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Introduction

The kindlin family of cytoskeletal proteins has received con-
siderable attention recently for its capacity to regulate the func-
tion of integrin adhesion receptors (Shi et al., 2007; Larjava et 
al., 2008; Ma et al., 2008; Montanez et al., 2008; Meves et al., 
2009; Plow et al., 2014). In mammals, there are three kindlins 
(kindlin-1, -2, and -3), each encoded by a separate gene. Human 
diseases that arise from the deficiencies of kindlin-1 (Jobard et 
al., 2003; White and McLean, 2005) or kindlin-3 (Kuijpers et 
al., 2009; Malinin et al., 2009; Svensson et al., 2009) have been 
attributed to disruption of extracellular matrix–integrin–actin 
networks (Mory et al., 2008; Ussar et al., 2008). Ablation of 
kindlin-2 (K2; FER​MT2), the most broadly distributed of the 
three kindlins, is lethal early in mouse embryonic development 
(Montanez et al., 2008; Dowling et al., 2008a) and is associated 
with severe cardiac dysfunction in zebrafish (Dowling et al., 
2008a). K2 is found in the focal adhesions (FAs) of adherent 
cells, including endothelial, skeletal, and cardiac muscle cells 
(Ma et al., 2008; Dowling et al., 2008b). At these locations, K2 
is believed to participate in linking integrins to the actin cyto-
skeleton (Ussar et al., 2006; Meves et al., 2009).

Kindlins are FERM-containing proteins containing N-ter-
minal F0 subdomains preceding the typical F1, F2, and F3 
subdomains (Malinin et al., 2010) and have a PH subdomain 
inserted within their F2 subdomains as a signature feature. A 
major known function of kindlins depends on their binding 

to integrins, which can be severely dampened by mutation 
of QW615 to AA in the F3 subdomain of K2 (Ma et al., 2008; 
Montanez et al., 2008; Xu et al., 2014). Lipid binding to the 
PH domain and a second site in F0 helps to target K2 to mem-
branes (Metcalf et al., 2010; Liu et al., 2011, 2012; Qu et al., 
2011; Perera et al., 2011).

Both kindlin and talin must bind to the β cytoplasmic 
tail for optimal integrin activation (Plow et al., 2014), but the 
mechanism for their cooperation to induce inside-out signaling 
across integrins remains unresolved. Kindlins also have been 
implicated in outside-in signaling across integrins (Montanez et 
al., 2008; Feng et al., 2012; Xue et al., 2013). Many actin-bind-
ing proteins contain FERM domains, and coexistence of phos-
pholipid- and actin-binding domains within the same molecule 
allows FERM and ERM proteins to link the plasma membrane 
and actin (Bretscher, 1983; Pakkanen et al., 1987; Tsukita et al., 
1989; Algrain et al., 1993). Talin, which contains the FERM do-
main with highest homology to the kindlin FERM domain (Ali 
and Khan, 2014), contains three actin binding sites (ABSs), one 
located within its FERM domain (Hemmings et al., 1996; Lee 
et al., 2004; Gingras et al., 2008, 2010).

Although the association of K2 with FA and the actin cy-
toskeleton has been observed microscopically (Tu et al., 2003; 
Shi et al., 2007; He et al., 2011), this interaction is assumed to be 
indirect and mediated by integrin-linked kinase (ILK)–PIN​CH– 
Parvin complex (Honda et al., 2013). ILK binds directly to K2 
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(Tu et al., 2001; Qadota et al., 2012), and Parvin links to other 
FA components (Schaller, 2001). In the present study, we pro-
vide evidence for direct interaction of K2 with actin and demon-
strate that an ABS resides in its F0 domain. This ABS influences 
cell spreading, thereby defining a new mechanism for K2 to 
participate in integrin signaling.

Results

Kindlins, including K2, colocalize with actin in FA and related 
structures as shown by immunofluorescence (Tu et al., 2003; Shi 
et al., 2007; He et al., 2011; Qu et al., 2011). However, direct 
interaction of K2 with actin has not been reported. In staining 
actin in MAE cells from kindlin-2+/− mice, we noted marked dis-
organization of actin filaments compared with those in wild-type 
(WT) MAE cells (Fig. 1 A) when spread on vitronectin; the MAE 
cells from kindlin-2+/− mice lacked stress fibers and were less 
well spread. This difference was not evident when the MAE cells 
were spread on fibronectin (Fig. 1 B). Quantification of cell areas 
(Fig. 1 C) verified that the differences in spreading of kindlin-2+/− 
MAE cells versus WT endothelial cells on vitronectin was very 
significant (P < 0.001), but spreading on fibronectin was not  
(P > 0.5). The preferential decrease in adhesion to vitronectin 
compared with fibronectin was not caused by a decrease in ex-
pression of the primary vitronectin receptor, αVβ3, on endothelial 
cells. We previously reported that β3 expression levels detected 
by flow cytometry on WT and kindlin-2+/− MAE cells were very 
similar (Pluskota et al., 2011). Moreover, although the binding of 
a soluble ligand, fibrinogen, to αVβ3 was markedly suppressed 
when the kindlin-2+/− MAE cells were stimulated with VEGF 
compared with WT MAE cells, when the two cell types were 
treated with Mn2+, an external integrin activator, they bound sim-
ilar levels of fibrinogen (Pluskota et al., 2011). Our results are 
also consistent with the study by Liao et al. (2015) demonstrating 
the importance of K2 in αVβ3-mediated responses.

To assess whether K2 is important for actin organization in 
a second cell type, we used mouse C2C12 cells, a widely used 
line for myogenic differentiation studies (Janot et al., 2009). 
C2C12 cells express only K2, but not K1 or K3 (Dowling et al., 
2008b). K2 localizes in FA and along actin stress fibers in C2C12 
cells (Fig. 1 D). With siRNA, >90% knockdown of K2 was at-
tained at 24 h as assessed by Western blot, whereas expression of 
control FA proteins (FAK, viculin, and β1 integrin) was similar 
(Fig. S1 A), and surface expression of β1 integrins was also not 
reduced as assessed by flow cytometry (Fig. S1 B). However, 
actin organization was markedly different in the two cell types 
(Fig. 1 E): in the cells treated with K2 siRNA, actin was located 
only at the cell periphery and actin stress fibers were absent. 
Cell area, measured at 1 h after spreading on fibronectin, was 
significantly (P < 0.001) reduced by K2 knockdown (Fig. 1 F).

A previous study suggested that knockdown of K2 in 
C2C12 cells that were undergoing differentiation in myotubes 
induced by serum starvation altered distribution of ILK and FA 
(Dowling et al., 2008b). To assess whether K2 siRNA knock-
down in the undifferentiated C2C12 cells adherent to fibronec-
tin could also alter their FA formation and ILK distribution, we 
detected FA by anti-vinculin staining and ILK distribution by 
transfecting the cells with EGFP-ILK (Fig. S2 A). As noted in 
Fig. 1 (D–F), C2C12 cells with K2 knocked down spread less 
well on fibronectin, and consequently fewer cells exhibited FA. 
However, in the spread cells, the FA marked by vinculin staining 

still contained ILK (Fig. S2 B). The ILK staining tended to be 
peripherally located (Fig. S2 B), consistent with the membrane 
localization of ILK when K2 was knocked down in differenti-
ated C2C12 cells as noted by Dowling et al. (2008b).

Our observations relating K2 to actin organization in MAE 
and C2C12 cells led us to explore the direct interaction between 
K2 and actin. For these studies, purified K2 was needed. Full-
length K2 was expressed in Escherichia coli as a GST fusion 
protein and purified on glutathione-Sepharose, as previously 
published (Bledzka et al., 2010, 2012). GST tag was removed 
from K2 by Factor Xa cleavage. K2 prepared in this way was 
homogeneous by SDS-PAGE and showed little evidence of ag-
gregation by gel filtration (Fig. 2 A). The purified K2 was then 
assessed for interaction with actin using commercial protein 
spin-down assay kits. K2 was added to F-actin; BSA was used 
as a negative control, and α-actinin, a known actin-binding pro-
tein, as a positive control. After 30 min, pellets and supernatants 
were separated by centrifugation and analyzed by SDS-PAGE 
(Fig. 2 B). As determined by densitometric scanning of the gel, 
only 2% of the added BSA cosedimented with actin, whereas 
52% of the added α-actinin associated with actin (Fig. 2 B). A 
significant proportion, 36%, of the added K2 associated with the 
actin pellet. From three similar experiments, the percentage of 
added K2 that associated with the actin ranged from 30% to 54%.

Next, we measured the direct binding of purified K2 to 
actin by surface plasmon resonance (SPR). Various concentra-
tions of K2 were allowed to flow over F-actin immobilized by 
amine coupling onto CM-5 biosensor chips. Time- and con-
centration-dependent binding of K2 followed by a dissociation 
phase was observed (Fig. 3 A). The progress curves shown in 
Fig. 3 A were derived by subtracting the customary controls for 
bulk effects of solvent and for K2 binding to blank chips using 
the instrument’s BIAevaluation software. Representative binding 
curves of K2 interaction with the actin-coated chips, with and 
without these corrections, are shown in Fig. S3. Additionally, as 
controls for specificity, K2 binding to other immobilized pro-
teins, BSA (Fig. 3 B) or myosin (Fig. 3 C), were tested, and 
minimal binding was detected. All control proteins were immo-
bilized at the same coating density as actin. To consider whether 
the observed binding was caused by some residual GST tag in the 
K2 preparations, we tested GST binding to the actin-coated bio-
sensor chips, but no interaction was detected (Fig. 3 D). We also 
tested whether K2 bound exclusively to F-actin. An actin mutant 
that is unable to polymerize and thereby mimics G-actin (Joel 
et al., 2004) was coated onto the biosensor chips. The various 
concentrations of K2 bound to this G-actin mimetic (Fig. 3 E) 
in a manner similar to their interaction with F-actin (Fig. 3 A). 
In interpreting the SPR progress curves in Fig. 3, A and E, with 
BIAevaluation software, we noted that those that generated a 
lower concentrations of K2 (<1 µM) conformed to a 1:1 Lang-
muir model with χ2 (an estimate of goodness of fit) values of less 
than five, whereas data generated at higher K2 concentrations 
did not fit this model well or any models within the instrument’s 
software package (χ2 values of ≥20). The estimated Kd deter-
mined from the SPR curves at the lower K2 concentrations (χ2 
values of less than five) yielded values of the two actins for K2 of 
1.36 × 10−7 M for F-actin and 1.24 × 10−7 M for G-actin mutant.

A major ABS resides in the F0 
domain of K2
To locate an ABS within K2, we compared its sequence to known 
actin-binding proteins in the database of eukaryotic linear  
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motifs. Two overlapping ABSs, K2(20–36) and K2(32–49), 
within the K2F0 domain were predicted. To test this prediction, 
two K2 fragments, K2(1–105) containing F0 and K2(281–541) 
containing F2, were expressed in E. coli as GST fusion proteins, 
purified, and used in GST pull-down assays. The K2F0 fragment 
interacted with actin, whereas the K2F2 fragment failed to pull 
down actin (Fig. 4 A). We then expressed K2F0 and two mutant 
K2F0 fragments, each with a double mutation at surface resi-
dues, K2F0(E38A/H40A) or K2F0(LK47/AA), based on the solu-
tion structure of K2F0 (Perera et al., 2011). In GST pull-down 
assays, K2F0 and the K2F0(E38A/H40A) mutant interacted with 
actin, whereas the K2F0(LK47/AA) mutant and the GST control 
protein failed to interact (Fig.  4 B). To confirm this localiza-
tion, we expressed WT K2 or a K2LK47/AA mutant and used 
these in GST pull-down experiments (Fig. 4 C). WT K2 pulled 
down substantially more actin compared with K2LK47/AA.  

Based on densitometric scans of the intensities of the actin 
bands from six experiments with two different WT and mutant 
K2 preparations, the K2 mutant pulled down 54–99% less actin 
than the WT K2, with a mean reduction of 75%. Note that in 
the experiments shown in Fig. 4, K2 and its fragments showed 
a consistent ability to interact with actin, regardless of whether 
they were presented in the lysates of different human cells or as 
purified from rabbit skeletal muscle. Both WT K2 and K2LK47/
AA interacted with ILK in GST pull-down experiments 
(Fig. 4 D). This reactivity is consistent with the location of the 
ILK binding site in the F2 subdomain of K2, distinct from the 
ABS in F0 (Huet-Calderwood et al., 2014; Fukuda et al., 2014).

The interaction of WT and the K2LK47/AA mutant were 
compared in SPR experiments. At all concentrations tested 
(0.1–3  µM), the progress curves of mutant K2 showed lower 
binding than those of WT K2 (Fig. 5, A and B). These binding 

Figure 1.  Actin disorganization in cells expressing reduced 
K2. (A and B) Visualization of actin in MAE cells (ECs) from 
WT and K2+/− mice. MAE cells were spread on vitronectin (A) 
or fibronectin (B) for 2 h, fixed, and stained with Alexa Fluor 
488–phalloidin. Bar, 20 µm. (C) Areas of cells were mea-
sured using ImageJ software, and 80 cells were quantified 
in each sample. The error bars represent means ± standard 
error of two independent experiments (*, P < 0.001 vs. WT 
endothelial cells [control] by Student’s t test.). (D) Visualiza-
tion of actin and K2 in C2C12 mouse myoblastoid cells. K2 
(green) colocalized with actin (red) in filaments and FA. The 
merged image of K2 (green) with actin (red) is shown in the 
bottom panel. The C2C12 cells were spread on fibronectin 
for 1 h, fixed, permeabilized, and stained with anti-K2 fol-
lowed by Alexa Fluor 488 anti-mouse IgG and Alexa Fluor 
568–phalloidin. Bar, 10 µm. Higher-magnification images to 
visualize actin stress fibers are shown next to each panel.  
Bar, 5 µm. (E) Visualization of actin in C2C12 cells after 
K2 knock-down with siRNA. C2C12 cells were spread on 
fibronectin for 1 or 2 h, fixed, and stained with Alexa Fluor 
488–phalloidin. F-actin is in a linear pattern in untreated cells 
(top) and cells treated with NT-siRNA (bottom) but redistrib-
utes to the membrane in cells treated with K2 siRNA (middle). 
Bar, 20 µm. (F) Areas of cells were measured using ImageJ 
software, and 100 cells were quantified in each sample. 
Means ± standard error of two independent experiments are 
shown (*, P < 0.001 vs. C2C12 control by Student’s t test).
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studies were all performed in the same experiment, and all sam-
ples were analyzed on the same sensor chip but are separated 
into two panels to more readily display the curves obtained at the 
same concentrations of WT and mutant K2 (Fig. 5, A and B). As 
noted earlier, analysis of the kinetic data at all concentrations 
of K2 tested did not conform well to a 1:1 Langmuir binding 
model, as reflected by large deviations from the goodness-of-fit 
parameter, χ2. This was also the case with the K2LK47/AA mu-
tant. Indeed, when all concentrations of WT K2 or K2LK47/AA  

were considered, the binding curves did not fit well to any of 
several models available in the BIAevaluation software. From 
the lower concentrations of WT K2 and K2LK47/AA mutant, 
we estimated their Kd values for actin at 1.36 ± 0.24 × 10−7 
and 15.8 ± 3.4 × 10−7 M, respectively. In an effort to estimate 
the binding affinities of WT and K2LK47/AA mutant for actin, 
we used a steady-state method. Representative SPR curves 
for WT and mutant K2 are shown in Fig.  5 (A and B). Data 
from two independent experiments in which the maximum  

Figure 2.  K2 purification and direct binding to actin. (A) Su-
perdex 200 10/300 GF column elution profile of K2 (75 kD). 
K2 after GST-Sepharose purification and GST cleavage with 
Factor Xa was subjected to gel filtration on a Superdex 200 
10/300 GL. Protein was eluted with 20 mM Tris, 100 mM 
NaCl, and 1 mM DTT, pH 8.0, at a flow rate of 0.5 ml/min. 
The void volume was ∼8  ml, the bed volume was 24  ml, 
and the elution volume for BSA (66 kD) under the same con-
ditions was ∼14 ml. SDS-PAGE of peak fractions is shown 
as an inset. mAU, milli–arbitrary unit. (B) Association of K2 
with actin by cosedimentation. K2, BSA, or α-actinin, each 
at 10 µM, was added to F-actin and incubated for 30 min, 
and supernatant (S) and pellet fractions (P) were separated 
by centrifugation and analyzed by SDS-PAGE (4–20% gel).

Figure 3.  Binding of K2 to actin by SPR. (A) 
Actin was immobilized on CM5 biosensor 
chips. Various concentrations of full-length K2 
(GST constructs) was injected over the coated 
chips, and the progress curves of binding were 
recorded. (B and C) The experimental condi-
tions are the same as in A except that the CM5 
biosensor chips were coated with BSA (B) or 
myosin (C). (D) Chips were coated with actin 
as in A, but the soluble analyte was GST alone. 
(E) Conditions are the same as in A except that 
the biosensor chip was coated with an actin 
mutant (Joel et al., 2004) that cannot polymer-
ize, a mimetic of G-actin. The coating densities 
of all proteins on the chips were similar based 
on response unit (RU) values of ∼1,000. The 
progress curves shown have had mock runs 
(buffer only) and the empty flow cell controls 
subtracted. Tracings of K2 binding to actin are 
representative of at least eight experiments.
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response signals were measured are plotted versus concentra-
tion in Fig. 5 C. These plots indicated that binding of both WT 
and mutant K2 approached saturation. These data yielded esti-
mated Kd values of 1.90 ± 0.55 × 10−7 M for WT K2 and 9.82 ± 
0.40 × 10−7 M for K2LK47/AA. Although the ∼5-fold difference 
in values using the same technique is valuable for comparison, 
because of the complexities of the binding curves, we consider 
these to be relative Kd values. We also implemented an approach 
unrelated to SPR. Actin was coated onto microtiter plates, and 
K2 binding was quantified using an anti-GST and secondary 
HRP-labeled IgG. From the binding isotherms generated, the 
relative Kd values of WT and mutant K2 differed by three- to 
fivefold. Two such experiments were performed, each with du-
plicate or triplicate determinations at eight to nine different K2 
concentrations. One of these experiments is shown in Fig. S4.

We next tested whether WT K2 and K2LK47/AA differed 
in their capacity to induce actin reorganization. For these ex-
periments, the K2 forms with GST tags removed were used and 
were allowed to polymerize with actin for 60 min. The samples 
were diluted into buffer containing Alexa Fluor 488–phalloidin, 
applied to a coverslip coated with poly-l-lysine, and, after 60 
min, visualized by fluorescence microscopy. In the absence of 
K2, Alexa Fluor 488–phalloidin–labeled actin formed a uni-
form carpet of fine filaments (Fig.  6). At 1  µM, α-actinin, a 
known actin-bundling protein, induced formation of spider-like 
aggregates with radiating filaments. At 1 µM, WT K2 also re-
organized actin, with clumps and filaments both observed. In 
contrast, the carpet of actin showed minimal perturbation by 
K2LK47/AA at the same concentration (1 µM) as WT K2. At 
a higher concentration (6 µM), K2LK47/AA did induce a weak 
aggregation of actin (Fig. 6). These data not only support the in-
teraction of K2 with actin but also ascribe a functional outcome, 
actin reorganization, to this interaction. Mutation of only two 
residues in the ABS in F0 diminishes this functional activity.

Role of theABS in F0 in inside-out and 
outside-in signaling
To evaluate the contribution of the ABS in K2F0 in inside-out 
signaling, we used a well-established integrin coactivation assay 
(Ma et al., 2008). Coexpression of DsRed–talin-H and EGFP-K2 
in CHO-A5 cells resulted in a significant increase in binding of 
PAC-1, a mAb that reports on the activation status of αIIbβ3 

Figure 5.  Effect of the LK47/AA mutation in K2 on direct actin binding by 
SPR. (A and B) SPR tracings comparing the binding of WT GST-K2 and mu-
tant K2 (GST-K2LK47/AA) to actin immobilized on a CM5 biosensor chip. 
Lower concentrations of the K2 forms are shown in A and higher concen-
trations in B. (C) Steady-state binding curves for GST-K2 and GST-K2LK47/
AA. Steady-state responses at the end of the association phase were used 
to determine K0.5. Data points are averages from duplicate runs from two 
independent experiments. RU, response unit.

Figure 4.  LK47 residues in the F0 domain of 
K2 are essential for actin binding. (A) GST-
fused K2, a GST-K2F0 fragment, a GST-K2F2 
fragment, and GST alone were added to the 
lysates of HUV​ECs followed by 20  µl gluta-
thione-Sepharose 4B. The bound actin was 
measured by immunoblotting (IB) with an 
anti-actin antibody. (B) GST-fused K2, a GST-
K2F0(1–105) fragment, GST-K2F0(1–105)
LK47/AA mutant, GST-K2F0(1–105)E38H40/
AA, and GST alone were used in pull-down 
assays to precipitate actin from HeLa cell ly-
sates as in A. (C) GST-fused K2, GST-K2LK47/
AA mutant, and GST alone were used in pull-
down assays to precipitate actin purified from 
rabbit skeletal muscle. (D) GST-fused K2, GST-
K2LK47/AA mutant, and GST alone were used 
in pull-down assays to precipitate ILK from 
HeLa cell lysates as in A. Below each panel 
is the loading control. The gels below A, B, 
and C are stained with Amido black and that 
below D with Coomassie blue.
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(Shattil et al., 1987). Coactivation of the integrin is induced 
by K2 plus talin-H compared with talin-H alone (Fig.  7  A). 
K2QW615/AA mutant, which blunts integrin binding (Ma et al., 
2008; Xu et al., 2014), lost the ability to support coactivation of 
αIIbβ3. However, the K2LK47/AA exhibited coactivation activ-

ity similar to that of WT K2 (Fig. 7 A). Thus, the ABS activity in 
K2F0 is not required for the integrin coactivating function of K2.

Further evidence that the K2L47/AA mutation exerted its 
effect on outside-in and not inside-out integrin signaling was 
derived from experiments performed with C2C12 cells in the 
presence of Mn2+, which induces activation of the extracellu-
lar ligand binding site within integrins. The C2C12 cells were 
treated with nontargeting (NT) siRNA or K2 siRNA or were 
untreated for 24  h; they were then spread on fibronectin for 
30 min in the presence of Mn2+. Mn2+ supported rapid spreading 
of the cells whether treated with NT or K2 siRNA, indicative 
of activation of the integrins by Mn2+ treatment. However, as 
noted from the gallery of micrographs displayed in Fig. 7 B, the 
cells treated with K2 siRNA were less well spread and remained 
smaller, and their actin was less well organized. The actin disor-
ganization and spreading defect associated with K2 knockdown 
in the presence of Mn2+ was similar to that seen with these same 
cells in the absence of Mn2+ at 1 or 2 h in Fig. 1 E. Quantita-
tion of C2C12 cell spreading in the presence of Mn2+ at 30 min 
(Fig. 7 C) indicated that K2 knockdown diminished their size 
by ∼60%. Note that the size of the C2C12 cells in the presence 
of Mn2+ at 30 min was about the same as attained at 2 h in the 
absence of Mn2+ (Fig. 1 F, right, in the presence of Ca2+ + Mg2+ 
alone), verifying that Mn2+ had a marked effect on cell spread-
ing, indicative of integrin activation.

To test the role of the ABS in K2F0 on integrin outside-in 
signaling, we examined the capacity of WT K2 and K2LK47/
AA to support C2C12 cell spreading. Verifying the results in 
Fig. 1 (E and F), knockdown of K2 inhibited spreading of these 
cells. The K2 siRNA used in these knockdown experiments 
targeted a sequence in the 3′ UTR of K2, allowing for expres-
sion of K2 variant proteins in these cells. Expression of WT 
K2 in the knockdown cells “rescues” spreading (representative 
micrographs in Fig. 8 A). In contrast, expression of K2LK47/
AA in the cells failed to rescue the spreading defect in the cells 
(Fig. 8 B). Quantitation of the spreading of these cells at 1 or 
2 h after spreading on fibronectin showed that WT K2 rescued 
the cells but the K2LK47/AA mutant did not (Fig. 8 C). Fig. S5 

Figure 6.  The effect of K2 on actin filaments is visualized by Alexa Fluor 
488–phalloidin staining. Actin was allowed to polymerize in the absence 
of K2 (negative control), in the presence of 1 µM α-actinin, a known actin 
bundling protein, or in the presence of K2 at 1 µM and K2LK47/AA at 1 
and 6 µM. K2 forms used in these experiments had GST tag removed.

Figure 7.  Effect of the LK47/AA mutation in 
K2 on integrin inside-out signaling. (A) Role of 
the ABS in F0 in inside-out signaling. CHO-A5 
cells stably expressing integrin αIIbβ3 were in 
transfected with EGFP constructs for full-length 
WT K2 (E-K2), K2(LK47/AA) mutant, which 
diminishes its ABS in F0, or K2(QW615/AA) 
mutant, which diminishes its integrin-binding 
function (Ma et al., 2008). These K2 constructs 
were cotransfected with talin-H (TH), and integ-
rin activation was quantified by flow cytometry 
based on PAC-1 binding, an antibody specific 
for activated αIIbβ3 (Shattil et al., 1985). 
Changes in integrin expression level were 
excluded with a mAb that reacts equally with 
the resting and active integrin. Data represent 
means ± SD of three independent experiments. 
n.s., not significant. (B) Visualization of actin in 
C2C12 cells after K2 knock-down with siRNA. 
C2C12 cells were spread on fibronectin in the 
presence of 3.5 mM MnCl2 for 30 min, fixed, 
and stained with Alexa Fluor 488–phalloidin. 
Bar, 20 µm. (C) Areas of cells were measured 
using ImageJ software, and 60 cells were 
quantified in each sample.
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A verifies that the expression levels of the K2 mutants in the 
transfected cells were not less than WT K2.

C2C12 cells were evaluated to determine whether 
K2LK47/AA could still be recruited into FA. C2C12 cells were 
K2 knocked down and rescued with the EGFP-K2LK47/AA mu-
tant, were allowed to adhere to fibronectin for 2 h, and were 
costained with antibodies to viculin as an FA marker. Although 
few cells expressing the K2LK47/AA spread, those that did had 
FA positive for EGFP-K2LK47/AA; costaining with anti-vicu-
lin verified that it was present in FA (Fig. S5 B). We also used 
C2C12 cells to test whether expression of the K2LK47/AA mu-
tant would suppress the function of endogenous K2. C2C12 
cells were transfected with the EGFP vector alone or with 
EGFP-tagged K2LK47/AA mutant. After 24  h, the cells were 
spread for 1 h on fibronectin in the presence of Ca2+ and Mg2+. 
We measured the area of 65 phalloidin-stained cells: untrans-
fected cells, 609.4 ± 20.6 µm2; EGFP+ cells, 646.3 ± 24.7 µm2; 

and K2LK47/AA-transfected cells, 382 ± 20.5 µm2 (unpublished 
data). The difference between the EGFP+ and K2LK47/AA  
mutant-expressing cells was significant (P = 0.001).

OVC​AR-3 is an ovarian cancer cell line in which several 
chromosomes, including chromosome 14 where K2 resides, 
are underrepresented (Hamilton et al., 1983). Western blots of 
OVC​AR-3 cell lysates verified the absence of K2 and the pres-
ence of only low levels of kindlin-1 and kindlin-3 (relative to 
BT549 cells, a triple-negative breast cancer cell line) in these 
cells (Fig. S5 C). The absence of K2 in these cells by Western blot 
confirms our previously published data (Fukuda et al., 2014). 
These cells express β1 integrin as assessed by flow cytometry, 
and their spreading was assessed on fibronectin 1 h after trans-
fection with WT K2, mutant K2, or K2(QW615/AA). The similar 
expression of the K2 proteins in the transfected cells was verified 
by Western blot (Fig. 8 D). Parental OVC​AR-3 cells and EGFP- 
transfected cells exhibited limited spreading on fibronectin  

Figure 8.  Effect of the LK47/AA mutation in K2 on integrin outside-in 
signaling. (A) Visualization of actin in C2C12 cells after K2 knock-
down and rescue with EGFP-tagged WT K2. C2C12 cells were 
spread on fibronectin for 1 h, fixed, and stained with Alexa Fluor 
568–phalloidin. Transfected cells were visualized with EGFP fluo-
rescence. Transfected cells in righthand panels are identified with 
arrows. Bar, 20 µm. (B) Visualization of actin in C2C12 cells after 
K2 knock-down cotransfection with EGFP-tagged LK/AA K2 mutant. 
C2C12 cells were spread on fibronectin for 1 h, fixed, and stained 
with Alexa Fluor 568–phalloidin. Transfected cells were visualized 
with EGFP fluorescence. Transfected cells in righthand panels are in-
dicated with arrows. Bar, 20 µm. (C) Quantitative analysis of C2C12 
cell spreading coexpressing siRNA and EGFP-tagged K2 constructs. 
C2C12 cells were spread on fibronectin for 1 or 2  h, fixed, and 
stained with Alexa Fluor 568–phalloidin. The areas of EGFP-positive 
cells were measured using ImageJ software. *, P ≤ 0.001 vs. C2C12 
control by Student’s t test. 40–50 cells were quantified in each sam-
ple from two independent experiments. (D) Western blot showing 
levels of expression of EGFP-tagged K2 constructs in OVC​AR-3 cells. 
The blots were probed with anti-EGFP antibody and anti–β actin an-
tibody as a loading control. EGFP alone was expressed at much 
higher levels than any K2 construct, and a lower exposure is shown 
for the EGFP blot (separated by the vertical line). (E) Quantitative 
analysis of OVC​AR-3 cell spreading overexpressing WT K2 (E-K2), 
K2(LK47/AA), or K2(QW615/AA). OVC​AR-3 cells were spread on 20 
µg/ml fibronectin for 1 h, fixed, and stained with Alexa Fluor 633–
phalloidin. Areas of EGFP-positive cells were measured using ImageJ 
software. *, P ≤ 0.001 vs. OVC​AR-3 by Student’s t test. 40–50 cells 
were quantified in each sample in two independent experiments.  
(F) Actin organization in OVC​AR-3 cells expressing K2 proteins. Cells 
were spread on fibronectin as described in F, and transfected cells 
were identified with EGFP fluorescence. Transfected cells are indi-
cated with arrows in righthand panels. Bar, 20 µm.
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(Fig. 8 F). WT K2 enhanced cell spreading by greater than four-
fold, whereas the K2 mutant enhanced spreading only modestly. 
Transfection of OVC​AR cells with K2(QW615/AA) also failed 
to support cell spreading (Fig. 8 E). Moreover, in staining actin 
in parental OVC​AR-3 cells and cells expressing EGFP and the 
K2 mutant, we noted marked absence of well-organized actin 
filaments (Fig.  8  F, transfected cells indicated with arrows) 
compared with those transfected with WT K2, which spread 
and developed well-organized stress fibers (Fig. 8 F).

Discussion

The present study has demonstrated that K2 is an actin-binding 
protein. This finding assigns a new function to K2 and appears 
to contribute at least in part to the disorganization of actin fila-
ments and decreased spreading observed in MAE cells derived 
from kindlin-2+/− mice and C2C12 myoblastoid cells, in which 
K2 levels were reduced by siRNA treatment. The actin-binding 
activity of K2 is also consistent with the actin disorganization in 
kindlin-2−/− embryoid bodies, which show basolateral accumu-
lation of F-actin instead of the characteristic apical F-actin belt 
(Montanez et al., 2008), and the pronounced muscle cell round-
ing in Caenorhabditis elegans with null mutation of UNC-112, 
the orthologue of K2 (Rogalski et al., 2000). These profound 
effects may not depend exclusively on the actin-binding activity 
of K2, but the ABS in F0 that we have identified may contrib-
ute to these phenotypes.

Several independent approaches—cosedimentation, coim-
munoprecipitation, SPR, and actin-bundling experiments—all 
pointed to a direct interaction of K2 with actin. Analysis of the 
primary amino acid sequence to a database (Dinkel et al., 2014) 
of known actin-binding motifs led to the prediction of ABS ac-
tivity within the F0 subdomain. Of two overlapping ABSs pre-
dicted in F0, mutational analyses identified the one centering 
around LK47 as implicated in actin binding. Mutations of LK47 
to alanines reduced the actin-binding activity of F0 and intact 
K2 in coimmunoprecipitation, GST pull-down, actin-bundling, 
and SPR experiments. F0 assumes a ubiquitin-like fold (Perera 
et al., 2011). K2LK47 resides in a short helix (Fig. 9 A) extend-
ing from G31-K51, and ABSs are often harbored in short helices 
containing LK sequences (Friederich et al., 1992; Vardar et al., 
1999). The face of F0 in which this helix resides is spatially 
distant from the charged face composed of H40/K74/H76/W77/
K81, which forms a phospholipid binding motif that helps target 
K2 to membranes (Perera et al., 2011). Of note, LK47, as well 
as many adjacent residues, is very highly conserved in K1 and 
K3 (Fig. 9 B), suggesting that actin binding may be a common 
function of F0 domains among the kindlins.

K2 binding to immobilized actin in SPR studies deserves 
special comment. These experiments clearly showed that K2 
binds to actin but not to control proteins. However, the SPR 
progress curves showed some deviations from ideal behavior, 
including failure to saturate at the highest testable concentra-
tions of K2, incomplete dissociation kinetics, and failure to 
conform to a simple 1:1 binding model. The complexity of the 
SPR data probably arises in part from the actin substrate and 
in part from the properties of K2. Roman et al. (2006) reported 
that protein binding to actin can present some unusual behavior 
in SPR experiments in analyzing VDAC binding to actin. With 
regard to K2, K2 tends to self-associate (Qadota et al., 2012), 
and this behavior may contribute to the failure to saturate actin 

at higher K2 concentrations. Such self-association is observed 
for other ERM proteins and can influence their interactions with 
actin (Turunen et al., 1994; Gary and Bretscher, 1995; Zhu et 
al., 2008). Despite these complexities, the SPR data are valu-
able; they establish that K2 binds specifically and directly to 
actin (Fig. 5) and that the LK47/AA K2 mutant binds less well 
to actin than WT K2 under the same conditions (Fig. 5). The 
fivefold difference in the relative affinity of WT and mutant 
K2 for actin was consistent with two approaches to analyze the 
SPR data and consistent with the differences in their activities 
in pull-down and actin-bundling experiments. K2 also appears 
to bind to G-actin. An actin mutant that is unable to polymerize 
and thereby mimics G-actin (Joel et al., 2004) was coated onto 
the biosensor chips and used in SPR experiments. The various 
concentrations of K2 bound to this G-actin mimetic (Fig. 3 E) 
in a manner similar to their interaction with F-actin (Fig. 3 A). 
This observation leads to the prediction that changes in the 
polymeric state and location of F- and G-actin during cellular 
responses could change the distribution of kindlins within cells.

We believe that K2 may have at least one additional ABS. 
Evidence for an additional ABS in K2 comes from experiments 
showing that the LK47/AA mutant retains some actin-binding 
activity in pull-down, SPR (Figs. 4 and 5), and actin-bundling 
(Fig. 6) experiments. Indeed, preliminary alignment of the se-
quence of K2 with known actin-binding proteins predicts an 
additional ABS in F3. Of note, this ABS would be absent in 
K2F2, and we show that K2F2 does not bind actin under con-
ditions where K2F0 binds well (Fig. 4 A). The localization of 
such additional ABSs and whether they operate independently 
of or are part of the F0 ABS is beyond the scope of the present 
article. In either case, such an ABS would still contribute to the 
residual affinity of the LK/AA mutant for actin. Moreover, the 
contribution of such hypothetical ABSs to function need not be 
proportional to their contribution to the affinity of K2 for actin.

Clearly, the ABS that we identify in K2F0 is functionally 
important (Fig.  8). The actin aggregates induced by WT K2 

Figure 9.  Model of ABS in K2. (A) Ribbon diagram displaying the previ-
ously determined solution structure of K2 F0 (Perera et al., 2011). The LK47 
residues within the ABS reside in a helix that extends from residues 31–51 
that is colored in red. The residues that compose the previously identified 
charged phospholipid-binding interface are in blue. (B) Alignment of the 
actin-binding region in the F0 region of K2 with the corresponding regions 
of kindlin-1 and kindlin-3. LK47 has been boxed in all kindlins.
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were not identical to the actin bundles induced by α-actinin, but 
such differences are often noted among various actin-binding 
proteins and are dependent on the conditions and concentrations 
of the actin-bundling proteins (Tseng et al., 2004). Whether the 
aggregates formed in the presence of K2 represent true actin 
bundles will require further analyses. It has been suggested that 
the role of kindlins in integrin activation depends on its cluster-
ing of integrins (Ye et al., 2013). Actin binding by K2 would 
provide a mechanism to achieve such clustering. However, we 
found no evidence that the ABS in F0 influences integrin co-
activation in the widely used αIIbβ3-CHO cell assay. Also, the 
defect in C2C12 cell spreading with K2 knockdown was not 
overcome when integrins were activated with Mn2+, indicating 
that the spreading defect was not secondary to an activation de-
fect. In contrast, our data provide clear evidence that the ABS 
in the F0 subdomain of K2 does influence integrin outside-in 
signaling. The defect in spreading of C2C12 myoblastoid cells 
caused by siRNA knockdown of K2 was restored by transfec-
tion with an expression vector encoding a siRNA-resistant WT 
K2 but not with one encoding the LK47/AA mutant. K2LK47/
AA, when overexpressed in C2C12 cells, overcame the effect of 
endogenous K2 and caused a spreading defect, illustrating the 
general importance of this ABS to the cell-spreading functions 
mediated by K2. The few C2C12 cells expressing K2LK47/AA 
that were able to spread on fibronectin did display FA. When 
K2 was knocked down in myotube-like structures formed by 
serum-starved C2C12 cells, Dowling et al. (2008b) reported 
that the FAs were irregular and ILK was associated with the 
cell membrane. In our undifferentiated C2C12 cells with K2 
knockdown, ILK was associated with FA but tended to be 
more peripherally located than in cells without K2 knockdown. 
Whether these differences reflect retention of some functions 
of K2 by the K2LK47/AA mutant or the unique functions of 
K2 in the myotube-like cells is uncertain. In OVC​AR cells that 
have negligible levels of endogenous K2, expression of WT K2, 
but not K2LK47/AA, enhanced cell spreading. Low levels of K1 
and K3 were detected in OVC​AR cell lysates by Western blot, 
but the endogenous levels of the kindlins were not sufficient to 
support the robust spreading of these cells when transfected to 
express WT K2. The inability of another kindlin to substitute 
for K2 has been noted in other cell types (Bialkowska et al., 
2010; Bandyopadhyay et al., 2012; Rozario et al., 2014).

In sum, our studies identify K2 as an actin-binding protein. 
An ABS located in F0 influences outside-in signaling across in-
tegrins. These findings provide the underpinnings for considering 
new roles of kindlins in integrin and more broadly in cell biology.

Materials and methods

Antibodies and reagents
The following primary antibodies were used: PAC1, which reacts se-
lectively with the activated conformation of integrin αIIbβ3 (Shattil et 
al., 1987; BD), mouse anti-EGFP (Takara Bio Inc.), mouse anti-GFP 
(clone B2; Santa Cruz Biotechnology), mouse anti–β1 integrin (BD), 
mouse anti-GST (EMD Millipore), mouse anti-vinculin (Sigma-Al-
drich), mouse anti–kindlin-2 (EMD Millipore), rabbit anti–kindlin-2 
against C terminus of human K2 (Sigma-Aldrich), mouse anti–β-ac-
tin (clone 8H10D10; Cell Signaling Technology) antibody or with 
mouse anti-actin (clone AC-40, Sigma-Aldrich), and rabbit anti-FAK 
(Cell Signaling Technology). Secondary antibodies for Western blots 
were donkey anti–mouse HRP and goat anti–rabbit HRP (both from 

Santa Cruz Biotechnology). For confocal microscopy, detecting anti- 
bodies were Alexa Fluor 568 goat anti–rabbit Ig, Alexa Fluor 488 
goat anti–mouse Ig, Alexa Fluor 488–phalloidin, Alexa Fluor 633– 
phalloidin, and Alexa Fluor 568–phalloidin (all from Life Technolo-
gies). For flow cytometry, Alexa Fluor 647 goat anti–mouse IgM was 
used to detect PAC1 binding (Jackson Immunoresearch). All other 
chemical reagents were analytical grade.

Plasmid construction, protein expression, and purification
For mammalian expression, full-length human K2, which was obtained 
from C.  Wu (University of Pittsburgh, Pittsburgh, PA), was cloned 
in-frame into an EGFP C2 vector (Takara Bio Inc.; Ma et al., 2008) 
and talin-H domain (1–429 aa) into pDsRed-monomer (Bledzka et al., 
2010). Point mutations were introduced into the K2 coding sequence 
using QuikChange site-directed mutagenesis system (Agilent Tech-
nologies). GST-fused full-length K2 and its mutants were expressed, 
purified, and quantified as described previously (Bledzka et al., 2010). 
In brief, GST-fused K2 and its mutants were expressed in E. coli BL21 
cells (Agilent Technologies). The expressed proteins were purified 
using glutathione-Sepharose 4B resin followed by gel filtration on a Hi-
Load Superdex200 10/300 column (GE Healthcare). For selected exper-
iments, the GST tag was enzymatically removed from the K2 by Factor 
Xa cleavage as described (Bledzka et al., 2012). The purified proteins 
were dialyzed against 50 mM Tris, pH 8.0, containing 150 mM NaCl, 
quantified using protein assay kits (Bio-Rad), and assessed for homo-
geneity by SDS-PAGE and their elution from the Superdex columns.

Pull-down, coimmunoprecipitation assays and Western blotting
Pull-down assays were performed using GST fusion proteins. Equal 
amounts of GST-fused K2 derivatives were added together with glu-
tathione-Sepharose 4B to aliquots of the lysates of CHO, HUV​EC, or 
HeLa cells or to purified actin. After 2 h at 4°C, the precipitates were 
collected by centrifugation, washed, and boiled in Laemmli sample 
buffer. The eluates were the analyzed on 4–20% gradient acrylamide 
gels under reducing conditions, and interactions of the actin with K2 
were detected by Western blotting with mouse anti–β-actin. The gels 
were also stained with Coomassie blue to verify that sample loadings 
were similar. The transfer membranes were stained with Amido black.

SPR
Real-time protein–protein interactions were analyzed using a Bi-
acore3000 instrument (Biacore). The surfaces of all flow cells were 
activated for 7 min with a 1:1 mixture of 0.1 M N-hydroxysuccinim-
ide and 0.1 M 3-(N,N-dimethylamino)propyl-N-ethylcarbodiimide at a 
flow rate of 10  µl/min. Actin, myosin, or BSA was immobilized on 
CM5 biosensor chips using standard amine coupling chemistry with 
an injection of 10 µg/ml actin dissolved in Na acetate, pH 4.5, to reach 
the same coating density. Next, all surfaces were blocked with a 7-min 
injection of 1 M ethanolamine, pH 8.0. After completion of the immo-
bilization procedure, the chip surface was stabilized in 10 mM Hepes, 
pH 7.4, containing 150 mM NaCl, 0.005% surfactant P20, and 0.2 mM 
CaCl2. Experiments were performed at RT in 10 mM Hepes buffer, pH 
7.4, containing 150  mM NaCl, 0.005% surfactant P20, and 0.2  mM 
CaCl2 at a flow rate of 25 µl/min. SPR sensograms were obtained by 
injecting various concentrations of the K2 analyte. Injections were per-
formed simultaneously over all four channels (three flow cells having 
different proteins immobilized and one flow cell with a blank surface 
as a control), and each concentration of analyte was tested in duplicate.

The association phases were followed for 2, 7, or 12 min at a 
flow rate of 25 µl/min, and dissociation phases were monitored for 5, 
10, or 15 min. The chip surfaces were regenerated between consec-
utive binding cycles by injecting a short pulse of 10 mM NaOH and 
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stabilized for 1 min. The curves of the mock runs (buffer only) and of 
the blank flow cell were subtracted from their corresponding analyte 
binding curves. The resulting sensograms were analyzed in overlay 
plots using BIAevaluation software (version 4.01; GE Healthcare). The 
data were fitted to various models available in the global data anal-
ysis option, including a simple 1:1 Langmuir interaction model. The 
deviations of the SPR curves from a 1:1 model were quantified with 
the BIAevaluation software as the χ2 parameter. χ2 values >10% of the 
maximal deflection (Rmax) were considered to indicate a poor fit of the 
data to the 1:1 Langmuir model. Binding responses in the steady-state 
region of the sensograms were also plotted against K2 protein concen-
tration to estimate a relative dissociation constant.

Kindlin2 binding to immobilized actin in microtiter plate assays
The wells of microtiter plates (Corning Costar) were coated with actin 
(Cytoskeleton) at 0.3 or 2 µg/ml in a coating buffer of 0.2 M carbonate–
bicarbonate, pH 9.4, for 20 h at 4°C and blocked with 3% BSA in GAB 
(5 mM Tris-HCl, pH 8.0, and 0.2 mM CaCl2) for 1 h at 37°C. GST, 
GST-K2, either WT or mutant (0–1.5 µM), were added to the wells in 
GAB and incubated for 3 h at RT. Plates were washed with GAB, and 
bound GST proteins were detected by an ELI​SA using anti-GST mAb 
(GE Healthcare), peroxidase-conjugated secondary antibody (EMD 
Millipore), and 1-StepUltra TMB-ELI​SA (Thermo Fisher Scientific) 
as the substrate. The reaction was stopped by adding 1N HCl, and ab-
sorbance at 450 nm was measured. Assays were conducted in duplicate 
or triplicate, and the mean absorbance value at each K2 concentration 
was plotted after subtraction of the nonspecific absorption (determined 
as the difference between the signal of GST-K2 and GST). Binding 
responses were analyzed using Sigma Plot software (SPSS), in which 
the data were fitted to a one-site binding equation.

K2​:actin cosedimentation assays
Actin binding to K2 was evaluated using Protein Spin-Down Biochem 
kits (Cytoskeleton, Inc.) according to the manufacturer’s instructions. 
In brief, actin was resuspended to 1 mg/ml in general actin buffer (final 
concentrations 5 mM Tris-HCl, pH 8.0, and 0.2 mM CaCl2) and left 
on ice for 30 min. Actin was polymerized by addition of 1:10 actin 
polymerization buffer (final concentrations 50 mM KCl, 2 mM MgCl2, 
and 1 mM ATP) for 1 h at RT, producing 21 µM F-actin stock. Test pro-
teins were centrifuged before use at 150,000 g at 4°C for 90 min (final 
concentration of proteins was 2–4 µM), incubated with the polymerized 
F-actin for 30 min, and centrifuged at 150,000 g at 24°C for 90 min. 
The supernatants and pellets were resuspended and boiled in SDS-con-
taining sample buffer and analyzed on SDS-PAGE on 4–20% gradient 
acrylamide gels under reducing conditions.

Fluorescence microscopy of actin filaments
The influence of K2 on actin was evaluated by light microscopy using 
bacterial expressed K2 proteins that had been cleaved from their GST 
tags. Rabbit skeletal muscle actin (Cytoskeleton, Inc.) was hydrated in 
5 mM Tris-HCl, 0.2 mM CaCl2, 0.2 mM ATP, and 0.5 mM DTT, pH 
8.0, overnight and centrifuged at 150,000 g at 4°C for 20 min; the su-
pernatant was diluted to an actin concentration of 4 µM. Rabbit muscle 
actin (Cytoskeleton, Inc.) at 4 µM in 5 mM Tris-HCl, pH 8.0, and 0.2 
mM CaCl2, alone or in the presence of K2 proteins at a concentration 
of 1 or 6 µM, was polymerized by addition of polymerization buffer 
(final concentrations 50 mM KCl, 2 mM MgCl2, and 1 mM ATP). The 
mixture was incubated for 60 min at 37°C.  Before observation, the 
samples were diluted 1:10 into buffer containing 70 nM Alexa Fluor 
488–phalloidin and applied to a coverslip coated with poly-l-lysine 
(0.01%). The effects of K2 on actin organization and Alexa Fluor 488–
phalloidin staining were visualized by fluorescence light microscopy 

on a Leica DM5000B upright microscope (Leica Microsystems), using 
a Retiga SRV Cooled CCD camera (QImaging) and ImagePro Plus 
software (Media Cybernetics).

Cell culture and transfections
The murine myoblast cell line (C2C12) and the Chinese hamster ovary 
cell line stably expressing αIIbβ3 (CHO-A5) were cultured in high-
glucose DMEM, DMEM-CUST, or DMEM​:F12 with 10% FBS at 
37°C in 5% CO2. The human ovarian carcinoma cell line (OVC​AR-3) 
was cultured in RPMI 1640 with 20% FBS and 0.01 mg/ml insulin. 
The cells were passaged using 0.05% trypsin/0.53  mM EDTA for 
dissociation at ∼80% confluence for CHO-A5 and OVC​AR-3 cells or 
40–50% for C2C12 cells. MAE cells were isolated from aortas of WT 
and K2+/− mice as described (Mahabeleshwar et al., 2006; Pluskota 
et al., 2011). For vector transfections into OVC​AR-3 and CHOA5 
cells, Lipofectamine 2000 (Life Technologies) was used. For siRNA 
transfections or rescue experiments in which K2 forms were expressed 
in C2C12 cells after siRNA knockdown, cells were nucleofected with 
kit V (Lonza) and program B-032. MIS​SION single siRNA specific 
for mouse K2 was obtained from Sigma-Aldrich. Specific assays were 
performed 24 h after transfection.

Immunofluorescence and cell spreading assays
Cell spreading assays were performed with MAE, C2C12, and OVC​
AR-3 cells. The cells were either untransfected or transiently trans-
fected for 24 h and allowed to adhere and spread on vitronectin-coated 
(2.5 µg/ml) or fibronectin-coated (20 µg/ml) glass coverslips. After in-
cubation at 37°C for selected times, the coverslips were washed three 
times with PBS, and the adherent cells were fixed with 4% paraformal-
dehyde and stained with Alexa Fluor–phalloidin (Life Technologies). 
As controls, untransfected cells were included in each experiment. For 
ILK and K2 localization in C2C12 cells, cells were costained with an-
ti-vinculin monoclonal antibody, followed by Alexa Fluor 568–conju-
gated F(ab′)2 anti-mouse IgG secondary antibody. The coverslips were 
mounted with ProLong Gold antifade reagent (Life Technologies). The 
positively stained cells were visualized at 40× or 63× using a TCS-NT 
laser scanning confocal microscope (Leica), using confocal software 
(Leica). Images shown are representative of at least three independent 
experiments. Cell areas were analyzed with ImageJ software.

Integrin αIIbβ3 activation assays
Integrin αIIbβ3 activation was evaluated using PAC-1, a mAb specific for 
the activated conformation of this integrin (Shattil et al., 1985), as previ-
ously described (Ma et al., 2008). In brief, talin-H domain tagged with 
DsRed monomer or EGFP-tagged K2 and its mutants were expressed in 
CHO-A5 cells by transient transfection using Lipofectamine 2000 (Life 
Technologies). PAC-1 binding to the different transfectants (EGFP and 
DsRed double-positive cells) was analyzed by flow cytometry after incu-
bating the transfected cells with 10 µg/ml anti-PAC1 mAb in HBSS buf-
fer containing 0.1% BSA, 0.5 mM CaCl2, and 0.5 mM MgCl2 for 30 min 
at RT followed by fixation with 1% paraformaldehyde for 10 min at RT, 
washing, and incubation with 5 µg/ml Alexa Fluor 647–conjugated F(ab′)2 
anti-mouse IgM secondary antibody for 30 min on ice. PAC-1 binding was 
analyzed on a LSR Fortessa flow cytometer (BD). Integrin activation was 
quantified as an activation index calculated using the following formula: 
100 × (MFI – MFI of empty vector)/(MFI of maximal PAC-1 binding in 
the cells treated with 3 mM Mn2+ – MFI of empty vector), where MFI is 
the mean fluorescence intensity. To consider whether expression of various 
constructs in the αIIbβ3 CHO-A5 cells affected surface expression levels 
of the integrin, we evaluated reactivity with mAb 2G12, which reacts with 
αIIbβ3 independently of its activation state (Woods et al., 1986). Surface 
expression of αIIbβ3 varied by <10% among all transfectants.
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Statistical analysis
Means and standard errors are reported. Statistical analyses using a 
two-tailed Student’s t tests were performed in SigmaPlot (version 11). 
Differences were considered to be significant with P < 0.05.

Online supplemental material
Fig. S1 A shows that expression of FAK, vinculin, and β1 integrin is not 
changed after K2 knockdown in C2C12 cells by Western blot. Fig. S1 
B shows surface expression of β1 after K2 knockdown in C2C12 cells 
by flow cytometry. Fig. S2 presents distribution of EGFP-tagged ILK in 
C2C12 cells after K2 knockdown. Fig. S3 presents representative SPR 
binding profiles of K2 and K2LK47/AA mutant binding to an actin-
coated chip, a BSA-coated chip, or a blank chip before subtracting 
of background controls. Fig. S4 shows K2 and K2LK47/AA binding 
to actin coated onto microtiter plates. Fig. S5 A presents the levels of 
K2 variants expressed in transfected C2C12 cells after knockdown of 
endogenous K2. Fig. S5 B shows EGFP-tagged K2LK47/AA mutant 
in C2C12 cells after K2 knockdown. Fig. S5 C shows the expression 
levels of kindlin-1, -2, and -3 in OVC​AR-3 and BT-549 cells by Western 
blot. Online supplemental material is available at http​://www​.jcb​.org​/
cgi​/content​/full​/jcb​.201501006​/DC1.
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