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Abstract

Background—The striated muscle costamere, a multi-protein complex at the boundary between 

the sarcomere and the sarcolemma, plays an integral role in maintaining striated muscle structure 

and function. Multiple costamere-associated proteins, such as integrins and integrin-interacting 

proteins, have been identified and shown to play an increasingly important role in the pathogenesis 

of human cardiomyopathy. Kindlin-2 is an adaptor protein that binds to the integrin β cytoplasmic 

tail to promote integrin activation. Genetic deficiency of Kindlin-2 results in embryonic lethality, 

and knockdown of the Kindlin-2 homolog in Caenorhabditis elegans and Danio rerio suggests it 

has an essential role in integrin function and normal muscle structure and function. The precise 

role of Kindlin-2 in the mammalian cardiac myocyte remains to be determined.

Methods and Results—The current studies were designed to investigate the role of Kindlin-2 

in the mammalian heart. We generated a series of cardiac myocyte-specific Kindlin-2 knockout 

mice with excision of the Kindlin-2 gene in either developing or adult cardiac myocytes. We found 

that mice lacking Kindlin-2 in early developing heart are embryonic lethal. We demonstrate that 

deletion of Kindlin-2 at late gestation or in adult cardiac myocytes resulted in heart failure and 

premature death, which was associated with enlargement of the heart, and extensive fibrosis. In 

addition, integrin β1D protein expression was significantly downregulated in adult heart.

Conclusions—Kindlin-2 is required to maintain integrin β1D protein stability. Postnatal loss of 

Kindlin-2 from cardiomyocytes leads to progressive heart failure showing the importance of 

costameric proteins like Kindlin-2 for homeostasis of normal heart function.
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9500 Gilman Drive, Mail Code 0613-C, La Jolla, California 92093-0613, USA. Tel: (858) 822-4276. Fax: (858) 822-1355. 
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In general, as cells contact with the extracellular matrix (ECM), a multi-protein complex is 

organized that is commonly known as the focal adhesion (FA)1. In striated muscle, an 

equivalent structure to the FA is the costamere, a structural and functional component that 

bridges, anchors, and strengthens the connection of the muscle Z-disc to the sarcolemmal 

membrane1, 2. In the heart, it is a major site of localization for integrins3, 4. Integrins are 

heterodimeric transmembrane receptors that link the ECM with the cytoskeleton, and 

modulate bidirectional signaling across the cell membrane5. Integrins, together with 

integrin-associated proteins, form FA complexes, and in the heart are key components of the 

costamere where they perform critical roles in normal cardiac development, structure, and 

function6–8. Importantly, integrins are mechanotransducers1, 4. Dysfunction of cell-matrix 

adhesion in both animal models and human diseases is implicated in the pathogenesis of 

cardiomyopathy and heart failure7, 8. In mice, global deletion of the integrin β1 results in 

lethality shortly after implantation9, 10, while loss of β1 function in the cardiac myocyte 

(CM) leads to dilated cardiomyopathy7. Similar to integrin β1, global ablation of integrin-

linked kinase (ILK), a critical component of the integrin-associated complex, results in 

murine lethality around the time of implantation11. In addition, CM-specific ablation of ILK 

results in disruption of the FA complex, leading to dilated cardiomyopathy and heart 

failure8. Mutations in ILK have also been found to be associated with human dilated 

cardiomyopathy12. Taken together, these findings suggest that integrins and their associated 

partners are critical for normal cardiac muscle function.

Kindlins are a family of adaptor proteins that are essential components of the integrin 

adhesion complex13–17. The Kindlin family consists of three isoforms (Kindlin-1, -2, and 

-3), which show tissue-specific expression patterns14, 16, 18. Only Kindlin-2, also known as 

Mig-2, is reported to be expressed in cardiac tissue3, 16. The structural hallmark of Kindlins 

is the evolutionary conserved FERM (four point one ezrin radixin moesin) domain, which 

has been shown to associate with the integrin β cytoplasmic tail, and in some cell types to 

promote integrin activation14, 19–23. Kindlin-2 is also an interacting partner of ILK24. In the 

absence of Kindlins, the conformational shift of integrins from the low- to high-affinity state 

does not occur, providing compelling evidence that Kindlins are essential regulators of 

integrin function13, 25, 26. Furthermore, global deficiency of Kindlin-2 in mice is peri-

implantation lethal, likely because of defective integrin function and failed endodermal and 

epiblast attachment3, 13. Further, loss of the Caenorhabditis elegans (C. elegans) Kindlin-2 

homolog, UNC-112, also results in embryonic lethality caused by integrin dysfunction 

leading to defects in muscle attachments15, 27. Interestingly, Kindlin-2 knockdown in Danio 
rerio leads to abnormalities in cardiac structure and function3. Together, these reports 

suggest an essential requirement for mammalian Kindlin-2 in integrin function and normal 

myocardium structure and function.

To begin to investigate the precise role of Kindlin-2 in the mammalian heart, we generated 

CM-specific knockout mice by conditionally deleting Kindlin-2 in developing, late 
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gestational, or adult myocardium. Analysis of these mouse models revealed that loss of 

Kindlin-2 at late gestation or in adult myocardium leads to heart failure and premature death. 

Lethality was associated with enlargement of the heart and extensive fibrosis, with 

significant downregulation of integrin β1D protein expression. These results suggest that 

Kindlin-2 is essential for adult cardiac function, and is a key mediator of integrin β1D 

protein stability in the myocardium.

Methods

Animal models

The generation of kindlin-2 floxed (f) mice has been described previously28. To generate 

CM-specific Kindlin-2 KO mice, floxed mice were crossed to alpha (α)-myosin heavy chain 

(MHC)-Cre29 mice, beta (β)-MHC-Cre mice30, or α-MHC-MerCreMer transgenic mice31 to 

create Kindlin-2f/f; α-MHC-Cre KO mice, Kindlin-2f/f; β-MHC-Cre KO (cKO) mice, and 

Kindlin-2f/f; α-MHC-MerCreMer (IcKO) mice, respectively. All mice were of a mixed 

129/SvJ and Black Swiss background. The control (Ctrl or KN2f/f) and KO (cKO or IcKO) 

mice used in the study were age and as analyzed, gender matched. Genotyping of mice was 

confirmed by PCR analysis using mouse tail DNA and kindlin-2 primers (forward: 5′-
TGTGTTTCAAAGGTACTGGTCA-3′; reverse: 5′-ACAATGGTGCTTTGCCTACA-3′), 

and Cre primers (forward: 5′-TGTGTTTCAAAGGTACTGGTCA-3′; reverse, 5′-

ACAATGGTGCTTTGCCTACA-3′). All procedures were performed in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional 

Animal Care and Use Committee at the University of California, San Diego.

Tamoxifen induction

4-hydroxytamoxifen (4OH-TAM, Sigma) was dissolved in sesame oil (Sigma) at a 

concentration of 10 mg/mL. Adult (2 month old) Kindlin-2f/f and Kindlin-2f/f; α-MHC-

MerCreMer mice were treated with 4OH-TAM by intraperitoneal injection once daily for 5 

days at a dose of 30 mg/kg body weight. As a control, sesame oil alone was injected in the 

same way.

Protein isolation and western blot analysis

Protein isolation and western blot analysis were performed as described in our previous 

publication32. Briefly, total protein extracts were prepared by suspending ground heart tissue 

or isolated CMs in RIPA/Triple Detergent Lysis Buffer (50 mM Tris, 10 mM EDTA, 150 

mM NaCl, 0.25% Deoxycholic acid, 0.1% SDS, 2% NP-40 substitute, 0.01% Sodium 

azide). Concentration of the protein samples was determined by Bradford dye-binding 

protein assay (BioRad). Protein lysates were separated on 4–12% SDS-PAGE gels (Life 

Technologies) and transferred on to Nitrocellulose membrane (Biorad) at 4°C at a constant 

voltage of 55V in transfer buffer (25 mM Tris, 190 mM Glycine, 20% Methanol, pH 8.3). 

After blocking for 1–2 hours in Tris Buffered Saline containing 0.1% Tween 20 and 5% non-

fat dry milk, membranes were incubated overnight at 4°C with the indicated primary 

antibody in blocking buffer. Blots were washed and incubated with horseradish peroxidase-

conjugated secondary antibody for 1 hour at room temperature. Immunoreactive protein 

bands were visualized using enhanced chemiluminescence reagent (Thermo), analyzed by 
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densitometry, and expressed as pixel density normalized to GAPDH. Primary antibodies: 

Kindlin-2 (1:1000, Sigma), Integrin β1D33 (1:5000), ILK (1:2000, Sigma), Talin 134, 35 

(1:1000), Talin 234, 35 (1:100), Vinculin (1:2000, Sigma), Pan-Cadherin (1:2000, Sigma), N-

Cadherin (1:1000, Sigma), α-Catenin (1:1000, Sigma), β-Catenin (1:1000, Sigma), 

Plakoglobin (1:1000, Santa Cruz), Connexin 43 (1:5000, Sigma), Desmoglein (1:1000, 

Fitzgerald), GAPDH (1:4000, Santa Cruz). Secondary antibodies: Anti-Mouse (1:4000, 

Dako), Anti-Rabbit (1:4000, Dako), Anti-Goat (1:4000, Dako).

Histology

Following isolation, mouse hearts were quickly rinsed with phosphate buffered saline (PBS), 

and fixed in formalin for 24 hours. Hearts were subsequently dehydrated in 70% ethanol, 

embedded in paraffin, and coronally sectioned (10 µm). Sections were stained with 

Masson’s Trichrome or Hematoxylin and Eosin as previously described36–38, mounted and 

imaged using a NanoZoomer 2.0HT Slide Scanning System (Hamamatsu).

Echocardiography

Echocardiography was performed as previously described32. Briefly, mice were anesthetized 

with 1% isoflurane via a nose cone mask and underwent echocardiography using 

VisualSonics, SonoSite FUJIFILM, Vevo 2100 ultrasound system with a linear transducer 

32–55 MHz. Percentage fractional shortening (%FS) was used as an indicator of systolic 

cardiac function. Measurements of end-diastolic left ventricular internal diameter (LVIDd), 

end-systolic left ventricular internal diameter (LVIDs), interventricular septal thickness 

(IVSd), and LV posterior wall thickness (LVPWd) were determined from the LV M-mode 

tracing.

Quantitative RT-PCR

Total RNA was extracted from whole heart tissue using Trizol reagent (Life Technologies) 

according to the manufacturer’s instructions. cDNA was synthesized using MMLV Reverse 

Transcriptase (Bio-Rad). Primer sequences for qRT-PCR are listed in Supplementary Table 

1. RT-PCR reactions were performed using Sso-Fast EvaGreen Real Time PCR (Bio-Rad) 

master mix in 96-well low profile PCR plates in the CFX96 Biorad Thermocycler.

Immunocytochemistry

Isolated CMs were fixed in acetone at −20°C for 5 minutes. After permeabilization with 

wash buffer (PBS with 0.2% TX-100), CMs were blocked in blocking solution (PBS with 

5% normal donkey serum, 1% BSA, 0.2% TX-100) for 1 hour at room temperature, then 

incubated overnight with the indicated primary antibody in blocking buffer in a humidified 

chamber at 4°C. Cells were rinsed in wash buffer and incubated at room temperature with 

fluorescently-conjugated secondary antibodies and DAPI, diluted in blocking buffer for 1 

hour. Cells were rinsed again in wash buffer and mounted in mounting buffer (Dako). 

Confocal microscopy was performed using an Olympus FluoView™ FV1000 confocal 

microscope. Primary antibodies: Kindlin-2 (1:150, Sigma), α-Actinin (1:200, Sigma), 

Vinculin (1:200, Sigma).
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Statistical analysis

Numerical data are expressed as mean ± standard deviation (SD) or standard error of the 

mean (SEM). Statistical analysis was performed using Prism 6.0 software (GraphPad 

Software, La Jolla, CA). Differences between groups were analyzed by two-tailed Student’s 

t-test or two-way analysis of variance (ANOVA), and P-values <0.05 were considered 

significant. Where appropriate, post-hoc analysis utilizing the Bonferroni or Tukey 

correction method was used to define statistical significance when analyzing multiple time 

points and groups.

Results

Loss of Kindlin-2 in the heart leads to cardiomyopathy and premature death

Global genetic deficiency of Kindlin-2 results in embryonic lethality3, 13. Although 

ubiquitously expressed18, Kindlin-2 is most abundantly expressed in cardiac and skeletal 

muscle3, 16. To investigate the potential role of Kindlin-2 in the mammalian heart, we 

generated CM-specific knockout (KO) mice by conditionally deleting Kindlin-2 in 

developing CMs at around embryonic day (E) 8.0, by crossing Kindlin-2f/f mice28 with the 

α-MHC-Cre mouse line29. No viable Kindlin-2f/f-Cre positive mice were obtained at birth, 

indicating that KO of Kindlin-2 in early embryogenesis as a result of α-MHC-driven Cre 

expression, results in embryonic lethality (data not shown).

Given this result, we next crossed the Kindlin-2f/f mice28 with transgenic β-MHC-Cre 

mice30, since Cre-mediated DNA recombination effected by this promoter does not begin 

until E12.5 in CMs39. At this time point, gene excision only occurs with low efficiency, 

while high efficiency starts at E17.539. Kindlin-2f/f; β-MHC-Cre mice (referred to as cKO 

mice hereafter) were born at expected Mendelian ratios and appeared morphologically 

normal at birth. Kindlin-2 protein expression was not significantly different at postnatal day 

(P) 0 or 7 in cKO hearts, compared with Cre-negative Kindlin-2f/f (control) hearts, yet by 

P14, a significant reduction was evident in cKO hearts (Figure 1A–B). Over time, cKO mice 

exhibited progressive signs of heart failure with some gender variance (Figure 1C). Males 

began to die at 42 weeks (W) of age, while the majority of female cKO mice (78%) had died 

by 52W compared to 100% survival of control littermates. Only 29% of cKO mice survived 

past (13 months (M)) compared to 91% of control littermates (Figure 1C), indicating the 

essential role of Kindlin-2 in the CM.

When we evaluated mice at 7M, there were no morphological, histological, or heart weight: 

body weight ratio (HW/BW) differences evident between cKO and control littermates 

(Figure 1D–E). Yet consistent with the survival curves, when live cKO were evaluated at 

13M, morphological analysis revealed a marked enlargement of the heart (Figure 1D). 

HW/BW was significantly increased from 3.84±0.23 in control to 5.99±0.18 in cKO mice at 

13M (Figure 1E), with no difference observed in body weight (data not shown). Histological 

analysis at this time point revealed enlargement of the left ventricular chamber with 

extensive fibrosis (Figure 1D). Accordingly, the fibrotic genes, collagen α1 types I and III, 

were significantly increased in 13M cKO mice (Figure 1F), as were the cardiac fetal gene 
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markers, atrial natriuretic factor (ANF) and B-type natriuretic peptide (BNP) (Figure 1F), 

consistent with molecular evidence of cardiac remodeling40.

Loss of Kindlin-2 leads to progressive heart failure

Given these morphological findings, we next evaluated the cardiac function of cKO and 

control mice from 7 to 13 months of age by echocardiography (Figure 2). Loss of Kindlin-2 

resulted in a significant decrease in LV systolic function (fractional shortening (%FS)) 

beginning at 10M and progressing at 13M in those male survivors (Figure 2A). Interestingly, 

though trends were also noted for decreased function in female cKO mice at 10M and 13M 

vs. control, only dysfunction at 10M reached statistical significance. Accompanying the 

functional changes was evidence of LV chamber dilation in male mice, with dilation also 

seen in females at 10M, but no significant change at 13M, likely because of the small 

number of surviving female cKO mice (Figure 2B–C). Consistent with our histological 

observations (Figure 1D), end-diastolic interventricular septal thickness (IVSd) and LV 

posterior wall thickness (LVPWd) remained unchanged in both male and female cKO hearts 

(Figure 2D–E).

Loss of Kindlin-2 in the heart results in decreased protein level of integrin β1D

Since Kindlin-2 is an integrin-interacting protein that binds to the integrin β cytoplasmic tail 

to promote integrin activation19–21, 23, 41, and since expression of UNC-112, the C. elegans 
homolog of mammalian Kindlin-2, is necessary for organization of β integrin homologs in 

the muscle cell membrane and for proper muscle attachment15, 27, we next investigated how 

loss of Kindlin-2 in CMs might affect integrin expression or function. First we determined 

the localization of Kindlin-2, by performing immunomicroscopy of CMs isolated from 

control mouse hearts (Supplementary Figure 1A), owing to lack of antibodies specific to 

Kindlin-2 for immunofluorescence studies on cardiac sections. Our results revealed that, 

Kindlin-2, like Vinculin, is localized at costameres. Unlike Vinculin however, Kindlin-2 

could not be detected at intercalated discs, nor did it co-localize with sarcomeric α-Actinin 

in isolated adult CMs. This result is in contrast with previous studies, which report that 

Kindlin-2 also localizes at intercalated discs3, and the Z-line41. We then proceeded to 

perform Western blot analyses of an array of proteins in heart tissue, concentrating on 

components of the integrin complex, adherens and gap junction, as well as the desmosome 

(Figure 3A and Supplementary Figure 1B–C). Interestingly, the protein expression level of 

integrin β1D, the β1 integrin isoform dominantly expressed in striated muscle, was 

significantly reduced in Kindlin-2 cKO hearts beginning at age 3M (Figure 3A–B). Integrin 

β1D mRNA levels remained unchanged even when evaluated up to 13M of age (Figure 3C).

In addition, we specifically evaluated CM protein samples isolated from 5M cKO hearts. 

This result showed a significant decrease in integrin-linked kinase (ILK) (Figure 3D–E), 

another Kindlin-2 interacting partner24 and critical regulator of cardiac function42. These 

data suggest that Kindlin-2 is essential to maintain the protein stability of integrin β1D and 

ILK, which is required for adult cardiac function. Of interest, expression of other integrin-

binding proteins, Talin 1 and 2, did not significantly differ between cKO and control 

hearts/CMs (Figure 3D–E and Supplementary Figure 1B–C). β-Catenin and the gap junction 

protein Connexin 43 were significantly decreased due to loss of Kindlin-2 at 13M. However, 
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all other proteins analyzed showed no difference between control and cKO hearts 

(Supplementary Figure 1B–C).

Deletion of cardiac Kindlin-2 in adulthood leads to cardiomyopathy and premature death 
similarly to early loss of Kindlin-2 in the heart

Our study to this point focused on using the β-MHC Cre30 transgene to excise the Kindlin-2 

floxed allele. Cre expression from β-MHC Cre starts at E12.539. Therefore to exclude the 

possibility that adult cardiac dysfunction in cKO mice was due to the effect of decreased 

Kindlin-2 in the developing myocardium, we further generated an inducible CM-specific KO 

mouse strain so that Kindlin-2 protein reduction would not occur until adult CMs had fully 

matured. For this, Kindlin-2f/f mice28 were crossed with α-MHC-MerCreMer transgenic 

mice31 and tamoxifen treated at 2 months of age. These inducible Kindlin-2 KO mice are 

hereafter referred to as IcKO mice. Three months after tamoxifen injection for 5 consecutive 

days, expression of Kindlin-2 protein in IcKO mouse hearts was almost totally abolished 

when compared with control mice in which either 1) the Kindlin-2f/f line (without Cre) was 

also similarly injected with tamoxifen, or 2) Kindlin-2f/f and Kindlin-2f/f; α-MHC-

MerCreMer mice were injected with the diluent sesame oil (Figure 4A–B). As we saw loss 

of Kindlin-2 in the IcKO mice, reduction in integrin β1D protein was likewise found (Figure 

4A–B), confirming that Kindlin-2 is required to maintain stability of integrin β1D in the 

mature CM.

IcKO mice began to die at 40 weeks of age (Figure 4C), with only 33% surviving past 13M. 

Consistent with the Kindlin-2 cKO mouse, histology (Figure 4D) and echocardiography 

(Figure 4E) confirmed significant enlargement of the 13M IcKO mouse hearts, compared 

with all control groups. Histological observations of surviving 13M IcKO mice showed 

enlargement of the LV chamber size, which was also evident by echocardiography (LVIDd 

and LVIDs) (Figure 4D–E). Extensive fibrosis was also evident (Figure 4D). More 

importantly, the changes in cardiac dimensions in IcKO mice were accompanied by a 

significant decrease in fractional shortening when compared with controls (Figure 4E). 

Collectively, the data obtained from the IcKO mice, show that whether Kindlin-2 gene 

excision is initiated in late embryogenesis or in the mature adult CM, Kindlin-2 is found to 

be essential for the preservation of normal adult cardiac structure and function.

Discussion

Kindlin-2 is an integrin-interacting protein14, 19–23, and is the Kindlin isoform abundantly 

expressed in cardiac and skeletal muscle3, 16. Previous studies, in a number of model 

organisms, have demonstrated that global ablation of Kindlin-2 results in embryonic 

lethality caused by abrogated integrin function and associated attachment defects3, 13, 15, 27. 

To investigate the role of Kindlin-2 in the mammalian heart, we generated CM-specific KO 

mice by conditionally deleting Kindlin-2 in either developing or adult CMs. Kindlin-2f/f; β-

MHC-Cre (cKO) mice developed cardiomyopathy and died prematurely with cardiac 

dysfunction associated with enlargement of the heart and extensive myocardial fibrosis. 

Similar observations were made in an inducible CM-specific KO mouse strain, Kindlin-2f/f; 

α-MHC-MerCreMer (IcKO). Thus, ablation of Kindlin-2, either in perinatal or adult CMs, 
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results in cardiac dysfunction and premature death, indicating an essential role for Kindlin-2 

in cardiac function.

Previous studies showed that Kindlin-2 is localized at the Z-line where it interacts with α-

Actinin41, and at the intercalated disc where it has been proposed to be critical for the 

establishment of myofibrillar attachments in cardiac and skeletal muscle3. In contrast to 

these observations, we only detected Kindlin-2 in the costamere of adult isolated CMs. 

Positive detection of Vinculin at the intercalated disc ruled out the possibility that isolation 

and staining of single CMs disrupted the structure and therefore localization of Kindlin-2.

Localization of Kindlin-2 at the costamere supports its role as an integrin-interacting protein. 

Aberrations in Kindlin-2 expression or activity may therefore potentially contribute to the 

pathogenesis of cardiomyopathy via Kindlin-2 interaction with integrins, or modulation of 

their signaling and mechanotransductive properties7, 43, 44. Kindlin-2 has previously been 

shown to bind to the integrin β cytoplasmic tail and promote integrin 

activation13, 19–21, 23, 41, 45. In this study, we provide further evidence that Kindlin-2 is 

essential for integrin function by regulating integrin β1D protein expression levels in adult 

CMs. Loss of Kindlin-2 from CMs resulted in a dramatic decrease in the level of integrin 

β1D protein, but not mRNA. In support of our findings, ablation of β1D in CMs results in 

cardiomyopathy and premature death7 similar to the phenotypes observed in our cKO and 

IcKO Kindlin-2 mutant mice. While there are reports showing that both Talin and Kindlin 

are required for integrin activation13, 45, 46, in myoblasts and mammary epithelial cells, 

activation of β1 integrins can proceed in the absence of Talin47, 48. In this study, we found 

that despite the continued normal expression of both Talin 1 and 2, loss of Kindlin-2 protein 

still resulted in cardiac dysfunction. In addition to inside-out signaling, characterized by the 

conformational shift of integrins from the inactive (low affinity) to active (high affinity) 

state14, 45, Kindlin-2 therefore could also function as an essential adaptor protein in outside-

in signaling in the CM. Kindlin-2 recruits ILK24, which binds to the cytoplasmic tail of β 
integrins, thus linking cell-ECM interactions to signals regulating cytoskeletal remodeling 

and cellular processes including growth, proliferation, survival, and differentiation49, 50. 

Here, we found that loss of Kindlin-2 from CMs resulted in a dramatic decrease in the level 

of ILK. CM ablation of ILK in the murine heart causes early onset of dilated 

cardiomyopathy, as well as spontaneous heart failure8, consistent with the results we present 

here.

In summary, our data demonstrate that in the mammalian heart, Kindlin-2 is localized to the 

costamere, and is essential for adult myocardial function. Loss of Kindlin-2 from the CM 

leads to downregulation of integrin β1D, and results in premature death from cardiac 

dysfunction. Thus, future strategies for manipulation of Kindlin-2 activity may be useful in 

promoting beneficial cardiac remodeling and repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

Interaction of cardiac myocytes (CMs) with the extracellular matrix (ECM) is of 

fundamental importance to normal heart development and postnatal function of the 

myocardium. Integrins are transmembrane receptors that link the ECM with the 

cytoskeleton and together with a complex of integrin-associated proteins, form the focal 

adhesion (FA) complex. In the cardiac myocyte, an equivalent structure to the FA is the 

costamere, which plays essential roles in preservation of myocyte structure and function. 

Multiple costameric proteins play important roles in the pathogenesis of human 

cardiomyopathy. Kindlins are a family of three adaptor proteins that are essential 

components of the integrin adhesion complex. Kindlin-2 is the only reported isoform to 

be expressed in cardiac tissue. It binds to the β integrin cytoplasmic tails to promote 

integrin activation. Global deficiency of Kindlin-2 in mice causes peri-implantation 

lethality, likely because of defective integrin function, with resultant failure of 

endodermal and epiblast attachment. Kindlin-2 knockdown in zebrafish leads to 

abnormalities in cardiac structure and function. Together, these reports suggest that 

Kindlin-2 plays an essential requirement for mammalian integrin function, along with 

normal myocardial structure and function. In this study we demonstrate that Kindlin-2 in 

the mammalian heart is localized to the costamere and is essential for adult myocardial 

function. Loss of Kindlin-2 specifically from the adult CM leads to reduced expression of 

the muscle-dominant integrin β1D protein, and results in premature death from cardiac 

dysfunction. Thus, we would propose that defects in Kindlin-2 protein function could be 

considered as potentially causal of human heart failure, and future strategies for 

manipulation of Kindlin-2 expression or activity may be useful for promoting beneficial 

cardiac remodeling and repair.
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Figure 1. Loss of Kindlin-2 in the heart results in postnatal lethality
(A) Western blot and (B) corresponding quantitative densitometric analysis of Kindlin-2 in 

control (Ctrl) and Kindlin-2f/f; β-MHC Cre knockout (cKO) mouse hearts at postnatal day 

(P) 0, 7 and 14. GAPDH served as a loading control. Kindlin-2 pixel density is normalized 

to the level of GAPDH (*P<0.05, two-tailed Student’s t-test). A representative example of at 

least two independent experiments is shown (n=2 per genotype/experiment). (C) Kaplan-

Meier survival curves of male (top) and female (bottom) Ctrl and cKO mice. Male and 

female cKO mice die between 42–55 and 45–52 weeks, respectively. (D) Macroscopic cross-
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sectional views of Hematoxylin and Eosin- and Masson’s Trichrome-stained hearts isolated 

from Ctrl and cKO mice, at 7 and 13 months (scale bar: 2 mm). Representative high 

magnification views are shown below each corresponding whole heart section (scale bar: 

100 µm) (n=2–3 per genotype). (E) Heart weight to body weight ratio (HW/BW) of Ctrl 

versus cKO mice at 7 and 13 months (M) (***P<0.001, two-tailed Student’s t-test). (F) qRT-

PCR analysis of indicated genes in Ctrl and cKO mouse hearts, at 7 (left) and 13 (right) 

months. Data is normalized to corresponding 18S levels, and cKO is expressed as fold 

change versus Ctrl (*P<0.05; **P<0.01, two-tailed Student’s t-test). Col1α1, collagen alpha 

1 type I; Col3α1, collagen alpha1 type III; ANF, atrial natriuretic factor; BNP, B-type 

natriuretic peptide.
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Figure 2. Loss of Kindlin-2 leads to progressive heart failure
Echocardiographic analysis of (A) fractional shortening (FS); (B) left ventricle internal 

diameter, diastole (LVIDd); (C) left ventricle internal diameter, systole (LVIDs); (D) 

interventricular septum diameter (IVSd); and (E) LV posterior wall, diastole (LVPWd), in 

male (left) and female (right) control (Ctrl) and Kindlin-2f/f; β-MHC Cre knockout (cKO) 

mice at 7, 10, and 13 months (*P<0.05, **P<0.01, ***P<0.001, two-way ANOVA 

(Bonferroni post-hoc analysis); n=noted in each bar).
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Figure 3. Loss of Kindlin-2 in the heart results in decreased protein levels of integrin β1D
(A) Western blot and (B) corresponding quantitative densitometric analysis of Kindlin-2 

(KN2) and integrin β1D (β1D) in control (Ctrl) and Kindlin-2f/f; β-MHC Cre knockout 

(cKO) mouse hearts at postnatal day (P) 21, and 3, 7, and 13 months. GAPDH served as a 

loading control. KN2 and β1D pixel density is normalized to the level of GAPDH (*P<0.05; 

**P<0.01, two-tailed Student’s t-test). A representative example of at least two independent 

experiments is shown (n=2 per genotype/experiment). (C) qRT-PCR analysis of integrin β1D 
in Ctrl and cKO mouse hearts, at 7 and 13 months. Data is normalized to corresponding 18S 
levels, and cKO is expressed as fold change versus Ctrl (n=noted in each bar). (D) Western 

blot and (E) corresponding quantitative densitometric analysis of Kindlin-2, integrin-linked 

kinase (ILK), Talin 1, and Talin 2 in isolated cardiomyocytes from 5 month old Ctrl and 

cKO mice. GAPDH served as a loading control. Pixel density is normalized to the level of 

GAPDH (*P<0.05; **P<0.01, two-tailed Student’s t-test). A representative example of at 

least two independent experiments is shown (n=2 per genotype/experiment).
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Figure 4. Inducible cardiac-specific deletion of Kindlin-2 in adult cardiomyocytes mimics early 
loss of Kindlin-2 in the heart
(A) Western blot and (B) corresponding quantitative densitometric analysis of Kindlin-2 

(KN2) and integrin β1D in the heart of KN2f/f αMHC-MerCreMer mice 3 months after 

injection with tamoxifen (KN2f/f Cre). KN2f/f mice injected with tamoxifen, and KN2f/f and 

KN2f/f Cre mice injected with oil served as littermate controls. GAPDH served as a loading 

control. Kindlin-2 and integrin β1D pixel density is normalized to the level of GAPDH 

(*P<0.05, two-tailed Student’s t-test). A representative example of at least two independent 

experiments is shown (n=2 per genotype/experiment). (C) Kaplan-Meier survival curves of 
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KN2f/f and KN2f/f Cre mice injected with oil or tamoxifen (Tam) show that Tam-treated 

KN2f/f Cre mice die between 40–56 weeks. (D) Macroscopic cross-sectional views of 

Hematoxylin and Eosin- and Masson’s Trichrome-stained hearts isolated from KN2f/f and 

KN2f/f Cre mice, 13 months following injection with oil or tamoxifen (scale bar: 2 mm). 

Representative high magnification views are shown below each corresponding whole heart 

section (scale bar: 100 µm) (n=2–3 per genotype). (E) Echocardiographic analysis of 

fractional shortening (FS); left ventricle internal diameter, diastole (LVIDd); LVID, systole 

(LVIDs); interventricular septum diameter (IVSd); and LV posterior wall, diastole (LVPWd), 

in KN2f/f and KN2f/f Cre mice, 4, 7, 11, and 13 months following injection with oil or 

tamoxifen (**P<0.01, ***P<0.001, ****P<0.0001, two-way ANOVA (Tukey post-hoc 

analysis); n=noted in each bar).
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