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Abstract
Transient elevations in Ca2+ have previously been shown to promote focal adhesion disassembly and
cell motility through an unknown mechanism. In this study, evidence is provided to show that CaMK-
II, a Ca2+/calmodulin dependent protein kinase, influences fibroblast adhesion and motility. TIRF
microscopy reveals a dynamic population of CaMK-II at the cell surface in migrating cells. Inhibition
of CaMK-II with two mechanistically distinct, membrane permeant inhibitors (KN-93 and myr-AIP)
freezes lamellipodial dynamics, accelerates spreading on fibronectin, enlarges paxillin-containing
focal adhesions and blocks cell motility. In contrast, constitutively active CaMK-II is not found at
the cell surface, reduces cell attachment, eliminates paxillin from focal adhesions and decreases the
phospho-tyrosine levels of both FAK and paxillin; all of these events can be reversed with myr-AIP.
Thus, both CaMK-II inhibition and constitutive activation block cell motility through over-
stabilization or destabilization of focal adhesions, respectively. Coupled with the existence of
transient Ca2+ elevations and a dynamic CaMK-II population, these findings provide the first direct
evidence that CaMK-II enables cell motility by transiently and locally stimulating tyrosine
dephosphorylation of focal adhesion proteins to promote focal adhesion turnover. Cell Motil.
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Introduction
Cell migration occurs during embryonic development, wound healing, immune surveillance
and cancer metastasis and involves dozens of molecular players [Lauffenburger and Horwitz,
1996; Ridley et al., 2003]. Essential to cell migration is the formation and turnover of structures
known as focal adhesions. Focal adhesions are critical signaling and structural hubs found in
migrating cells, which assemble in response to the interaction of extracellular matrix ligands
with integrin receptors [Huttenlocher et al., 1995; Lauffenburger and Horwitz, 1996; Ridley
et al., 2003].
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Integrin engagement with the extracellular matrix stimulates the tyrosine phosphorylation of
key cytoskeletal proteins, beginning with FAK autophosphorylation on Y397 [Mitra et al.,
2005]. FAK autophosphorylation recruits src to focal adhesions, and the FAK/src complex
phosphorylates two adapter proteins, paxillin and p130CAS [Bellis et al., 1995; Schaller and
Parsons, 1995; Cary et al., 1998; Webb et al., 2004; Mitra et al., 2005]. Phosphorylated paxillin
and p130CAS recruit proteins, such as Crk, to focal adhesions through SH2/ SH3 binding
domains. Fibroblasts deficient in either FAK or paxillin exhibit defects in cell migration [Ilic
et al., 1995; Hagel et al., 2002], suggesting that both proteins are essential for adhesion
dynamics [Webb et al., 2004].

Transient elevations in Ca2+ have been shown to induce the disassembly of focal adhesions
[Marks and Maxfield, 1990; Giannone et al., 2002, 2004; Conklin et al., 2005]. While
calcineurin and calpain have been implicated as Ca2+ targets which influence focal adhesion
dynamics [Franco et al., 2004; Conklin et al., 2005; Lee et al., 2005; Shao et al., 2006], the
type II Ca2+/calmodulin-dependent protein kinase (CaMK-II) has also emerged as a potential
target of fibronectin (FN)-induced Ca2+ transients [Blystone et al., 1999; Illario et al., 2005].

CaMK-II is encoded by four genes (α, β, γ and δ) to yield over three dozen splice variants
[Tombes et al., 2003], some of which interact with the actin cytoskeleton [Shen et al., 1998;
Faison et al., 2002; Fink et al., 2003; Lin et al., 2004; Easley et al., 2006]. CaMK-II has been
shown to influence cell migration during embryogenesis and in cultured mammalian cells.
Morphogens encoded by certain members of the wnt gene family activate CaMK-II and lead
to convergent extension cell movements during and after gastrulation [Kuhl et al., 2000;
Sheldahl et al., 2003; Kohn and Moon, 2005]. CaMK-II is also necessary for the attachment
and motility of human mammary epithelial cells (HME), Chinese hamster ovary cells (CHO)
and vascular smooth muscle cells (VSM) [Pauly et al., 1995; Bilato et al., 1997; Bouvard and
Block, 1998; Bouvard et al., 1998; Lundberg et al., 1998; Suzuki and Takahashi, 2003;
Pfleiderer et al., 2004], and has been implicated in integrin cross-talk [Blystone et al., 1999].
While these studies emphasize the importance of CaMK-II in cell motility, the mechanism by
which CaMK-II influences motility and adhesion dynamics remains unknown.

To define the mechanism by which CaMK-II influences NIH/3T3 fibroblast cell motility, GFP-
tagged wild type and constitutively active CaMK-IIs were used in conjunction with membrane
permeant CaMK-II inhibitory drugs in localization, motility and focal adhesion assays. Even
though a direct substrate has not yet been identified, the results of this study indicate that
CaMK-II catalytic activity promotes focal adhesion disassembly and detachment from the
extracellular matrix by inducing the tyrosine dephosphorylation of focal adhesion proteins,
thus enabling cell motility.

Materials and Methods
NIH/3T3 Culture and Harvesting

NIH/3T3 cells were used in all studies and were maintained on tissue culture dishes (Nunc,
Rochester, NY) at 37°C in DMEM with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad,
CA). Cells were sub-cultured every 3–4 days, never exceeding 95% confluency. When
specified, dishes were pre-incubated with 1 μg/ml human fibronectin (Invitrogen) in PBS
(Phosphate Buffered Saline) for 1 h at 37°C or overnight at 4°C, washed once with PBS and
then placed into DMEM/10% FBS just prior to plating cells. Cells were harvested by
trypsinization, washed in ice-cold PBS and then resuspended in homogenization buffer, which
consisted of 30 mM Hepes pH 7.4, 20 mM MgCl2, 80 mM β-glycerol phosphate, 2.6 mM
EGTA, 0.1 μM okadaic acid, 1 μg/ml each chymostatin, leupeptin, antipain, pepstatin and
soybean trypsin inhibitor. Cells were lysed using two 4-s bursts from a probe sonicator
(Misonix, Farmingdale, NY) and then centrifuged at 12,000g for 15 min at 4°C.
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Plasmid Constructs
EGFP-linked CaMK-II constructs used in this study were prepared as previously described
[Lantsman and Tombes, 2005]. The δC CaMK-II variant used here represents the simplest
splice variant and the most common form expressed in these cells [Tombes et al., 2003]. EGFP-
paxillin, dsRed-paxillin and EGFP-FAK were prepared as described [Webb et al., 2004; Brown
et al., 2006]. EGFP-talin and vinculin were generous gifts from Dr. Kenneth Yamada, National
Institutes of Health, Bethesda, MD and Dr. Benjamin Geiger, Weizmann Institute of Science,
Rehovot Israel, respectively.

Transfection and Microscopy
Freshly sub-cultured cells were transfected with Lipofectamine 2000 as specified (Invitrogen).
Typically, transfections utilized 20 μg of total DNA for 100-mm plates and 4 μg for 6-well
dishes. Co-transfections used equal amounts of each construct. Live or formaldehyde fixed
cells were imaged in phase contrast, traditional fluorescence (Fm) or Total Internal Reflection
Fluorescence microscopy (TIRFm) using an IX-70 inverted microscope equipped with a 12-
bit black/white F-View CCD camera and processed using Microsuite-B3SV Version 3.2
software (Olympus, Melville, NY). TIRF Illumination utilized a 10 mW Argon-ion laser
(Melles Griot, Carlsbad, CA) for 488 nm illumination via a 60×/1.45NA PlanApo objective
(Olympus). Living cells were maintained at 37°C using a stage heater (20/20 Technology,
Wilmington, NC)

Analysis of Cell Migration, Spreading and Focal Adhesion Size
NIH/3T3 cells were cultured just to confluency and then scratch-wounded using a single stroke
from a fine pipette tip. Cells were immediately re-fed with fresh 10% FBS/DMEM containing
either vehicle alone, 10 μM KN-93 or 20 μM myr-AIP. Cells were then imaged under phase
contrast at 0, 3 and 6 h post wounding. The microscope stage was maintained at 37°C. Between
imaging sessions, cells were returned to the incubator. Lamellipodial dynamics were captured
over 10 min using phase contrast imaging and Olympus Microsuite-B3SV Version 3.2 software
(Olympus) for cells plated on FN in the presence of vehicle control or 20 μM myr-AIP
(supplemental videos 1 and 2). Cell migration rates were calculated from images taken 1 and
4 h after plating on FN with Microsuite-B3SV Version 3.2. Diameter measurements for cell
spreading and focal adhesion size analysis were also computed with Microsuite-B3SV Version
3.2 software. Minimum and maximum threshold values for focal adhesion size were 1.7 and
35 μm2, respectively. T-tests were employed to determine statistically significant differences,
as indicated by P-value thresholds.

Immunoblotting
Transfected NIH/3T3 cells were harvested as described above (see Cell Culture and
Harvesting). Samples were subjected to SDS-PAGE on 4–15 or 10% polyacrylamide gels (Bio-
Rad, Hercules, CA), transferred to 0.45-μm nitrocellulose sheets, and then blocked with 5%
bovine serum albumin (BSA) in Tris-buffered saline containing 0.01% Tween-20 and 0.1%
sodium azide (TBSTA) and 5% pre-immune goat serum. Blots were then incubated overnight
with 1 μg/ml primary antibody in 5% BSA, TBSTA. After a 2-h incubation with 2 μg/ ml
alkaline phosphatase conjugated goat anti-mouse or rabbit IgG, blots were developed with 0.25
mg/ml BCIP/ NBT (Roche, Indianapolis, IN) in phosphatase buffer, pH 9.4 [Lantsman and
Tombes, 2005].

Reagents
Total FAK and paxillin antibodies were obtained from BD Biosciences (Rockville, MD),
phospho-Y31 paxillin and phospho-S843 FAK antibodies from Biosource/Invitrogen, and
phospho-Y925 FAK antibody from Cell Signaling Technology (Danvers, MA). All secondary
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antibodies were obtained from Jackson Immuno-Research Laboratories (West Grove, PA).
KN-93 (CalBiochem, La Jolla, CA) is a calmodulin antagonist, specific for a subset of CaM
kinases including CaMK-I, CaMK-II and CaMK-IV [Sumi et al., 1991; Hidaka and Ishikawa,
1992]. However, CaMK-I and CaMK-IV were undetectable in NIH/3T3 cells as determined
using immunological methods (data not shown). KN-93 inhibits CaMK-II by 50% at ∼2 μM
and by 90% at 10 μM in these cells [Tombes et al., 1995]. Myristoylated autoinhibitory peptide
(KKALRRQEAVDAL) is based on the CaMK-II autoinhibitory domain [Laabich and Cooper,
2000]. Myr-AIP inhibits purified CaMK-II by 90% at 20 μM (data not shown) and was obtained
from Biomol (Plymouth Meeting, PA). According to the manufacturer and consistent with our
findings, this peptide has an effective treatment limit of 6-8 h.

Results
CaMK-II Inhibition Accelerates Cell Spreading on Fibronectin

Fibronectin (FN) binding to β1 integrin has been shown to induce localized transient Ca2+

elevations [Praetorius et al., 2004], which activate CaMK-II [Blystone et al., 1999; Illario et
al., 2005]. To assess the role of CaMK-II in cell spreading and motility, two mechanistically
distinct membrane-permeant CaMK-II inhibitors, myr-AIP (myristoylated autoinhibitory
peptide) and KN-93 were used to disrupt endogenous CaMK-II activity. Myr-AIP directly
blocks catalytic activity while KN-93 antagonizes CaM binding and thus prevents activation.
Both compounds maximally reduce CaMK-II activity within 2 h of treatment [Easley et al.,
2006]. NIH/3T3 cells were sub-cultured onto 1 μg/ml FN coated dishes in medium containing
vehicle alone (Fig. 1A), 20 μM myr-AIP (Fig. 1B), or 10 μM KN-93 (Fig. 1C) and imaged at
5, 10, 15, 30, 45 and 60 min post plating. Cells treated with either KN-93 or myr-AIP spread
more rapidly than untreated cells as shown at 30, 45 and 60 min. KN-92, an inactive analog of
KN-93, had no effect on spreading (data not shown). The degree of spreading was quantified
by averaging cell diameters (n > 100) for each condition, and both KN-93 and myr-AIP
significantly accelerated spreading after 30 min (P < 0.01) (Fig. 1D). Once cells were fully
spread (beyond 1 h), treatment with myr-AIP arrested lamellipodial dynamics as compared to
untreated cells, as shown in supplemental movies 1 (control) and 2 (myr-AIP). The effects of
CaMK-II inhibition on cell spreading were dependent on FN as cells cultured on laminin or
on untreated dishes, attached slowly and did not exhibit enhanced spreading in response to
KN-93 or myr-AIP (data not shown).

CaMK-II Inhibition Reduces Cell Motility
Mechanical wounding of confluent cells has previously been shown to increase cytosolic
Ca2+ levels in cells along the edge of the wound [Tran et al., 1999]. To evaluate whether CaMK-
II inhibition impairs cell motility, separate dishes of NIH/3T3 cells were identically scratch-
wounded, immediately treated with fresh medium containing vehicle alone, 20 μM myr-AIP
or 10 μM KN-93 and imaged 0, 3 and 6 h post wounding (Fig. 2). Cells treated with myr-AIP
or KN-93 retained a sizeable wound after 6 h while cells treated with vehicle alone exhibited
>70% wound closure (Fig. 2). Both washout of KN-93 and the natural instability of myr-AIP
beyond 6 h (see Materials and Methods) resulted in eventual wound closure (data not shown).

CaMK-II Localizes to the Surface of Motile NIH/3T3 Cells
Because CaMK-II inhibition profoundly affected cell spreading and motility, Total Internal
Reflection Fluorescence microscopy (TIRFm) was used to examine the localization of CaMK-
II at the cell surface. NIH/3T3 cells were transfected with GFP-tagged δC CaMK-II and then
sub-cultured onto FN-coated coverslips. Conventional fluorescence (Fm) confirmed the
perinuclear distribution of δC CaMK-II, as previously reported in these cells [Tombes et al.,
1999; Caran et al., 2001]. TIRFm of the same cell indicated that a substantial portion of δC
CaMK-II localizes to the cell surface (Fig. 3A). Time-lapse TIRFm demonstrated that CaMK-
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II is dynamically enriched at the leading edge of migrating cells (Fig. 3A) and in discrete
patterns throughout the cell (supplemental movie 3). This novel finding supports a role for
CaMK-II in adhesive and migratory events.

Constitutively Active CaMK-II Causes Cell Rounding and Inhibits Cell Motility
In a complementary approach to CaMK-II inhibition, the effect of constitutively active CaMK-
II on cell motility was investigated. CaMK-II can be made constitutively active (CON) through
a phosphomimetic point mutation (T287D) in the autoinhibitory domain [Johnson et al.,
2000]. Cells which were transfected with GFP-tagged CON δC CaMK-II, sub-cultured on FN-
coated coverslips and imaged using Fm and TIRFm exhibited a rounded morphology (Fig. 3B)
and overall were less adherent than cells transfected with WT CaMK-II. These cells also failed
to migrate on FN (supplemental movie 4).

Both Constitutive Activation and Inhibition of CaMK-II Disrupt Cell Motility
To further assess the effect of CaMK-II activity on cell motility, cells were sub-cultured on
FN in the presence of CaMK-II inhibitors as indicated above or were transfected with WT or
CON δC CaMK-II 24 h before sub-culture. After incubation on FN for 1 h to allow for
attachment, cell motility was tracked over a 3-h time-course (n > 15 cells for each condition).
Over this time course, motility rates were constant and in the same direction. Both conditions
(CaMK-II inhibition and constitutive activation) significantly reduced motility rates (Fig. 4)
as compared to either untreated cells or cells expressing WT CaMK-II, respectively (P < 0.01).

Constitutively Active CaMK-II Disrupts Paxillin Incorporation into Focal Adhesions
Because CaMK-II localizes to the cell surface and influences cell spreading and motility, the
effect of CaMK-II activity on focal adhesion proteins was next evaluated. GFP-linked focal
adhesion proteins were used for localization and time-lapse studies since CON CaMK-II cells
adhere poorly to FN and wash away when endogenous proteins are immunolocalized. Cells
were co-transfected with either non-fluorescent WT or CON δC CaMK-II and one GFP-tagged
focal adhesion protein (paxillin, FAK, vinculin or talin) as indicated (Fig. 5). After 24 h, cells
were sub-cultured on FN-coated coverslips for 3 h and imaged using conventional fluorescent
microscopy. WT CaMK-II expressing cells exhibited robust adhesions as visualized with each
of the four focal adhesion proteins (Fig. 5). In contrast, cells expressing CON CaMK-II
exhibited a near-complete loss of paxillin-containing focal adhesions, while FAK, vinculin and
talin remained in focal adhesions. All transfected cells exhibited the typical rounded
morphology characteristic of CON CaMK-II expressing cells. Paxillin was re-incorporated
into focal adhesions when cells expressing CON CaMK-II were sub-cultured on FN in the
presence of 20 μM myr-AIP (CON/myr-AIP). WT CaMK-II cells also exhibited enhanced
focal adhesions when treated with myr-AIP, although it was a less significant increase (data
not shown), since focal adhesions were already abundant.

Because paxillin was preferentially, but reversibly eliminated from focal adhesions in cells
expressing CON CaMK-II, the rate of paxillin recovery to focal adhesions after myr-AIP
treatment was assessed in single cells using GFP-paxillin time lapse microscopy. Adjacent
non-transfected and transfected (CON CaMK-II and GFP-paxillin) cells were imaged under
phase contrast and conventional fluorescent microscopy after sub-culture on FN and treatment
with myr-AIP (Fig. 6A). At the earliest time point, the transfected cell was rounded and lacked
detectable paxillin-containing adhesions but exhibited GFP-paxillin fluorescence within the
cytosol. Within 1 h of myr-AIP treatment, paxillin re-incorporation into focal adhesions was
evident (Fig. 6A). This increased over 3 h as both cells spread. To further examine the specific
effect of CON CaMK-II on focal adhesions, cells were co-transfected with non-fluorescent
CON δC CaMK-II, GFP-vinculin and dsRed-paxillin, sub-cultured on FN and then imaged
before and 1 h after treatment with myr-AIP. Within 1 h of treatment, paxillin containing focal
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adhesions preferentially re-appeared (arrowheads, Fig. 6B), many of which co-localized with
vinculin-containing adhesions. These results suggest that CaMK-II activity preferentially
affects paxillin dynamics in focal adhesions.

Inhibition of Endogenous CaMK-II Increases the Size of Paxillin-GFP Labeled Focal
Adhesions

The influence of endogenous CaMK-II on focal adhesions was next evaluated. Cells were
transfected with GFP-paxillin alone and sub-cultured on FN for 3 h in the presence or absence
of 20 μM myr-AIP. Compared to untreated cells (Fig. 7A), treatment with myr-AIP increased
the size of GFP-paxillin adhesions (Fig. 7B). Focal adhesion size was quantified for each
condition (n > 600 focal adhesions) and confirmed this distinct shift to larger focal adhesions
in cells treated with myr-AIP (Fig. 7C). Furthermore, the effects of myr-AIP treatment were
specific to paxillin as FAK, vinculin and talin showed no significant change in focal adhesion
size in the presence of myr-AIP (Fig. 7D). Thus, the inhibition of CaMK-II disrupts cell motility
by overstabilizing paxillin in focal adhesions whereas constitutively active CaMK-II blocks
cell motility and attachment by eliminating paxillin from focal adhesions.

Constitutively Active CaMK-II Decreases Phospho-Tyrosine Levels on FAK and Paxillin
β1 integrin-mediated cell attachment stimulates a series of tyrosine phosphorylations on
adhesion proteins, which form phosphorylated SH2 and SH3 domains necessary for focal
adhesion assembly [Bellis et al., 1995; Schaller and Parsons, 1995; Cary et al., 1998; Mitra et
al., 2005]. In particular, tyrosine phosphorylation of FAK on Y925 and paxillin on Y31 promotes
focal adhesion assembly [Bellis et al., 1995; Schlaepfer et al., 2004; Sieg et al., 2000]. Because
CaMK-II activity disrupted paxillin incorporation into focal adhesions, we evaluated whether
CaMK-II influences tyrosine phosphorylation of FAK and paxillin by co-transfecting GFP-
FAK or GFP-paxillin with either WT or CON CaMK-II. After sub-culturing transfected cells
on FN for 3 h either with or without 20 μM myr-AIP, as described above, GFP-FAK and paxillin
lysates were immunoblotted with residue-specific phospho-tyrosine antibodies and integrated
densitometrically (Figs. 8A and 8B). CON CaMK-II expression significantly reduced FAK
phospho-Y925 levels as compared to cells transfected with WT CaMK-II, but did not impair
FAK autophosphorylation (Y397). Similarly, CON CaMK-II expression significantly
decreased paxillin Y31 phosphorylation. Both FAK phospho-Y925 and paxillin phospho-Y31

levels were partially restored when CON CaMK-II expressing cells were treated with 20 μM
myr-AIP (CON/myr-AIP).

The effects of CaMK-II inhibition on endogenous FAK and paxillin phospho-tyrosine levels
were also examined. Cells were sub-cultured on FN for 3 h in the presence of either vehicle
control, 10 μM KN-93 or 20 μM myr-AIP (Fig. 8C). Although FAK and paxillin phospho-
tyrosine levels are known to already be elevated in adherent cells [Bellis et al., 1995;Schaller
and Parsons, 1995;Cary et al., 1998;Vadlamudi et al., 2002;Webb et al., 2004;Mitra et al.,
2005], inhibition of CaMK-II induced a slight increase in phospho-Y925 on FAK and phospho-
Y31 on paxillin, as compared to vehicle control cells, without affecting total expression levels
of FAK and paxillin (Fig. 8C). Together, these results indicate that CaMK-II promotes focal
adhesion disassembly by stimulating tyrosine dephosphorylation of FAK and paxillin.

Discussion
This study provides the first direct evidence of a link between CaMK-II activity and focal
adhesion turnover as a means of influencing cell motility. Previous studies have shown that
CaMK-II influences cell adhesion by disrupting β1 integrin clustering through either direct
phosphorylation of β1 integrin [Wennerberg et al., 1998; Takahashi, 2001] or phosphorylation
of integrin cytoplasmic associated protein-1 alpha, ICAP-1α [Blystone et al., 1999]. However,
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FAK autophosphorylation, which reflects β1 integrin engagement [Mitra et al., 2005], was not
affected by CON CaMK-II or CaMK-II inhibition. Furthermore, NIH/3T3 embryonic
fibroblasts, lack ICAP-1α [Bouvard et al., 2003]. Our results are consistent with previous
findings implicating Ca2+ transients in focal adhesion disassembly [Conklin et al., 2005] and
suggest a novel means by which CaMK-II influences focal adhesion turnover by transiently
promoting the tyrosine dephosphorylation of both FAK and paxillin.

While the results presented here support a role for CaMK-II in focal adhesion turnover, the
relevant substrate has not been determined. The loss of lamellipodial dynamics by CaMK-II
inhibition is consistent with the ability of CaMK-II to phosphorylate and activate Tiam1, a Rac
GEF [Fleming et al., 1999; Hamelers et al., 2005]. However, constitutively active Rac increases
cell spreading [Kerr et al., 2008], while constitutively active CaMK-II causes cell rounding.
Because of the profound effect of CaMK-II activity on paxillin localization to focal adhesions,
we suggest that CaMK-II mediates both focal adhesion turnover and Rac activation to drive
cell motility (Fig. 9).

Another potential CaMK-II target, FAK, has been shown to be phosphorylated by CaMK-II
on S843 within minutes of G-protein receptor activation [Fan et al., 2005]. However, the
phosphorylation status of FAK S843 was not altered upon CaMK-II overexpression or
inhibition (data not shown), and therefore it is unlikely that CaMK-II directly phosphorylates
FAK under the conditions described here. Rather, the reduction in FAK and paxillin phospho-
tyrosine levels caused by constitutively active CaMK-II is most consistent with the activation
of a tyrosine phosphatase.

The most likely candidate tyrosine phosphatase downstream of CaMK-II activity is the SH2
domain-containing protein tyrosine phosphatase 2 (SHP-2), also known as PTPN11 or PTP1D.
CaMK-II has been implicated upstream from SHP-2 in T-cell signaling [McGargill et al.,
2005], but this link has not been investigated with respect to cell motility and/or focal adhesion
turnover. SHP-2, a non-receptor tyrosine phosphatase, translocates from the ER to focal
adhesions in response to src signaling [Wang et al., 2006] to dephosphorylate FAK on Y925

and paxillin on Y31, thus promoting detachment from the extracellular matrix [Vadlamudi et
al., 2002]. Like CaMK-II inhibition, the knockout or inhibition of SHP-2 increases focal
adhesion size and blocks cell motility in both cells in culture and in mouse embryos [Yu et al.,
1998; Manes et al., 1999; Inagaki et al., 2000; Saxton et al., 2000; MacGillivray et al., 2003;
Wang et al., 2005]. While SHP-2 activity is known to be regulated by tyrosine phosphorylation,
this enzyme can also be phosphorylated on serine/threonine residues [Poole and Jones, 2005].
However, SHP-2 does not appear to be a direct substrate of CaMK-II [McGargill et al.,
2005], therefore CaMK-II may phosphorylate undetermined SHP-2 regulators to influence its
activation or localization.

As with CaMK-II and SHP-2 perturbations, FAK knockout fibroblasts exhibit decreased focal
adhesion turnover [Ilic et al., 1995], while hyperactive FAK accelerates focal adhesion turnover
[von Wichert et al., 2003]. Results such as these, which suggest that there are optimal activity
levels for CaMK-II, SHP-2 and FAK, support common roles for each enzyme in promoting
the cyclical formation and breakdown of focal adhesions as cells migrate.

In summary, the attachment of cells to FN triggers focal adhesion assembly, which eventually
yields a localized, transient Ca2+ release to activate CaMK-II. Activated CaMK-II then directly
or indirectly activates a protein tyrosine phosphatase, most likely SHP-2, to dephosphorylate
a limited number of tyrosine residues on FAK and paxillin, thus promoting focal adhesion
turnover. CaMK-II simultaneously drives cell motility by activating Rac through Tiam1 to
induce lamellipodial extension (Fig. 9). Such a molecular mechanism may explain the role of
CaMK-II in convergent extension cell movements during embryogenesis [Kuhl et al., 2000],

Easley et al. Page 7

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in which FAK, paxillin, SHP-2 and Rac have all been implicated [Saxton et al., 2000;Henry
et al., 2001;Crawford et al., 2003;Tahinci and Symes, 2003].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
CaMK-II inhibition accelerates cell spreading. NIH/3T3 cells were plated on FN-coated dishes
in the presence of vehicle alone (A), 20 μM myr-AIP (B) or 10 μM KN-93 (C). Cells were
imaged live under phase contrast at the indicated times post plating. Scale bar, 50 μm. (D)
Graphical representation of diameter measurements from cells imaged at each time point (in
minutes) for each condition. n > 100 for each condition and each time point. * indicates P <
0.01.
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Fig. 2.
CaMK-II inhibition reduces the rate of wound closure. Confluent monolayers of cells were
scratch-wounded and then imaged at 0, 3 and 6 h in the presence of vehicle alone, 20 μM myr-
AIP or 10 μM KN-93. Scale bar, 100 μm. Wound size (in μm) was measured (n > 30) for each
condition at each time point. * indicates P < 0.01.

Easley et al. Page 13

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
CaMK-II is dynamically localized at the surface of motile fibroblasts. Cells were transfected
with either GFP-labeled wild-type δC CaMK-II (A) or constitutively active (CON) δC CaMK-
II (B) and sub-cultured on FN for 3 h. Cells were imaged using either traditional fluorescence
microscopy (Fm) or total internal reflection fluorescence microscopy (TIRFm). Scale bar, 50
μm. Supplemental videos 3 and 4 of live TIRF imaged cells correspond to these conditions.
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Fig. 4.
Both CaMK-II inhibition and expression of CON CaMK-II block cell motility. NIH/3T3 cells
were transfected with either GFP-labeled wild-type or CON δC CaMK-II and sub-cultured on
FN for 1 h. Untransfected cells were sub-cultured on FN in the presence or absence of the
indicated inhibitor. After incubation on FN for 1 h, cells were imaged under phase contrast
over 3 h. Migration rates (in microns/hour) were determined using Olympus Microsuite
software. *P < 0.01 compared to Untreated. # P < 0.01 compared to WT.
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Fig. 5.
Constitutively Active CaMK-II impairs focal adhesion formation. Cells were co-transfected
with either unlabeled wild-type or CON δC CaMK-II and the indicated GFP-tagged protein.
Cells were sub-cultured on FN for 3 h in the presence or absence of 20 μM myr-AIP and then
imaged under traditional fluorescence microscopy. Scale bar, 50 μm.
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Fig. 6.
Inhibition of CON δC CaMK-II restores paxillin containing adhesions within 1 h. (A) Cells
were co-transfected with unlabeled CON δC CaMK-II and GFP-paxillin. Cells were plated on
FN for 3 h, re-fed with medium containing 20 μM myr-AIP and then imaged under phase
contrast and traditional fluorescence microscopy 0, 60, 120 and 180 min later. Insets represent
the lower right-hand corner of the transfected cell. Scale bar, 50 μm. (B) Cells were transfected
with CON δC CaMK-II, GFP-vinculin and dsRed-paxillin and then sub-cultured on FN. Cells
were then imaged under traditional fluorescent microscopy directly before and 1 h after
treatment with 20 μM myr-AIP. Arrowheads indicate regions where myr-AIP treatment
induces increased paxillin localization in focal adhesions. Scale bar, 10 μm.
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Fig. 7.
Inhibition of endogenous CaMK-II enlarges paxillin containing adhesions. GFP-paxillin
expressing cells were sub-cultured on FN for 3 h in the presence of vehicle alone (A) or 20
μM myr-AIP (B) and imaged using traditional fluorescence microscopy. Scale bar, 50 μm.
(C) The area of each GFP-paxillin adhesion (from >10 cells and >600 adhesions for each
condition) was calculated. The threshold area for focal adhesions was 1.7 μm2. (D) The average
focal adhesion size was determined in cells transfected with either GFP-labeled paxillin, FAK,
vinculin or talin after sub-culturing on FN for 3 h in the presence or absence of 20 μM myr-
AIP.
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Fig. 8.
Constitutively active CaMK-II decreases phospho-tyrosine levels on FAK and paxillin. (A)
Cells were co-transfected with GFP-FAK or GFP-paxillin and either wild-type (WT) δC
CaMK-II or constitutively active (CON) δC CaMK-II and then sub-cultured on FN for 3 h.
Cells expressing CON CaMK-II were treated with vehicle alone or with 20 μM myr-AIP during
sub-culture (as indicated). GFP-FAK and GFP-paxillin lysates were then probed with the
indicated antibody directed against the total protein or phosphorylated residue. GFP-FAK and
GFP-paxillin possess Mr of 132 and 95 kDa, respectively. (B) Densitometric analysis was
averaged from three different immunoblots for FAK phospho-Y925 and paxillin phospho-
Y31. *P < 0.01 compared to WT. (C) Untransfected cells were sub-cultured on FN for 3 h in
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the presence of either vehicle control, 10 μM KN-93 or 20 μM myr-AIP. Cells were harvested
and probed with the indicated antibodies.
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Fig. 9.
Dual role for CaMK-II in Cell Motility. Schematic demonstrating a possible mechanism by
which CaMK-II enables cell motility by activating Rac and inducing focal adhesion turnover.
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