UC San Diego
UC San Diego Previously Published Works

Title
Talin and Kindlin as Integrin-Activating Proteins: Focus on the Heart

Permalink
https://escholarship.org/uc/item/0bs270tf

Journal
Pediatric Cardiology, 40(7)

ISSN
0172-0643

Authors

Chen, Chao
Manso, Ana Maria
Ross, Robert S

Publication Date
2019-10-01

DOI
10.1007/s00246-019-02167-3

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0bs270tf
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pediatr Cardiol. Author manuscript; available in PMC 2020 October 27.

-, HHS Public Access
«

Published in final edited form as:
Pediatr Cardiol. 2019 October ; 40(7): 1401-1409. doi:10.1007/s00246-019-02167-3.

Talin and Kindlin as Integrin—Activating Proteins: Focus on the
Heart

Chao Chenl2, Ana Maria Mansol:2, Robert S. Ross1:2:3
1Department of Medicine/Cardiology, UCSD School of Medicine, La Jolla, CA 92093, USA

2Department of Medicine/Cardiology, Veterans Administration Healthcare, San Diego, CA 92161,
USA

SUniversity of California, San Diego, Biomedical Research Facility 2, Room 2A-17, 9500 Gilman
Drive #0613-C, La Jolla, CA 92093-0613, USA

Abstract

Integrin receptors enable cells to sense and respond to their chemical and physical environment.
As a class of membrane receptors, they provide a dynamic, tightly regulated link between the
extracellular matrix or cellular counter-receptors and intracellular cytoskeletal and signaling
networks. They enable transmission of mechanical force across the plasma membrane, and
particularly for cardiomyocytes, may sense the mechanical load placed on cells. Talins and
Kindlins are two families of FERM—domain proteins which bind the cytoplasmic tail of integrins,
recruit cytoskeletal and signaling proteins involved in mechano-transduction, and those which
synergize to activate integrins, allowing the integrins to physically change and bind to extracellular
ligands. In this review, we will discuss the roles of talin and kindlin, particularly as integrin
activators, with a focus on cardiac myocytes.
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Introduction to Integrin Biology with a Focus on Heart

Integrins are heterodimeric, transmembrane glycoprotein receptors capable of bidirectionally
transmitting signals between the intracellular and extracellular environments. Integrins are
expressed on almost all cells and are composed of a and B subunits. Mammals express
greater than 18 a and 8 f integrin subunits, which heterodimerize to form 24 receptors. The
different integrin heterodimers bind to varied ligands such as laminin, collagen, fibrinogen,
tenascin-C, and cadherin. In the cardiomyocyte (CM), the integrin heterodimers most highly
expressed are a1lpl, a5p1, and a7p1 which are predominantly collagen (Col)-, fibronectin
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(FN)-, and laminin (LN)-binding receptors, respectively. In addition, a6, a9, and a 10 are
detected in myocytes. B1 is the dominant B integrin subunit, but B3 and g5 subunits have
also been studied in heart [1-3]. In addition, differentially spliced isoforms of the 1 integrin
subunit are expressed in embryonic (B1A) versus adult cardiomyocytes (B1D). The B1A
versus B1D isoforms are characterized by specific amino acid sequences in their cytoplasmic
domains, which provide them with distinct, isoform-specific interactive properties with
cytoskeletal and signaling molecules [4].

Integrin subunits range in size from 80 to 180 KDa molecular weight. They generally consist
of a large extracellular domain, a single transmembrane spanning domain, and a short
cytoplasmic tail. The extracellular domains of the integrins specifically bind in a cation-
dependent manner to extracellular matrix (ECM) proteins (e.g., collagens, fibronectin, and
laminins) or to counter-receptors, such as Vascular Cell Adhesion Molecule (VCAM),
Intercellular Adhesion Molecule (ICAM), or cadherins, on adjacent cells. Their short
cytoplasmic tails link to cytoskeletal elements, adaptors, and signaling proteins inside the
cell via bridging proteins, such as a-actinin, talin, paxillin, and vinculin-metavinculin [5].

In brief, the extracellular domain of the a subunit consists of a B-propeller, thigh, calf-1 and
calf-2 domains [6]. In addition, a subset of a subunits such as a1, a2, a10, and a11 also
has I/A domains within the p-propeller [6]. The I/A domain contains a metal ion-dependent
adhesion site (MIDAS) that acts as a ligand-binding site, where Mn?*, Ca2*, and Mg2* can
be found [7]. In contrast, the extracellular domain of the B subunit consists of an I/A
domain, an immunoglobulin-like hybrid domain, a plexin—semaphorin—integrin (PSI)
domain, four EGF-like repeats (EGF1-4) and a p-tail domain. For those a subunits that do
not have an I/A domain, the I/A domain located on the 8 subunit serves as the ligand-
binding site instead, after forming a complex with the g-propeller on the a. subunit. The I/A
domain found in the inactivated integrin is protected, but with activation of the integrin
subunit, physical changes occur that expose the I/A domain and enable it to bind to different
ligands.

Integrin-adhesive interactions permit transmission of mechanical signals into and out of the
cell, and enable conversion of the mechanical information into chemical signals. This
information is crucial for a great many processes including embryonic development, tissue
maintenance and repair, host defense, and hemostasis [2, 8, 9]. To directly evaluate integrin
function in the intact organism, work in our lab along with others has used a floxed p1
integrin mouse. The B1 integrin gene was specifically excised in CMs at different
developmental stages, by crossing these floxed mice with a variety of cardiomyocyte-
specific Cre mice. In early cardiogenesis, Nkx2.5-Cre-mediated excision led to perturbation
of ventricular compaction, along with reduction of CM proliferation, a smaller ventricle with
severe fibrosis, and 50% lethality of mutants by weaning. When B1 integrin protein was
reduced in CMs soon after birth by means of a constitutively active Cre-recombinase driven
by the endogenous myosin light chain (MLC)-2 ventricular (v) promoter, progressive
myocardial fibrosis and development of a dilated cardiomyopathy (DCM) were found. These
mice were also intolerant of hemodynamic loading and had increased damage after
challenge by ischemia/reperfusion [10, 11]. Conversely, when a dominant cardiomyocyte
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integrin, the laminin-binding a7p1D, was overexpressed in myocytes, the heart was
protected from ischemia/reperfusion injury [10].

Integrin Activation

Talin

Signals transmitted by integrins from outside to inside the cell regulate cell survival,
proliferation, and cell fate. Conversely, intracellular cues can modulate the affinity of
integrins for their extracellular ligands a process operationally defined as integrin activation
or ‘inside—out’ signaling [10, 11].

Integrins exist in low and high affinity states. On the basis of structural studies, it has been
shown that integrins are in a low-affinity state when their extracellular domains are in a bent
conformation, and in a high-affinity state when those domains are extended, i.e., allowing
the integrin to be in the “activated” state. These conformational changes which allow for
integrin activation have been the discussed in great detail in several excellent recent reviews
[12-18] and thus a discussion of this topic will not be included here (Fig. 1). In brief, as
mentioned above, upon initiation of integrin activation, the ligand-binding site on the I/A
domain which is normally hidden in the inactivated state, is exposed to the surrounding
environment for ligand binding [19]. The two most significant intracellular activators of
integrin are talin [20-22] and kindlin proteins [23-25], which both regulate integrin
activation by binding the tails of integrin B subunits. In this review we will mainly focus on
the function of talin and kindlin, and specifically their role in heart.

Talin regulates integrin affinity and provides a mechanical link between integrins and the
actin cytoskeleton. In vertebrates, there are two forms of talin: talinl and talin2. Talinl is
expressed in virtually all cell types, while talin2 is found primarily in the brain, as well as
skeletal and cardiac muscles [26, 27].

Talin protein is composed of an amino terminal 50-kDa head domain followed by a 220-kDa
rod domain [28, 29]. The talin head contains a three-lobed, FERM (4.1, ezrin, radixin, and
moesin) domain. Uniquely, the FERM domain is preceded by an FO domain which is
required for activation of B1 integrin [30], and followed by a 33-amino acid stretch. A
phosphotyrosine-binding (PTB) domain in the third lobe of the talin FERM region directly
binds to the membraneproximal NPxY maotif (the canonical PTB domain-binding site) on
the B integrin cytoplasmic tail [22, 31]. The talin rod/ tail is composed of a series of helical
bundles and contains the major binding sites for actin and vinculin, which are key
components of the cytoskeleton at focal adhesions. The talin tail domain can also self-
regulate its integrin-binding site on the head domain. Specifically, the C-terminal rod
domain of talin structurally interacts with talin head domain, and allosterically restrains talin
in a closed conformation. We will discuss additional information about talin regulation of
integrin activation in the next section.

Talins activate integrins by binding to the cytoplasmic tail of B integrin, via its FERM
domain. With this binding, the cytoplasmic tails of the a and  subunits are separated,
leading to a conformational change of the integrin receptor, enabling integrin activation [32].
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In addition, talin has been suggested to also function as a scaffolding protein, as its tail binds
to multiple integrin-associated proteins and the actin cytoskeleton, while its head binds to
integrins. With these activation events, integrins extend and bind to the ECM, triggering a
series of intracellular events, such as, cell motility [32, 33]. Hence, talin is widely
considered to be a potent integrin activator.

The large size of the entire talin molecule (* 2500 amino acids) makes experimental
procedures to investigate its function, such as cell transfection of full-length talin, quite
difficult. This is particularly noteworthy since the fulllength talin protein is required for
activating integrin molecules. Thus, this highlights that studies using genetically engineered
mice are one of the best experimental tools to examine talin function. Global talin1 knockout
(KO) mice display an embryonic lethal phenotype by embryonic day (E) 8.5 to E9.0 due to
gastrulation defects [34], indicating that although both fa/in genes encode for relatively
similar proteins (74% identical), talin2 cannot replace talin1 function in the entire embryo.
In contrast, global talin2 KO mice only develop a mild skeletal myopathy later in life
attributable to defects in myotendinous junction integrity, indicating that the two talin
isoforms have unique properties [1, 35].

In our lab, we used talin2 KO- and talin1-floxed mice to investigate the role of talin in heart.
Our laboratory showed that during embryogenesis, talinl and talin2 are both highly
expressed in mouse CMs. In adult mouse CMs, talinl protein expression becomes reduced,
and talin2 becomes the main talin form. With pressure overload (POL)-induced cardiac
hypertrophy in mice, talinl protein expression increases in CMs where it specifically
becomes localized to costameres, suggesting that it is involved in the adaptive mechanisms
triggered in the stressed heart. The role of talinl in the cardiac stress response was
confirmed by the generation and characterization of talinl CM-specific KO mice. The talinl
CM-specific KO mice showed normal basal cardiac structure and function, but after chronic
pressure overload had blunted hypertrophy, decreased fibrosis, and preserved cardiac
function, versus littermate controls. In addition, talin1 CM-specific KO mice showed
attenuated Akt, ERK1/2, and p38 activation after acute POL. These data show that normal
expression of talinl is not necessary to maintain basal cardiac structure and function in adult
heart. They also demonstrate that talinl is important in the response of cardiac muscle to
mechanical stress, perhaps suggesting that with less talinl, the CM is more compliant (our
unpublished work), and is therefore able to accommodate to mechanical stress better than
control CMs and hearts, which have a normal expression of talinl protein.

Interestingly, analysis of human heart samples showed an increase in talinl expression and
localization to the costameres in dilated cardiomyopathy (DCM) specimens, compared with
nonfailing heart samples. These human expression data agree with that found in mouse and
suggest that the role of talinl in the mouse cardiac stress response may also be applicable to
man. In support of this is a recent study that linked mutation of the mechanosensory protein
cardiac ankyrin repeat protein to human familial cardiomyopathy [36]. Interestingly, these
cardiac ankyrin repeat protein mutants lost binding to talinl. The fact that talin2 is the most
abundant talin isoform in adult CMs suggests that it may have a more important structural
role than talinl, supporting the connection between integrins and the sarcomeres at the
cardiac costameres.
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We also investigated the role of talin2 in the heart by evaluating talin2 KO mice. For this
purpose, we first studied cardiac structure and function in these talin mice. In the absence of
talin2, CM talinl was upregulated, and remarkably, normal cardiac structure and function
were maintained despite a 50% reduction in levels of 1D integrin, which connects to talin
protein.

Next, to fully clarify the role of talin in CM, we analyzed the effects of deleting both talinl
and talin2 proteins from CM, by means of a talin1flox/flox x a-myosin heavy chain (MHC)-
Cre/talin2KO mouse model [37]. Talin1cKO/talin2KO mice develop significant cardiac
chamber dilation beginning at 4 weeks of age that rapidly progresses to heart failure and
premature death beginning at 8 weeks, with 100% mortality by 6 months of age.
Concomitant with this, B1 integrin, as well as other proteins (e.g., vinculin), are lost from
costameres, and cell damage occurred likely due to loss of membrane integrity. CM-specific
overexpression of integrin transgenes could not rescue this phenotype in talinl/talin2-null
cells or in the intact mouse heart. Thus, talin protein is essential for proper 1D integrin
expression at the CM membrane for the preservation of costamere and cellular integrity, and
ultimately for normal myocardial function [38, 39].

To further investigate talin in adult CM, we also used another mouse model where we
produced inducible loss of all talin proteins from CMs, but only in the adult heart after
myocytes had fully matured with a normal amount of talin protein expression. For this
purpose, we used a talin1flox/flox x Mer-Cre-Mer MHC /talin2 KO mouse model [40, 41],
and found that severe heart dilation and fibrosis occurred along with reduction of 1D
integrin expression 8 weeks after tamoxifen injection (unpublished data from our lab). These
results further prove the essential role of talin protein in regulating the proper balance of
B1D integrin expression and degradation in CM. This data also suggested talin has vital
roles to maintain basal cardiac structure and function in adult heart. It is interesting to note
that recent work has demonstrated a role for talin as a molecular mechanosensor and
confirmed the importance of talin in providing an initial linkage from integrins to actin that
is important for stabilizing cell-ECM binding that is essential for preservation of tissue
architecture [42]. Ongoing studies are being performed in our laboratory to elucidate talin
function in cardiac development and other postnatal pathologies. One example is as shown
in Fig. 2, where our preliminary data show that embryonic deletion of both talin protein
forms in cardiac myocytes using the troponin-T Cre mouse that causes deletion beginning at
embryonic day (E) 7.5 [43] leads to embryonic lethality with talin knockout embryos at
embryonic day 11.5 displaying a thin-walled myocardium and myocardial rupture.

Kindlins are a family of adaptor proteins that are also essential components of the integrin
adhesion complex. Kindlin proteins play crucial roles in the integrin-signaling pathway by
directly interacting with and activating integrins, which mediate cell-extracellular matrix
adhesion and signaling. Mutations of kindlins lead to diseases, such as Kindler syndrome,
associated with skin blistering and atrophy; leukocyte adhesion deficiency; and cancers [23].
Our group along with our colleague Dr. Ju Chen has recently begun to study kindlin function
in the heart.
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There are three members of the kindlin family: Kindlinl, Kindlin2, and Kindlin3, which
show different subcellular localization and expression patterns. For instance, kindlinl is
expressed predominantly in epithelial cells, kindlin2 is ubiquitously expressed, and kindlin3
is expressed almost exclusively in hematopoietic cells such as leukocytes and macrophages.
Kindlin2, also known as Mig-2, is the only form expressed in cardiac myocytes. In this
review, we will focus on kindlin2, but first provide some general background on kindlin
proteins [25, 44].

The structural hallmark of kindlins is the evolutionary conserved FERM (4.1, ezrin, radixin,
moesin) domain, which is located at the C-terminus of kindlin and is made up of F1, F2, and
F3 subdomains [45], like that discussed for talin, described above. All kindlin isoforms bind
to the membrane-distal NxxY motif on the B subunit cytoplasmic tail of integrin via the F3
subdomain at the PTB site, resulting in a conformational change and activation of the
integrin receptor. Importantly, in contrast to talins, kindlins cannot directly alter the
conformation of the integrin transmembrane helix and fail to activate integrin alone. Kindlin
needs to have spatial coordination with the talin head domain, in order to support the
integrin activation mechanism [46]. 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 function [47]. Recently, Huadong et al.
determined crystal structures of kindlin2 in the unbound (apo)-form and the 1 and 3-
integrin bound forms. The apo-structure shows an overall architecture distinct from talins.
The complex-bound structures revealed a unique mode by which kindlins recognize
integrins, by combining two binding motifs to provide specificity essential for integrin
activation and signaling. Strikingly, this work uncovered an unexpected dimer formation of
kindlins. Interrupting dimer formation impaired kindlin-mediated integrin activation [23].
These findings provide data that illustrates a new mechanism for kindlin-mediated integrin
activation. Kindlin2 has also been shown to function as cytoskeletal linker molecule
involved with “outside—in” integrin signaling, like a number of integrin-binding proteins
such as ILK, Paxillin, and Kank2, as shown by methodologies such as proximity-dependent
biotinylation [48].

Most studies on kindlin have focused on its role in epithelial cells, leukocytes, and the
nervous system; however, the role of kindlin is also of great importance in heart. Genetic
deficiency of kindlin2 in mouse results in embryonic lethality [49]. Although ubiquitously
expressed, kindlin2 is the most abundantly expressed in cardiac and skeletal muscles. We
investigated the role of kindlin2 in heart development by generating a CM-specific KO
mouse model. Kindlin2 expression was deleted in developing CMs at approximately E8.0 by
crossing kindlin2-floxed mice (f/f) with the a MHC-Cre [37] or cardiac troponin-T (cTnT)
Cre [43] mouse models. For simplicity, we term these mice kindlin2 cKO. No viable
kindlin2 cKO mice were noted at birth, and embryonic lethality was noted by E11.5. In a
related model using kindlin 2-floxed mice, crossed with B-MHC Cre, DNA recombination
began at E12.5 in CMs, with low efficiency, with later high efficiency excision by E17.5
[50]. In this model, no morphological, histological, or morphometric (heart weight/body
weight) differences were noted between these cKO and control littermates, prior to 7 months
of age. By 7 months, decreases in cardiac function as shown by echocardiography
(%fractional shortening) were noted, which suggested that loss of kindlin2 leads to
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progressive heart failure [49, 51]. These results are very similar to the talin cKO mice. The
mechanisms leading to the kindlin2 cKO phenotype are still being explored.

Potential Mechanisms to Stimulate Talin/Kindlin-Mediated Integrin

Activation

From the structure of talin, we know the talin is autoinhibited basally, and that it structurally
forms a closed conformation by having the large C-terminal rod domain of talin (talin-R)
interacting with its own talin head domain. So, a central question in integrin biology is how
the talin—integrin interaction is regulated to control integrin activation. Thus, in the next
section of the manuscript we will summarize the potential mechanisms regulating talin/
kindlin-mediated integrin activation (Fig. 3a).

Recent work has implicated membrane microenvironment, Rapl (Ras-related protein 1) and
Integrin-Activating Transmembrane Protein Fam38A (now named “Piezol)” as key
regulators of talin recruitment to integrin, likely causing stimulation of talin/kindlin
activation of integrin [52, 53]. In one study of integrin activation, it was shown that the
talin-1 FERM domain binding to the B3 integrin cytoplasmic tail caused activation of
integrin allbp3 [54]. Researchers found that the FERM domain also binds to negatively
charged acidic phospholipids—phosphatidylinositol 4,5-bisphosphate(PtdIns(4,5)P2), which
increased the affinity of talinl for phospholipid bilayers and activated its autoinhibited form
[55]. This action greatly increased the affinity of talin for integrins, so that once talin had
been delivered to the plasma membrane, this phospholipid could shift the binding
equilibrium in favor of talin—integrin complex formation [54].

In another study, Greensburg and co-workers defined that Rap1 small GTPases interact with
the Rap1-GTP-interacting adaptor molecule (RIAM), a member of the MRL (Mig-10/
RIAM/ Lamellipodin) protein family, which directly bound to talin via a short, N-terminal
sequence that was predicted to form amphipathic helices. RAP1LA-RIAM functions as a
scaffold that connects the membrane-targeting sequences in Ras GTPases to talin. In doing
so, the authors suggest they recruit talin to the plasma membrane and activate integrins, as
evaluated using a Chinese hamster ovary (CHO) cell model [56-58].A few of these works
also found that calpain cleavage, which cleaves the talin protein between the head and rod
domains, promotes talin binding to the integrin cytoplasmic domain. Importantly, the talin
head domain (talin-H) has a sixfold higher binding affinity than intact talin for the § integrin
tail.

The above data describe how the activation of integrin occurs by adjusting the affinity of
talin for integrins. However, recent work shows that there are also additional integrin
activators, like the multi-transmembrane domain protein Fam38A, which can enhance
integrin activation by the increment of the integrin-ligand affinity. Fam38A is located in the
endoplasmic reticulum (ER) and can mediate integri activation by recruiting the small
GTPase, R-Ras, to the ER, which in turn activates the calcium-activated protease calpain, by
increasing Ca2* release from cytoplasmic stores. Fam38A-induced integrin activation is
blocked by inhibition of either R-Ras or calpain activity, or by siRNA knockdown of talin
expression, perhaps since talin is, as noted above, a well-described calpain substrate.
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Fam38A is a novel spatial regulator of R-Ras, thereby it can act as an alternative suppressor
of integrin activation. By direct re-localization of R-Ras to the ER, combined with a
mechanism linking R-Ras and calpain ER signaling, it can perhaps modulate integrin-ligand
affinity.

Inhibition of Talin/Kindlin Binding to Integrin: A Means to “Inactivate”

Integrins

Binding of talins and kindlins to the cytoplasmic tail of B integrins is widely accepted as
being the crucial step in integrin activation. By contrast, much less is known with regard to
the counteracting mechanism involved in switching integrins into an inactive conformation.
Essentially none of this regulatory data has been evaluated in the context of CM or heart.
Still, from a variety of investigations, there have been several ways proposed to inhibit
integrin activation (Fig. 3b). These have been recently reviewed [59].

In brief, the most acceptable view includes acknowledgement that there are endogenous
inhibitors or inhibitory pathways of p1-integrin activation. One such inhibitor is SHARPIN
(SHANK-associated RH domain interacting protein) which is a component of the E3
ubiquitin ligase complex [60], while another suggests that tyrosine phosphorylation of 8
integrins may also serve as an inhibitory mechanism [61, 62]. SHARPIN inhibits the critical
switching of B1 integrins from inactive to active conformations by directly binding to
conserved cytoplasmic regions of integrin a subunits. In doing so, it inhibits recruitment of
talin and kindlin to the integrin heterodimer. Integrin tyrosine phosphorylation leads to
decrease integrin activation both by decreasing talin affinity for integrin, and also by
increasing the affinity of competing proteins for integrin, which are themselves incapable of
activating the integrin. For example, consider as we have been discussing above that integrin
adhesiveness for the ECM is activated by talin via direct binding of its phosphotyrosine-
binding-like F3 domain to the cytoplasmic tail of the B integrin subunit. Then, further realize
that Docking protein 1 (Dok1) is a signaling protein with a PTB domain capable of binding
to integrins, and that it does so in a similar binding region as does talin. Therefore, when
Dokl binding occurs, integrin tyrosine phosphorylation is enhanced, and talin affinity to
integrin is decreased. Thus, Dok1 can act as a talin-integrin-binding competitor [61, 62].
Further, it has also been recognized that there are other talin-binding competitors, such as
filamin [63], migfilin [64, 65], Integrin Cytoplasmic domain-Associated Protein-1 (ICAP-1),
with some acting as inhibitors, and others even acting to “de-inhibit” the inhibitors. For
instance, filamins may act as inhibitors of talin binding since the filamin-binding site on the
B integrin tails is closely located to the talin-binding site. Thus, filamin and talin compete
with each other for integrin binding [66]. In contrast, migfilin, a filamin-binding protein, and
enriched at cell-cell and cell-ECM contact sites, can displace filamin from p1 and p3
integrins, thereby promoting integrin activation [64, 65]. Therefore, the balance between
filamin and migfilin expressions in cells/tissues can influence the extent to which filamin
inhibits integrin activity, thus, the filamin-migfilin interaction provides an additional
regulatory layer for filamin-induced inhibition of integrin activation [67]. ICAP1 may also
play a role in regulating integrin activation, and it has been well characterized both in vitro
and in vivo [68, 69]. ICAP1 has been found to be a negative regulator of 1 integrin activity,
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although it does not bind B3 integrins. ICAP1 also competes for talin binding, at least as
shown in in vitro studies, where it negatively regulates B integrin [70].

Little knowledge is available about the regulation of kindlin which could inhibit their ability
to activate integrins. One known example is SMURF1, an E3 ubiquitin ligase that mediates
protein degradation, which in turn inhibits integrin activation by controlling kindlin2
ubiquitination and degradation [71].

Summary and Outlook

In this review, we have summarized the roles of talin and kindlin, discussed their function as
integrin-activating proteins, and provided a background on integrins as needed for this
discussion. To the extent as possible, we emphasized work specifically in heart. As one
example, in our studies where we ablated talin or kindlin expression specifically in
cardiomyocytes, we found that the mice showed generally more severe cardiac abnormalities
than integrin subunit knockout models, suggesting perhaps that talin and kindlin have both
integrin-dependent and -independent functions, or that the half-lives of the integrin versus
talin/kindlin proteins are variant. Further, in these models, integrin expression levels
decreased dramatically as either talin or kindlin expression was reduced, indicating that
these two integrinactivating proteins (talin and kindlin) are important for integrin synthesis
or degradation in the cardiomyocyte. Further work is needed to understand this result.

Critically, it is important to realize that the majority of work performed in this field has been
carried out using mostly cultured cells, but even considering a large number of works
exploring integrin, talin, and kindlin functions in vivo, few studies have explored their
functions in cardiac myocytes and heart. We posit that understanding the functions of these
complex proteins has cell-type-specific effects that are quite distinct in a cell similar to
cardiac myocyte that is generally agreed to be terminally differentiated, and of course, has
the particularly unique property of having a continuously active contractile state. Although
not emphasized extensively earlier in this paper, it has been accepted by most that regulation
of integrin activation may also occur through mechanical event. A recent review has
emphasized this concept [72]. Yet, as outlined above, the majority of this work is studied and
conceptualized in cells that cycle, migrate, and might even frequently attach and disengage
from matrix—for instance, leukocytes. In this context, these are the processes that one can
more easily relate to integrin activation and inactivation. How these same activation and
inactivation events play essential roles in the cardiac myocyte that is not cycling, not
migrating, and has less functional need to disengage from binding to its extracellular matrix,
are concepts necessary and ripe for future studies on integrin, talin, and kindlin functions in
the cardiac myocyte.
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Fig. 1.
Integrin’s structure and its activation. Activation of integrin heterodimers leads to

intracellular signaling (not shown) and results in processes such as cell maotility, survival,
and differentiation. Schematic shows integrin conformation at the membrane in the inactive
and active conformations. In the inactive state, the extracellular domains of integrin
heterodimers are present in a closed/bent conformation stabilized by a cytoplasmic salt
bridge. This conformation has a very low ligand-binding affinity, e.g., for extracellular
matrix (ECM). With initiation of “Inside—Out” signaling, a series of intracellular events
occurs. This includes a structural change of talin from its autoinhibitory state, to an activated
one as it unfolds. Then, the intracellular integrin activators, talin and kindlin, bind the
integrin cytoplasmic NPxY or Nxxy motif, respectively, leading to a conformational change
of the integrin extracellular domain into an open and extended, i.e., active, state. In this state,
the integrin I/A domain is exposed, and the integrin receptor has an increase in ligand-
binding affinity for extracellular ligands such as the ECM proteins laminin, fibronectin, or
collagen. As the extracellular ligands are bound, this initiates “Outside—In” signaling (not
shown in this diagram) through the activated integrin, which initiates clustering of a series of
intracellular proteins around the integrin cytoplasmic domains, and subsequent intracellular
signaling events. In turn, this produces clustering of multiple integrin receptors, enabling a
higher affinity and avidity for extracellular ligand, and thus teleologically, a firmer binding
of integrins to ligands. Individual names of integrin extracellular domain components have
been shown in the main text
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TIn2KO/TIn1 "1* (No Cre)  TIn2KO/TIn1 "¥1°*x TpTCre +

Fig. 2.
Cardiomyocyte-specific knockout of all talin forms in early embryogenesis leading to

embryonic lethality, a thinned wall myocardium, myocardial rupture, and subsequent
myocardial hemorrhage. a and b Whole-mount microscopic assessment of a control
littermate (TIn2KO/TIn1floXflox (No Cre) and b Talin 1/2 double knockout—(TIn2KO/
TIn1flox/flox x Troponin-T Cre+) embryos (left lateral view) at embryonic day (E) 11.5. c and
d Histological evaluation with hematoxylin and eosin staining of a transverse section from
the hearts in the upper panels: ¢ Control—(TIn2KO/TIn1flox/flox (N Cre) and d Talin 1/2
double knockout—(TIn2KO/TIn1flox/flox x Troponin-T Cre+) embryos. Arrow in d shows
thrombus likely due to rupture of the thin-walled myocardium in the talin 1/2 double
knockout embryo
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Fig. 3.

P(?tential mechanisms regulating talin-mediated integrin activation. a Mechanisms of
stimulation of Talin-mediated integrin activation. Talin binding to B integrin tails induces
conformational changes in the extracellular domain, increasing their affinity for ligands.
(N.B.—The nature of the conformational changes remains controversial, and the model
shown represents only one of several possibilities.) Two hypothetical models are shown. In
the first, Calpain can cleave talin allowing the talin head to bind integrin cytoplasmic tails
and cause activation. In the second model, PtdIns(4,5) 7, binding increased the affinity of
talin (specifically talinl) for phospholipid bilayers, leading to activation of talin from its
autoinhibited (inactive) form, unmasking the talin-binding site for integrins and then leading
to integrin activation. Fam38A can also increase Calpain activation to affect talin-mediated
integrin activation. In detail, Fam38A expression causes localization of R-Ras to the
endoplasmic reticulum, stimulating Ca2* release and calpain activation. b Mechanisms of
inhibition of Talin/Kindlin-mediated integrin activation. To date, much less is known about
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inhibition of integrin activation. Two ways that have been published to inhibit talin binding
to integrin are (1) Inhibition of talin recruitment, by tyrosine phosphorylation of integrin
NPxY motifs or by binding of SHARPIN to conserved cytoplasmic regions of integrin
subunits, and (2) competition of other B integrin tail-binding proteins (e.g., Filamin,
Migfilin, and ICAP1) for the talin-binding site on integrin. In addition, it has been proposed
that SMURFL1 can cause Kindlin ubiquitination, leading to its degradation and subsequent
inhibition of integrin activation
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