (ATCC;

Manassas, VA). Cells were maintained in DMEM or RPMI

supplemented with 10% fetal bovine serum, 100 units/ml penicillin,

and 100mg/ml streptomycin or 10mg/ml insulin. Human umbilical

cord vein endothelial cells (HUVECs) were obtained from Lonza

(Walkersville, MD) and maintained in the medium provided by the

manufacturer. Ectopic expression of CIB1 and the empty vector

(mock) transfected in CHO cells using lipofectamine 2000 reagent

(Invitrogen; Carlsbad, CA) or T47D cells by Qiagen (Qiagen Science,

MD) following the manufacturer’s protocol as described previously

[Naik et al., 2001]. Geneticin (G418) was added to the culture

medium 24 h after transfection at a final concentration of 600mg/

ml. The resistant colonies were isolated to obtain single cell clones or

a pool of stably transfected cells and maintained in culture medium

containing 300mg/ml of G418. In a separate set of experiments, CHO

cells expressing integrin aIIbb3 (B7 cells) [Naik and Naik, 2003a]

were transiently transfected with DN-Cdc42 (Cdc42N17) or its

effector PAK1 or DN-PAK1 (PAK1K299R) alone or co-transfected

with recombinant CIB1. Downregulation of CIB1 using short hairpin

RNA (shRNA) was performed as previously reported [Naik and Naik,

2011]. The amounts of expression of various proteins were

determined by immunoblotting. Cells were maintained at 378C in

a humidified atmosphere of 5% CO2. All cDNA constructs used were

verified by sequencing.

HUMAN PLATELET PREPARATION

Approximately 50ml of whole blood was drawn by venipuncture

from healthy aspirin-free volunteers older than 18 years, under

informed consent. Approval was obtained from the University of

Delaware Institutional Review Board for these studies according to

the Declaration of Helsinki. Blood was collected in 6.5ml of acidified

citrate dextrose (pH 4.5) as an anticoagulant. Platelet-rich plasma

(PRP) was obtained and platelets were washed as described

previously [Naik and Naik, 2003b]. Washed platelet suspension

was adjusted to 2� 108 platelets/ml as required.

IMMUNOFLUORESCENCE

Immunofluorescence studies were conducted according to the

procedure described previously [Naik and Naik, 2003a]. Briefly,

serum-starved cells were treated with various inhibitors and their

relevant controls as indicated for 20min and then allowed to spread

on Fn (10mg/ml) pre-coated Lab-Tek II 8-chambered coverglass

slides (Nunc, Naperville, IL). In a separate set of experiments washed

platelets (6ml) 0.6 to 1.0� 106 per ml were allowed to adhere on Fg

(20mg/ml) pre-coated slides at various time points. The cells were

then fixed in freshly prepared 4% paraformaldehyde (PF) in

phosphate buffer saline (PBS) for 10min, rinsed, and permeabilized

in 0.2% Triton X-100 for 5min. Cells were then blocked with 3%

bovine serum albumin (BSA) in PBS (blocking solution) for 1 h, and

incubated with anti-CIB1 (1:100) or anti-FAK (1:100) or 4G10

(1:100) or anti-Vinculin (1:100) at 48C overnight. After incubation,

cells were washed three times with blocking solution and incubated

with rhodamine-conjugated donkey anti-mouse IgG secondary

antibody (1:300) or FITC-conjugated donkey anti-rabbit antibody

(1:300) for 1 h at room temperature (RT). For staining of F-actin,

FITC-conjugated phalloidin (1:500) was included during incubation

time along with the secondary antibody. Cells were washed three

times with blocking solution, followed by a final wash of PBS.

Slowfade was added to minimize fading of the fluorescence

intensity. Confocal microscopy was performed using a Zeiss

LSM510 laser-scanning microscope (Ithaca, NY). Images were

processed using Adobe Software.

MIGRATION ASSAYS

Scratch assay. Downregulation of CIB1-induced cell migration was

monitored by two different assays, both of which have been widely

used for assessing cell migration. In a qualitative wound-healing

assay [Naik et al., 2003], HUVECs transfected with shRNA alone or

CIB1shRNA were serum-starved after 48 h of transfection for 8 h,

detached by Versene and plated (500,000 cells/ml) on 24-well plate
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Fn pre-coated to form a monolayer. A confluent monolayer was

scratched by use of a sterile yellow pipette tip and rinsed with

serum-free medium. Photographs were taken at time zero by a

phase-contrast microscope (Nikon). The cells were allowed to

migrate in the scratch area under serum-free conditions for 8 h at

378C. The cells were stained with a Diff-Quick (Dade Diagnostics,

Newark, DE) staining kit, following the manufacturer’s instructions.

The extent of migration in the scratch area was documented.

Transwell assay. A haptotactic transwell motility assay was

performed as described previously [Naik and Naik, 2003a]. Briefly,

membranes of 8mm pore size inserts (costar) in triplicates were

coated underneath with various extracellular matrices (ECM)

overnight at 48C, and simultaneously the mock or CIB1-over-

expressing cells were serum-starved (DMEM containing 5mg/ml

BSA) overnight. After detachment by trypsinization, enzyme

activity was neutralized using 1mg/ml soybean trypsin inhibitor.

In a separate set of experiments, HUVECs transfected with

CIB1shRNA or shRNA were serum starved for 8 h. Washed cells

were diluted at 500,000 cells/ml and kept at 378C for 30min before

plating. A 100ml of cell suspension was added to the upper

compartment of the pre-coated insert and serum-free medium was

added in the lower compartment of the insert. Migration through the

pores was allowed to proceed for 5 h at 378C. In the case of inhibitor

treatment, prior to the addition of cells into the inserts, cells in

suspension were incubated with or without the appropriate inhibitor

for 20min, and then allowed to migrate in the presence of inhibitor

for 5 h under serum-free condition. The unmigrated cells were

removed from the top compartment of the insert with a cotton tip

applicator; whereas migrated cells to the underside of the insert were

fixed in freshly prepared 4% PF/PBS for 10min and stained with

the Diff-Quick solution. Inserts were dried and the stained cells

were then counted from 10 different views per insert in triplicates

using phase-contrast microscope. Experiments were repeated

independently more than three times. Data collected were analyzed

and plotted using Sigma plot software.

IMMUNOPRECIPITATION AND WESTERN BLOTTING

Immunoprecipitation studies were performed as described previ-

ously [Naik and Naik, 2003b]. Briefly, washed (2� 108) platelets

were allowed to spread on immobilized Fg pre-coated 100mm

bacterial tissue culture dishes and BSA was used as a control.

Platelet lysates were precleared with isotype-specific antibody

and immunoprecipitated with appropriate primary antibodies as

indicated. The immunocomplex was processed by Western blotting.

Mock or CIB1-overexpressing cell lysates (50mg/ml) were subjected

to 10–12% SDS–PAGE and transferred onto a PVDF membrane

(Bio-Rad). The membranes were blocked with 3% BSA and incubated

with primary antibodies as indicated, washed and further incubated

with appropriate secondary antibodies conjugated with horseradish

peroxidase. The bands were visualized using Lumiglo reagent.

STATISTICAL ANALYSIS

All experiments presented are results from at least three independent

experiments. Statistical analysis was performed using student’s

t-test; data are meanþ s.e.m; P< 0.05 were considered as

statistically different.

RESULTS

AN INTACT CYTOSKELETON IS REQUIRED FOR THE LOCALIZATION

OF CIB1 AT THE TIP OF THE FILOPODIA

When analyzed, the subcellular localization of CIB1 in CHO cells

adhered to Fn; we found that it colocalizes with F-actin and

concentrates at the tip of the filopodia (Fig. 1A(i)). Since CIB1 is a

calcium-binding protein, we asked if the presence of intracellular

calcium is necessary for its localization to the filopodia. Intracellular

calciumwas chelated by treating the CHO cells with BAPTA-AM.We

found that upon chelation of intracellular calcium, the cells

appeared spherical in shape without any visible F-actin or filopodia

formation and CIB1 remained uniformly associated with the

membrane (Fig. 1A(ii)). Similar results were obtained when calcium

was chelated by adding BAPTA-AM after they were attached and

spread on Fn. Since calcium is important for several cellular events,

including filopodia formation, it could not be concluded that the

observed mislocalization is solely due to the lack of calcium binding

to CIB1. To investigate if actin cytoskeletal organization is required

for CIB1 to concentrate at the filopodia, we pretreated CHO cells with

cytochalasin D (cyto D), the known actin-depolymerizing agent, and

then allowed them to adhere to Fn. The depolymerization of actin

filaments with cyto D had a significant effect on subcellular

localization of CIB1. Instead of being associated with the membrane,

CIB1 was now clustered at one place (Fig. 1A(iii)). However,

treatment of cells with cyto D after they have been allowed to spread

on Fn did not cause such clustering of CIB1, suggesting that the actin

cytoskeleton is necessary for the proper localization of CIB1 to the

membrane and filopodia (Fig. 1A(iv)).

OVEREXPRESSION OF CIB1 AUGMENTS CELL MIGRATION ON Fn

In order to study the role of CIB1 in the process of cell migration, we

stably overexpressed recombinant CIB1 in CHO cells (Fig. 1B). Cells

transfected with an empty vector (Mock) were used as controls.

Mock or CIB1-overexpressing cells adhered well to Fn, and CIB1

overexpression resulted in a significant enhancement of cell

migration on Fn, but not on gelatin, collagen, or vitronectin

(Fig. 1C), as shown previously by our laboratory [Naik and Naik,

2003a]. In order to establish that the observed effect of CIB1 is

general and not specific to the CHO cell specific, we overexpressed

CIB1 in T47D, a breast carcinoma cell line. We found an enhanced

migration, similar to CHO cells, suggesting that the effect of CIB1 is

not cell-type specific (Fig. 1D).

DEPLETION OF CIB1 AFFECTS CELL MIGRATION

Since overexpression of CIB1 induces cell migration, we reasoned

that depletion of endogenous CIB1 should attenuate cell migration.

We used vector-based shRNA specific to CIB1 to deplete endogenous

CIB1 from HUVE cells. We were able to deplete over 90% of CIB1

without affecting other endogenous proteins such as HSC-70, PAK1,

and VE-cadherin (Fig. 2A). We next performed a scratch assay, a

widely used method, in addition to the trans-well assay to assess cell

migration to determine the ability of CIB1 depleted cells to migrate

on Fn. As expected, cells transfected with vector alone as control

migrated into the wounded area within 8 h. On the other hand,
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CIB1shRNA transfected cells failed to migrate into the wounded area

during that time (Fig. 2B). To obtain a more quantitative measure of

this effect, we performed a transwell migration assay. As expected,

depletion of CIB1 attenuated cell migration by 50% (Fig. 2C), further

supporting the role for CIB1 in regulating cell migration.

CIB1-INDUCED CELL MIGRATION ON FIBRONECTIN IS PKC

AND Erk DEPENDENT

Since the Erk1/2 activation pathway is crucial for cell migration, we

determined if CIB1 overexpression augments this pathway. Indeed,

CIB1 overexpression markedly enhanced Erk1/2 phosphorylation

Fig. 1. Intact cytoskeleton is necessary for CIB1 localization at the tip of the filopodia. Confocal images of serum-starved CHO cells spread on Fn matrix. A (i): Untreated cells

and localization of CIB1 (red) at the tip of the filopodia is shown by arrows. (ii): Treated with (10mM) BAPTA-AM. (iii): Treated with (1mM) cytochalasin D (pre-cyto D) in

suspension and than allowed on spread on Fn for 1 h at 378C. (iv): Cells were allowed to attach to Fn for 1 h and than treated with cytochalasin D (post-cyto D) and kept for

additional 15min, fixed and stained with anti-CIB1 (red) and FITC-phalloidin (green). Localization of CIB1 (red) in (A(ii and iii)) is shown by arrowheads. Scale bar, A (i–iii):

10mm and (iv): 20mm. Ectopic expression of CIB1 enhances cell migration on Fn. B: Western blot analysis indicates protein expression level in CIB1-overexpressing cells as

compared to the mock cells (upper panel); equal protein loading is shown by blotting with HSC-70 (lower panel). C: Quantitation of transwell migration assay of CIB1-

overexpressing or mock cells plated on various ECM coated inserts in triplicates. D: Quantitation of transwell migration assay of CIB1-overexpressing or mock T47D cells. Ten

random views of each insert in triplicates were counted. Data are expressed as average number of cells per view. Each experiment was repeated independently three times. [Color

figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

Fig. 2. Knockdown of endogenous CIB1 by shRNA inhibited cell migration. A: Lysates from HUVECs transfected with shRNA or CIB1shRNA were Western blotted with various

antibodies to check the protein expression level as indicated. B: A scratch assay using cells as in (A), were monitored from time zero for 8 h under serum-free conditions.

C: Quantitation of transwell migration assay of shRNA or CIB1shRNA HUVECs. Data are expressed as average number of cells per view. Each experiment was repeated three times.
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(Fig. 3A). This phosphorylation of Erk1/2 was dose-dependently

inhibited when cells were pretreated with bisindolylmaleimide 1, a

general PKC inhibitor as well as an MEK inhibitor PD98059. When

the cell morphology was observed, CIB1 overexpressing cells spread

well with numerous stress fibers and membrane ruffles (Fig. 3B). As

expected, CIB1 colocalized with F-actin predominantly at the

membrane ruffles. Interestingly, pretreatment with bisindolylma-

leimide 1 completely inhibited lamellipodia formation. CIB1,

however, remained localized to the tips of the filopodia (Fig. 3B).

When tested for the role of PKC in CIB1-induced cell migration,

inhibition of PKC dose-dependently inhibited CIB1-induced cell

migration (Fig. 3C). Furthermore, inhibition of Erk1/2 MAP kinase

pathway by MEK inhibitor PD98059 also inhibited CIB1-induced

cell migration (Fig. 3D). These results suggest that PKC and Erk1/2

are downstream of CIB1.

CIB1-INDUCED CELL MIGRATION IS PI-3 KINASE DEPENDENT

It has been shown that PI-3 kinase plays a significant role in cell

migration [Hall, 1998]. In order to elucidate the role of this signaling

pathway in CIB1-induced cell migration on Fn, we treated the cells

with wortmannin, a PI-3 kinase inhibitor. Pretreatment of cells with

wortmannin substantially inhibited CIB1-induced Erk1/2 activation

(Fig. 4A). Furthermore, we found that, similar to PKC inhibition, PI-3

kinase inhibition affected cell spreading, but not CIB1 localization to

the filopodia (Fig. 4B). Interestingly, CIB1-induced cell migration

was dose-dependently inhibited without much effect on basal cell

migration (Fig. 4C). Similar results were obtained when another PI-

3K specific inhibitor, LY29002, was used (data not shown). These

results suggest that PI-3K is downstream of CIB1.

CIB1-INDUCED CELL MIGRATION IS Src FAMILY KINASE

DEPENDENT

It is well accepted that a number of non-receptor tyrosine kinases

such as SFKs are activated during cell migration. In order to

determine if any tyrosine kinases are downstream of CIB1, we

pretreated mock and CIB1-overexpressing CHO cells with genistein,

a general tyrosine kinase inhibitor. We found that genistein did not

inhibit CIB1-induced Erk1/2 activation (Fig. 5A). Treatment of cells

with genistein, although substantially reducing cellular levels of

phospho-tyrosine, it did not affect cell spreading and CIB1

Fig. 3. CIB1-induced cell migration inhibited by PKC andMEK inhibitors. A: Western blot analysis of cell lysates frommock or CIB1-overexpressing cells treated with DMSO or

with 10mM inhibitors. Blots were incubated with phospho-specific anti-Erk1/2 (p-Erk1/2) and reprobed for total Erk1/2 to ensure equal loading of proteins in the lanes. Shown

is a representative blot from three separate experiments. B: Confocal images of serum-starved cells treated with DMSO or 10mM PKC inhibitor for 20min. CIB1 localization at

the tip of the filopodia and intact actin-fibers (upper panel), treatment with the bisindolylmaleimide I, a protein kinase C inhibitor (BIS) (lower panel; scale bar 10mm). C and

D: Quantitative analysis of transwell migration assay of mock or CIB1-overexpressing cells untreated or treated with BIS or PD98059, MEK inhibitor and allowed to migrate on

Fn for 5 h. Triplicate inserts were used for each treatment. Ten random views of each insert were counted. Data are expressed as percent control. Number of mock cells migrating

across the membrane was considered 100 percent. Each experiment was repeated independently three times. �P< 0.05 versus untreated CIB1 overexpressed (control). [Color

figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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localization at the filopodia and membrane ruffles (Fig. 5B).

Furthermore, genistein treatment had no effect on CIB1-induced cell

migration even at a concentration of 500mg/ml (Fig. 5C). These

results preliminarily suggest that CIB1-induced cell migration is

independent of tyrosine kinases.

We next examined the role of SFKs on CIB1-induced cell

migration. We found that herbimycin A, a pharmacological

inhibitor of SFKs, inhibited cell spreading and CIB1 colocalization

with F-actin at the membrane ruffles and filopodia (Fig. 5D).

Furthermore, herbimycin A dose-dependently inhibited CIB1-

induced cell migration on Fn. Interestingly, herbimycin A only

had an effect on CIB1-induced cell migration and not on basal cell

migration (Fig. 5E). To further confirm the role of SFKs in CIB1-

induced cell migration, we used PP2, a selective and potent inhibitor

of SFKs. Pretreatment of cells with PP2 significantly inhibited CIB1-

induced Erk1/2 activation (Fig. 5A). Interestingly, PP2 at lower

concentrations specifically inhibited CIB1-induced migration and at

higher concentrations inhibited both CIB1-induced as well as basal

cell migration (Fig. 5F) confirming the role of SFKs in CIB1-induced

cell migration.

Src ASSOCIATION WITH CIB1–FAK COMPLEX AND
ITS ACTIVITY IS ENHANCED DURING CELL
SPREADING

To further assess the role of c-Src, a member of SFK, we used

platelets as a model system. Platelets, when allowed to attach to

immobilized Fg through integrin aIIbb3, initially form filopodia and

then spread by developing lamellipodia [Naik and Naik, 2003b]. We

determined the distribution of CIB1 and c-Src during various stages

of platelet spreading on immobilized Fg. CIB1 and c-Src were found

to colocalize around the membrane of the discoid platelets (Fig. 6A).

However, as the platelets attached to Fg, both CIB1 and c-Src were

accumulated and co-localized at the tip of the filopodia (Fig. 6A). As

spreading continued, lamellipodia were extended and CIB1

redistributed from the tip of the filopodia to the edge of the fully

spread platelet where CIB1 remained co-localized with c-Src at the

membrane periphery (Fig. 6A). A population of c-Src, however,

remained concentrated at the center of the spread platelet that was

not associated with CIB1. This observation demonstrated that

distribution of CIB1 and a subset of c-Src is localized along with the

membrane of discoid platelets; upon attachment to Fg, these

proteins colocalize to a defined area as platelets progress through

different stages of spreading.

Since the c-Src is a possible kinase that is involved in platelet

spreading on immobilized Fg during integrin outside–in signaling,

we next sought to determine if Src was present in the CIB1

immunoprecipitates. We found that the CIB1 immunoprecipitate

from both BSA and Fg attached platelets contained Src kinase, but in

platelets attached to Fg had approximately twofold more Src

associated with CIB1 as compared to platelets on BSA (Fig. 6B).

Taken together, these results suggest that CIB1-induced cell

migration on Fn is dependent upon SFKs, PKC, PI-3 kinase, and

Erk1/2-mediated signaling pathways.

DEPLETION OF CIB1 ATTENUATE FAK-RICH FOCAL ADHESION

FORMATION

We used vector-based shRNA to deplete endogenous CIB1

expression in CHO cells. CIB1-depleted CHO cells adhere and

spread normally (Fig. 7A). However, these cells do not form FAK-

Fig. 4. CIB1-induced cell migration is inhibited by PI-3 kinase inhibitor.

A: Western blot analysis of cell lysates from mock or CIB1-overexpressing cells

treated with DMSO or with 10 nM wortmannin (Wort). Immunoblots were

incubated with phospho-specific anti-Erk1/2 (p-Erk1/2) and the blots were

reprobed for total Erk1/2. Shown is a representative blot from three separate

experiments. B: Confocal images of DMSO or 10 nM wortmannin treated cells

spread on Fn (scale bar 10mm). C: Quantitative analysis of transwell migration

assay of mock or CIB1-overexpressing cells untreated or treated with various

concentrations of wortmannin as indicated were allowed to migrate on Fn for

5 h. Triplicate inserts were used for each treatment. Ten random views of each

insert were counted. Data are expressed as percent control. Number of mock

cells migrating across the membrane was considered 100 percent. Each

experiment was repeated independently three times. �P< 0.05 versus untreat-

ed CIB1 overexpressed. [Color figure can be seen in the online version of this

article, available at http://wileyonlinelibrary.com/journal/jcb]
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containing focal adhesions as indicated by the complete absence of

FAK at the end of the actin stress fibers (Fig. 7A). We next tested

whether depletion of CIB1 affects focal adhesion formation or if FAK

fails to associate with the focal adhesions in the absence of CIB1.

Mock-transfected cells readily formed focal adhesions, as visualized

by phosphotyrosine staining, and FAK was present at these focal

adhesions (Fig. 7B). Interestingly, in the case of CIB1-depleted

HUVECs, while they did form focal adhesions, their numbers were

substantially reduced as indicated by decreased vinculin containing

focal adhesion (Fig. 7C). The quantification of this data suggests a

significant decrease in focal adhesion formation in the cells depleted

of CIB1 (Fig. 7D). Furthermore, depletion of CIB1 renders focal

adhesion to be completely devoid of FAK (Fig. 7A and B). These

results suggest that CIB1 is needed for the efficient formation and

recruitment of FAK to the focal adhesions. The reduced amount of

focal adhesion seen in CIB1-depleted cells could be due to leftover

CIB1 since the depletion was not complete.

PAK1 INHIBITS CIB1-INDUCED CELL MIGRATION ON Fn

Since CIB1 specifically localizes to the tip of the filopodia, we asked

if filopodia formation is necessary for CIB1-induced cell migration.

To address this, we expressed Cdc42N17, a dominant negative form of

Cdc42, in CHO cells stably expressing integrin aIIbb3. The expression

was assessed by Western blot analysis. Inhibition of filopodia

formation by the expression of Cdc42N17 abolished CIB1-induced

cell migration on Fg without affecting basal cell migration,

suggesting that filopodia formation and probably CIB1 localization

at the filopodia are necessary for cell migration (Fig. 8A). PAK1 is a

known downstream effector of Cdc42 and is shown to interact with

CIB1 and inhibit cell migration [Manser et al., 1994; Leisner et al.,

2005]. To assess the involvement of PAK1, we co-expressed PAK1

with CIB1. We found that expression of PAK1 did not affect cell

migration in mock cells, but it completely abolished CIB1-induced

cell migration (Fig. 8B). We next asked if PAK1 activity is necessary

for this inhibition. To test this, we co-expressed a DN-PAK1 with

CIB1. Interestingly, expression of dominant negative PAK1

significantly inhibited basal cell migration, but it had no inhibitory

effect on CIB1-induced cell migration (Fig. 8B). In fact, the cell

migration was augmented (from �1.5 to�3.5-fold) when dominant

negative PAK1 was co-expressed with CIB1. These results suggest

that CIB1-induced cell migration requires Cdc42 and is negatively

regulated by PAK1.

Fig. 5. Src family kinase inhibitors, but not genistein, affect CIB1-induced cell migration. A: Western blot analysis of lysates from mock or CIB1-overexpressing cells treated

with DMSO or with 10mM genistein or 1mM PP2. Immunoblots were incubated with phospho-specific anti-Erk1/2 (p-Erk1/2) and the blots were reprobed for total Erk1/2.

Shown is a representative blot from three separate experiments. B: Confocal images of DMSO or 10mM genistein treated cells. Cells were stained for phospho-tyrosine (PY20)

and CIB1. C: Quantitative analysis of transwell migration assay of mock or CIB1-overexpressing cells untreated or treated with various concentrations of genistein as indicated.

D: Confocal images of DMSO or 10mM herbimycin treated cells. Cells were stained for F-actin and CIB1. E and F: Quantitative analysis of transwell migration assay of mock or

CIB1-overexpressing cells untreated or treated with various concentrations of inhibitors as indicated. Three separate inserts for each treatment were used. Ten random views of

each insert were counted. Data are expressed as percent control. Number of mock cells migrating across the membrane was considered 100 percent. Each experiment was

repeated three times. Scale bar 10mm. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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DISCUSSION

CIB1 is a widely expressed calcium-binding protein that interacts

with a variety of signaling proteins, including the cytoplasmic

domain of megakaryocytes and platelet specific integrin aIIb subunit

[Naik et al., 1997; Naik and Naik, 2003a]. Previously, we have shown

that upon platelet activation by agonists, CIB1 associates with the

actin cytoskeleton and is involved in platelet spreading [Shock et al.,

1999; Naik and Naik, 2003b]. Here we show the involvement of CIB1

in the signaling pathway that leads to motility of cells independent

of its interaction with integrin aIIbb3. We also show that CIB1 is

needed for proper formation of FAK- and phosphotyrosine-rich

focal adhesions. The observed induction of cell migration by CIB1 is

independent of its localization to the filopodia, but it is dependent

on the formation of lamellipodia. We have shown that CIB1 and FAK

associate to form a functional complex as determined by co-

immunoprecipitation experiments [Naik and Naik, 2003a]. Further-

more, CIB1 has been shown to colocalize at the focal adhesions and

that overexpression of CIB1 augments, whereas depletion attenu-

ates, focal adhesion formation. How CIB1 activates FAK is not well

understood and is currently being investigated. A recent report

suggests that SNARE-mediated membrane trafficking is required for

integrin dependent focal adhesion turnover through a FAK/Src/PI-

3K-dependent pathway [Skalski et al., 2010]. It is therefore possible

that CIB1 may regulate cell migration through regulation of

membrane trafficking.

Our observation that CIB1 did not induce cell migration on

collagen or vitronectin could probably be due to the lack of

expression of specific integrins that bind to these ECM proteins. The

signaling pathway induced by CIB1 appears to be canonical, that

includes SFKs, PI-3 kinase, and PKC. These molecules have been

previously implicated downstream of integrin activation leading to

integrin dependent MAP kinase activation and cell migration [Zhu

and Assoian, 1995; Ng et al., 1999; Playford and Schaller, 2004].

More specifically, activation of FAK has been shown to regulate

MAP kinases downstream of integrin by physically associating with

Src, PI-3K, and Grb2 [Zhao and Guan, 2010]. The observation that

genistein failed to inhibit CIB1-induced cell migration despite its

ability to reduce overall tyrosine phosphorylation is intriguing.

Although genistein has been originally reported to be a general

tyrosine kinase inhibitor, it appears that it is more specific to growth

factor receptor tyrosine kinases [Akiyama et al., 1987; Kovacs et al.,

2009]. For instance, it has been shown that protein tyrosine kinase

inhibitor herbimycin A, but not genistein, specifically inhibits

signaling through T-cell antigen receptor [Graber et al., 1992]. FAK

is activated downstream of both growth factor receptors as well as

integrins. However, in our experiments, we performed cell migration

independent of growth factors; it is therefore possible that CIB1-

dependent FAK activation and hence cell migration is not affected

by genistein.

Small GTPase family members have been shown to play a pivotal

role in cell migration. Of these, RhoA induces stress fiber formation,

Rac induces lamellipodia formation, and Cdc42 induces filopodia

formation. Since CIB1 specifically concentrates at the tip of

filopodia, it is logical to expect a role for CIB1 in Cdc42 signaling.

The observation that the DN-Cdc42 completely abolished CIB1-

induced migration suggests that CIB1-induced cell migration is

Cdc42 dependent. Furthermore, CIB1 has been shown to interact

with PAK1, a downstream effector of Cdc42, and enhance its activity

in fibroblasts and transformed epithelial cells [Leisner et al., 2005]. It

was further shown that CIB1-induced PAK1 activation is inhibitory

to cell migration due to an LIM kinase-dependent increase in cofilin

phosphorylation [Leisner et al., 2005]. However, the same group

later showed that genetic ablation of CIB1 reduced endothelial cell

migration on Fn and adhesion dependent PAK1 and Erk1/2

activation [Zayed et al., 2007]. Since PAK1 is also known to

promote cell migration, it appears that PAK1 is able to regulate cell

migration both positively and negatively [Ching et al., 2007; Huynh

et al., 2010]. It appears that the effect of PAK1 on cell migration is

cell-type specific and is regulated by small GTPase-dependent and

independent pathways [Zayed et al., 2007]. PI-3 kinase has been

shown to interact with PAK1 and regulate cytoskeletal reorganiza-

tion in a small GTPase-independent manner [Papakonstanti and

Stournaras, 2002]. Our observation that DN-PAK1 inhibits

endogenous cell migration, but enhances CIB1-induced cell

migration supports the possibility that CIB1-induced cell migration

is positively regulated by canonical Erk1/2 pathway in a Cdc42-

dependent manner, which is negatively regulated by PAK1.

Although beyond the scope of this work, further studies will be

required to conclusively determine the role of PAK1 in CIB1-

induced cell migration by knockdown of PAK1 using shRNA or

PAK1 knockout mouse cells.

Fig. 6. CIB1 and Src associate when platelets spread on immobilized Fg.

A: Confocal images of washed platelets at various stages of spreading on

immobilized Fg. Shown are the representative images of three different

progressive stages of platelet spreading on immobilized Fg. Scale bar

20mm. B: Western blot analysis of platelet lysates exposed to BSA or attached

on immobilized Fg. CIB1 was immunoprecipitated and the immunocomplex was

subjected to Western blotting. The above membrane was probed with anti-Src

(upper panel), and again reprobed with anti-CIB1 to ensure equal loading

(lower panel). [Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/journal/jcb]
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Fig. 8. DN-Cdc42 as well as PAK1, but not DN-PAK cotransfected with recombinant CIB1 attenuated CIB1-induced cell migration. A and B: Quantitative analysis of transwell

migration assay of mock or CIB1-overexpressing cells in the presence or absence of (A) DN-Cdc42, or (B) constitutively active (PAK1) or DN-PAK1. Transfected cells were

allowed to migrate on Fn for 5 h. Triplicate inserts were used for each treatment. Ten random views of each insert were counted. Data are expressed as percent control. Number of

mock cells migrating across the membrane was considered 100 percent. Each experiment was repeated independently three times. �P< 0.05 versus untreated CIB1

overexpressed.

Fig. 7. Knockdown of endogenous CIB1 by shRNA impaired FAK and vinculin localization. A: Confocal images of CHO cells transiently transfected with pSuper (upper panel) or

CIB1 shRNA (lower panel) and stained for F-actin and FAK. B: Same cells as in (A) stained for phosphotyrosine and FAK. C: Confocal images of HUVECs transfected with shRNA

(upper panel) or CIB1shRNA (lower panel) stained for F-actin and vinculin. D: Quantification of data from (C). Scale Bar 20mm. [Color figure can be seen in the online version of

this article, available at http://wileyonlinelibrary.com/journal/jcb]
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The results presented here show that CIB1 is a regulator of cell

migration. During adhesion-dependent signaling, CIB1 concentrates

at the tip of the filopodia, which requires dynamic cytoskeletal

reorganization. CIB1 is required for the formation of FAK- and

phosphotyrosine-rich focal adhesions. CIB1 augments the canonical

signaling pathway induced by integrin binding to ECM leading to

Erk1/2 activation, probably through its ability to activate FAK. Thus,

inhibition of SFKs, PI-3K, PKC, and MEK affects CIB1-induced

lamellipodia formation as well as cell migration. CIB1-induced cell

migration is Cdc42 dependent, but is negatively regulated by its

effector PAK1. How PAK1 affects CIB1-induced cell migration is the

topic of future investigation.
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