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ABSTRACT: The  Kindlin  protein  family,  consisting  of  Kindlin-1,
Kindlin-2,  and  Kindlin-3,  is  crucial  in  cellular  physiology  and
pathology.  Traditionally  recognized  as  essential  co-activators  of
integrins,  Kindlins  regulate  integrin-dependent  adhesion,  migration,
and signal transduction across diverse cell  types. Recent advances,
however,  have  revealed  that  Kindlins  extend  beyond  integrin
activation, participating in non-integrin-dependent signaling pathways
and transcriptional regulation. This review provides a comprehensive
summary  of  structural,  physiological,  and  pathological  roles  of
Kindlins,  integrating  their  classical  integrin-dependent  and  emerging
integrin-independent  functions.  In  this  review,  we  a)  offer  a
comprehensive  overview  of  the  structural  and  functional  roles  of
Kindlin  proteins  across  various  organ  systems;  b)  highlight  their
integrin-independent  signaling  functions  and  exact  regulatory
mechanisms;  c)  discuss  their  contributions  to  pathologies  and
explore  the  potential  of  Kindlins  as  biomarkers  and  therapeutic
targets.
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 1    Introduction
The  Kindlin  protein  family  comprises  three  evolutionarily
conserved  members:  Kindlin-1,  Kindlin-2  (also  called  Mig-2),  and
Kindlin-3-encoded  by  the  KIND1  (FERMT1;  chromosome
20p12.3),  KIND2  (FERMT2;  chromosome  14q22.1),  and  the
KIND3  (FERMT3;  chromosome  11q13.1)  genes,  respectively[1,2].
Kindlins  share  significant  sequence  and structural  homology,  each
possessing a pleckstrin homology (PH) domain and a bipartite four-
point-one, ezrin, radixin, moesin (FERM) domain located in the C-
terminal  region,  as  predicted  by  computational  models[3].  Loss-of-
function  mutations  in  KIND1  and  KIND3  lead  to  Kindler
syndrome  (KS)  and  leukocyte  adhesion  deficiency  type  III  (LAD-
III),  respectively.  However,  no  human  disease  has  yet  been
associated with mutations in the KIND2 gene[4].

Kindlin-1-mediated  integrin  regulation  was  initially  highlighted
by studies of keratinocytes from patients with KS, where mutations
in KIND1 result in a deficiency of Kindlin-1[5].  These keratinocytes
exhibit  significant  defects  in  migration,  adhesion,  and  spreading,
suggesting  a  disruption  in  integrin  signaling.  This  was  further
corroborated by similar observations in Kindlin-1-deficient murine
intestinal  epithelial  cells  and  keratinocytes,  which  demonstrated
impaired  integrin  β1  activation[6].  Kindlin-2  is  the  human
counterpart  of  the  nematode  UNC-112  protein[7,8].  As  the  most
extensively  studied  Kindlin  member,  Kindlin-2  shows  broad
expression  in  central  and  peripheral  tissues[7].  Knockout  mice
deficient  in  Kindlin-2  exhibit  peri-implantation lethality  for  severe
epiblast  and  endoderm  detachment  by  day  7.5  of  embryonic
development, a finding that explains the absence of human diseases
linked to KIND2 mutations[9]. Kindlin-3 is predominantly expressed
in  hematopoietic  cells,  particularly  in  red  blood cells,  platelets  and
megakaryocytes[1,10].  Kindlin-3  displays  a  crucial  role  in  thrombosis
and hemostasis and has been the focus of extensive research. Mice
deficient  in  Kindlin-3  suffer  from  severe  hemorrhages  in  multiple
organs, including the gastrointestinal tract, bladder, skin and brain,
which  eventually  lead  to  death  shortly  after  birth[11].  Pathogenic
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mutations in the Kindlin-3 gene lead to LAD-III,  which manifests
as  defective  integrin  β  activation  in  platelets,  lymphocytes,  and
neutrophils[12,13].

Beyond  their  established  integrin-dependent  roles,  this  review
thoroughly  analyzes  the  emerging  integrin-independent  signaling
functions of Kindlins, detailing the intricate regulatory mechanisms
involved  and  their  broader  implications  in  cell  biology.  Also,  we
highlight  the  diverse  roles  of  Kindlin  proteins,  emphasizing  both
their classical integrin-dependent functions and emerging integrin-
independent  mechanisms  that  influence  various  biological
processes  and  contribute  to  various  cancers  and  multiple  non-
neoplastic  disorders.  Additionally,  the  review  underscores  the
translational  relevance  of  Kindlins  as  therapeutic  targets  and
biomarkers, while identifying knowledge gaps and proposing future
research  directions  to  advance  understanding  and  application  in
health and disease contexts.

 2    Structure basis of Kindlins
Kindlins exhibit approximately 50% sequence identity at the amino
acid  level  and  are  characterized  by  alternating  segments  of
conserved regions  and brief  divergent  sequences.  Belonging to  the
FERM  superfamily,  these  proteins  maintain  a  conserved
architecture  featuring  F0-F1-F2-F3  modular  organization,  with  an
additional  C-terminal  octapeptide  tail  following  the  canonical  F3
subdomain[14].  The  F0  subdomain  is  also  called  a  ubiquitin-like
(UBL)  domain.  The  UBL  domain  is  a  structural  motif  found  in

many  proteins,  not  just  the  Kindlin  family,  which  serves  critical
regulatory  functions  in  protein-protein  interactions,  protein
stability,  and  cellular  signaling[15].  A  defining  feature  of  Kindlins
compared to canonical FERM proteins lies in the presence of a PH
domain embedded within their F2 subdomain. The F3 subdomain
harbors the principal integrin-binding interface,  which has a PTB-
like  structure,  while  the  PH  domains  conserved  across  all  three
Kindlin isoforms serve as lipid-binding sites. The FERM regions in
Kindlin  family  proteins  share  significant  homology  with  that  of
talin,  as  both  utilize  their  F3  modules  to  interact  with  integrin  β
subunit cytoplasmic tails (CT)[16] (Fig. 1a).

However,  Kindlins  and  talins  interact  with  distinct,  non-
overlapping regions on the integrin β CT, bringing the molecules in
close  proximity  without  direct  overlap[17].  The  crystal  structure
analyses of  Kindlin proteins,  both in isolation and when bound to
integrin  β  CT,  confirm  that  Kindlins  are  capable  of
multimerization.  For  Kindlin-2,  dimerization  promotes  integrin
activation,  while  trimerization  of  Kindlin-3  inhibits  integrin
activation.  These  structural  studies  underscore  the  essential
function  of  the  conserved  QW  sequence  motif  within  the  F3
modules of Kindlin proteins, which mediates their interaction with
integrin β CT, highlighting its centrality in the regulation of integrin
activation[17-20].  Overall,  the  structural  insights  into  Kindlins  reveal
key  features  of  their  interaction  with  integrins,  including  the
importance  of  their  FERM  domain,  PH  domain,  and
multimerization  tendencies  in  controlling  integrin  activation
(Fig. 1b).

 

Figure 1    Overview  of  the  Kindlins  gene  and  protein  structure  and  functions.  (a)  Domain  architecture  of  the  Kindlins.  (b)  The  structure  of  Kindlin-2  is  shown  as  a
representative model  due to the high conservation across  the Kindlin family.  Top,  Alphafold2 predicted structure.  Bottom, Crystallographic structure of  the Kindlin-2
structure (PDB: 5xpy). (c) Overview of the Kindlins involved in the integrin pathway (Created with BioRender.com).
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 3    Biology functions of Kindlins

 3.1    Kindlins in integrin activation
Integrin receptors,  consisting of  non-covalently associated α and β
polypeptide  chains,  function  as  crucial  mediators  of  cellular
attachment  to  ECM  components  and  cellular  counter-receptors,
such  as  vascular  cell  adhesion  protein  (VCAM)  and  intercellular
adhesion molecule (ICAM)[21]. The activation of integrins is essential
for  their  functional  roles,  depending  on  the  simultaneous
engagement  of  Kindlin  and  talin  with  specific  sites  on  the  β  CT.
Previous  research  by  Ye  et  al.  proposed  that  the  contribution  of
Kindlins in integrin activation is primarily linked to their ability to
cluster  integrins,  while  talin's  role  centers  around inducing affinity
modulation[22].  Specifically,  talin  extends the  integrin stalk,  whereas
Kindlins open the integrin headpiece, leading to functional integrin
β2, with the PH domain of Kindlin-3 being identified as crucial for
this  activation  pathway[23].  Additionally,  correlation  microscopy
demonstrated that Kindlin-2 localizes to nascent adhesions prior to
talin  recruitment,  further  supporting  the  distinct  functions  of
Kindlin  and  talin  in  integrin  activation[24].  Emerging  experimental
evidence demonstrates that the interaction of integrin-linked kinase
(ILK)  with  Kindlin  promotes  the  translocation  of  Kindlin  to  focal
adhesion  sites,  contributing  to  Kindlin-mediated  integrin
activation[25].

In contrast to talins, Kindlins exhibit selective binding affinity for
the membrane-distal NxxY motif in the CT of integrins, serving as
crucial  molecular  hubs  for  protein-protein  interactions.  This  hub
recruits  various  complexes,  including  the  parvin  complex,  the
integrin-linked  pseudo-kinase  PINCH  (LIMS1),  the  paxillin  and
Arp2/3 complex,  to  integrins[26].  Despite  the  clear  evidence of  their
roles  in  integrin  activation,  it  remains  uncertain  whether  Kindlin
and  talin  bind  to  the  integrin  β  tail  consecutively  or  jointly,  and
whether  they  are  responsible  for  different  steps  in  the  activation
process[3].  Although  the  functional  contributions  of  both  Kindlin
and talin in integrin activation have been extensively characterized,
their  distinct  contributions,  particularly  Kindlin’s  function  in
integrin  clustering  and  its  interaction  with  various  protein
complexes,  remain  subjects  of  ongoing  exploration.  Further
research is needed to clarify the sequential or concurrent binding of
Kindlins  and  talins  and  to  elucidate  their  precise  roles  in  integrin
activation.

 3.2    Kindlins in mitochondria function
Mitochondria,  crucial  organelles  for  energy  production,  cell
signaling,  and  cellular  homeostasis  maintenance,  are  regulated  by
various proteins to ensure proper cellular function. Their dynamics,
such  as  fusion,  fission,  and  trafficking,  play  a  vital  role  in  this
process[27].  Recent studies have revealed the involvement of Kindlin
proteins,  particularly  Kindlin-2,  in the regulation of  mitochondrial
physiology and function. Kindlin-2 has been shown to interact with
mitochondrial components and influence mitochondrial dynamics.
For  instance,  in  C.  elegans,  acute  RNAi  treatment  against  UNC-
112/Kindlin-2 results in muscle protein degradation, mitochondrial
fragmentation,  and  impaired  energy  production,  indicating  a  role
for Kindlin-2 in mitochondrial stability and function[28].

In cancer cells,  Kindlin-2 interacts  with Parkin,  an E3 ubiquitin
ligase,  at  the  mitochondria,  undergoing  ubiquitination  and
proteasomal  degradation.  This  process  regulates  focal  adhesion
turnover  and  integrin  β1  activation,  which  in  turn  affects  cell

migration and invasion. However, Parkin-mediated degradation of
Kindlin-2  does  not  impact  tumor  cell  proliferation  or  apoptosis,
suggesting that Kindlin-2's role in mitochondrial dynamics is more
closely  linked  to  migration  and  metastasis[29].  Furthermore,  in
response  to  extracellular  matrix  (ECM)  stiffening,  Kindlin-2
translocates  to  mitochondria,  where  it  interacts  with  pyrroline-5-
carboxylate  reductase  1  (PYCR1),  a  key  enzyme  in  proline
synthesis.  This interaction promotes increased proline biosynthesis
and cell proliferation, a pathway commonly activated in fibrosis and
cancer, contributing to ECM remodeling and disease progression[30].
These findings highlight Kindlin-2's emerging role as a regulator of
mitochondrial  dynamics  and  its  involvement  in  pathological
processes  like  cancer  and  fibrosis,  offering  potential  therapeutic
targets for disease intervention.

 3.3    Kindlins in post-translational modification
Post-translational  modifications  (PTMs)  refer  to  the  chemical
modifications of proteins after their synthesis, which are crucial for
regulating  protein  function,  localization,  stability,  and
interactions[31].  PTMs,  including  phosphorylation,  acetylation,
ubiquitination, glycosylation, and more, are essential for numerous
physiological  processes  such  as  intracellular  communication,
protein  turnover,  and  adaptation  to  environmental  stressors[32].
Kindlins,  a  family  of  integrin  co-activators,  are  subject  to  various
PTMs,  which  are  critical  for  cell  adhesion,  migration,  and  signal
transduction.  Bialkowska  et  al.  reviewed  the  phosphorylation
modifications  in  Kindlin  proteins,  identifying  65  phosphorylation
sites  across  Kindlin-1, -2,  and -3,  with  a  predominance  of  serine
residues[33].  For  instance,  phosphorylation  of  Kindlin-1  at
centrosomes, mediated by Polo-like kinase 1, is essential for mitotic
spindle assembly and cellular survival[34]. Similarly, phosphorylation
of  Tyr  residues  in  the  integrin  β3  cytoplasmic  tail  modulates
Kindlin-2  binding,  influencing  integrin  activation  and  cell
migration[35].  Additionally,  Kindlin-2  tyrosine  phosphorylation  is
crucial  for  integrin  outside-in  signaling,  with  Src  kinase  playing  a
key role in this process, affecting cell migration and proliferation[36].
In  Kindlin-3,  phosphorylation  of  Thr482  and  Ser484  regulates
integrin  αIIbβ3  activation,  with  a  disruption  in  phosphorylation
leading to impaired cell adhesion and spreading[37].

Research  also  highlights  the  significant  role  of  E3  ubiquitin
ligases  such  as  Parkin  and  Smurf1  in  modulating  the  stability  of
Kindlins,  thereby influencing integrin activation.  Parkin,  altered in
Parkinson’s  disease,  ubiquitinates Kindlin-2 at  Lys581 and Lys582,
leading  to  its  proteasomal  degradation  and  a  shortened  half-life,
which  impairs  integrin  activation  and  suppresses  tumor  cell
migration, invasion, and interactions with the ECM. This ubiquitin-
mediated  regulation  is  critical  for  maintaining  cellular  dynamics,
including  focal  adhesion  turnover,  lamellipodia  size,  and
mitochondrial  function,  particularly  in  tumor  cells[29].  In  contrast,
Smurf1  controls  the  degradation  of  Kindlin-2  but  not  Talin,
restricting  integrin  activation  and  cell  adhesion.  The  knockout  of
Smurf1  in  fibroblasts  results  in  enhanced  integrin  activation,
correlating  with  increased  Kindlin-2  levels,  suggesting  a  feedback
loop  between  Smurf1  and  Kindlin-2.  Moreover,  the  interplay
between  Kindlin-2  and  these  ubiquitin  ligases  is  essential  for
precisely modulating integrin-mediated cellular functions, including
migration,  invasion,  and  adhesion[14].  These  studies  underscore  the
central  role  of  PTMs  in  regulating  Kindlin  function,  highlighting
their  importance  in  cellular  processes  like  integrin  activation,  cell
adhesion,  and  migration,  with  implications  in  diseases  such  as
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cancer and genetic disorders like KS.

 4    Kindlins in cellular signaling pathway

 4.1    Kindlins in integrin signaling pathway
Integrins  transition  between  three  states-inactive,  inside-out
signaling,  and  outside-in  signaling- to  precisely  control  cellular
processes[38]. In the inactive state, they adopt a bent structure that is
maintained  through  a  cytoplasmic  salt  bridge,  preventing  ligand
binding. Inside-out signaling disrupts this salt  bridge via activators
like  talin  and  Kindlins,  shifting  integrins  to  an  extended,  high-
affinity state that binds extracellular ligands, enabling adhesion and
motility.  Outside-in  signaling  occurs  upon  ligand  binding,
triggering  cytoplasmic  changes  that  recruit  signaling  proteins  to
regulate survival, proliferation, and migration[39]. Kindlins are key in
these  processes,  synergizing  with  talin  to  promote  activation,
clustering, and downstream signaling (Fig. 1c).

 4.1.1    Kindlins in inside-out integrin signaling pathway

The Kindlin family, comprising Kindlin-1, Kindlin-2, and Kindlin-
3, is crucial in regulating inside-out integrin signaling by activating
integrins  and  facilitating  integrin-dependent  cellular  processes[3].
Structurally, Kindlins share a conserved FERM domain at their C-
terminus,  comprising  F1,  F2,  F3  subdomains.  Integrin  activation
occurs  through  the  specific  recognition  of  the  membrane-distal
NxxY  sequence  on  the  β-subunit  cytoplasmic  tail  by  Kindlin's  F3
subdomain,  particularly  through  its  PTB  site.  This  interaction
initiates  structural  modifications  within  the  integrin  complex,
converting  it  to  a  high-affinity  state  necessary  for  establishing
cellular connections with extracellular matrix elements[40].

The  function  of  Kindlins  in  integrin  activation  was  first
demonstrated  in  C.  elegans,  where  Kindlins  colocalize  with
integrins and mediate integrin-dependent cell-matrix adhesion[8]. In
mammalian systems, Kindlin-1 overexpression has been proven to
enhance  integrin  activation  and  downstream  signaling.  For
example,  Kindlin-1  overexpression  induces  sensory  axon
regeneration by counteracting the inhibitory effects  of  chondroitin
sulfate  proteoglycan  in  adult  rat  dorsal  root  ganglion  (DRG)
neurons,  known  to  inactivate  integrins.  This  is  achieved  by
increasing  integrin  activation,  as  evidenced  by  elevated  levels  of
phosphorylated  focal  adhesion  kinase.  Notably,  Kindlin-2,  despite
being the primary isoform in the nervous system, fails  to promote
axon growth under similar conditions, highlighting isoform-specific
functional  differences  in  integrin  signaling[41,42].  Kindlin-3  knockout
mice  exhibit  severe  phenotypes  (defects  in  hemostasis  and
inflammation) resembling Kindlin-3 loss in humans.  The bleeding
stems  from  defective  activation  of  platelet  integrin  αIIbβ3,  while
platelet  morphological  transformation  remained  unaffected,
highlighting a specific disruption in inside-out integrin signaling[11,43].

Kindlins alone cannot induce robust integrin activation but play
a  crucial  role  as  co-activators  in  synergy  with  talin[44].  Kindlin  and
talin  interact  with  distinct  motifs  on  the  integrin  β-subunit
cytoplasmic  tail,  with  Kindlin  binding  the  membrane-distal  NxxY
motif  and  talin  the  membrane-proximal  NPxY  motif  to  regulate
integrin  activation.  The  C-terminal  rod  domain  of  talin  not  only
dimerizes activated talin, amplifying its activity but also bridges the
N-terminal  head  domain  of  talin  to  the  integrin  co-activator
Kindlin-2  via  the  adaptor  protein  paxillin.  This  cooperation
between  talin  and  Kindlin  creates  a  robust  activation  mechanism,

and  promotes  integrin  clustering,  cell  adhesion,  and  downstream
signaling[45].  In  summary,  Kindlins  are  essential  for  inside-out
integrin signaling, where they modulate integrin activation and play
diverse roles depending on the isoform and cellular context.

 4.1.2    Kindlins in outside-in integrin signaling pathway

Kindlins,  traditionally  known  for  their  various  functions  in
mediating  inside-out  integrin  pathways,  are  also  increasingly
characterized  as  essential  regulators  of  outside-in  signaling.
Although integrins function as dual-directional signaling mediators,
utilizing  their  CT  as  molecular  platforms  for  diverse  cytoskeletal
proteins  and  signaling  effectors,  Kindlins  contribute  to  both
directions of integrin activation[21]. In keratinocytes, Kindlin-1 helps
regulate  RhoGTPase  activity  through  integrin  β1  in  outside-in
signaling,  revealing  that  Kindlin-1  activates  Rho  family  GTPases
(Rac1,  RhoA,  Cdc42)  and  their  downstream  effectors,  including
cofilin,  LIM  kinase  and  p21-activated  kinase  1[46].  Furthermore,
Kindlin-1 also is reported to upregulate αvβ6 and β1-class integrins
to  induce  the  release  of  TGF-β  from  latency-associated  protein
(LAP) and cell adhesion. The liberated TGF-β subsequently engages
with  its  cognate  receptors  (TβRI/II),  triggering  a  signaling  cascade
that results in Smad2/3 phosphorylation and nuclear accumulation,
ultimately maintaining stem cell populations in a quiescent state[47].

Genetic  manipulation  of  Kindlin-2  expression  levels,  either
through  knockdown  or  overexpression,  differentially  regulates  the
phosphorylation  states  of  AKT  and  FAK  signaling  molecules[48].
Additionally, Kindlin-2 facilitates cytoskeletal organization through
its  regulation  of  the  integrin  β1-mediated  signaling  cascade
involving  FAK  activation  and  RhoA  GTPase  signaling,  which
enhances  cytoskeletal  tension,  leading  to  the  activation  and  yes-
associated protein (YAP) nuclear translocation. YAP, functions as a
nuclear  transcriptional  co-regulator  in  the  nucleus,  is  essential  for
promoting  osseous  differentiation[49].  Furthermore,  Kindlin-2  is
implicated  in  cancer  progression  and  therapeutic  resistance  by
modulating  outside-in  integrin  signaling.  miR-138  targets  and
inhibits  Kindlin-2  expression,  regulating  a  miR-138/Kindlin-
2/integrin β1 axis in metastatic castration-resistant prostate cancer,
with  significant  implications  for  modulating  chemotherapeutic
sensitivity[50]. In esophageal squamous cell carcinoma (ESCC), miR-
200b  downregulates  PI3K-AKT  signaling  through  suppression  of
the  Kindlin-2/integrin  β1  regulatory  axis,  thereby  reducing  cell
invasiveness[51]. Meanwhile, Kindlin-2, in cooperation with Kindlin-
3  and  talin,  enhances  integrin  α4β1-mediated  cell  adhesion,  a
process  further  enhanced  by  Rac1,  which  is  functionally  linked  to
the  talin/Kindlin-3  complex.  This  cooperation  contributes  to
stronger  cell  attachment,  highlighting  Kindlin-2's  critical  role  in
regulating integrin-dependent cell-matrix interactions and signaling
in both vascular and cancer contexts[52].

Kindlin-3 is essential for mediating outside-in integrin signaling,
particularly for integrins like αLβ2 and αMβ2. Kindlin-3 deficiency
impairs  cell  adhesion,  as  demonstrated  in  LAD-III  EBV-
transformed B lymphoblasts, which fail to adhere to densely coated
ICAM-1,  and  in  K562  cells  with  reduced  Kindlin-3  expression,
which  is  defective  in  spreading  on  ICAM-1  or  fibrinogen,  despite
overexpression  of  constitutively  activated  αIIbβ3  or  αLβ2
integrins[53]. Moreover, Kindlin-3 is involved in the micro-clustering
of integrin αLβ2 and interacts with a scaffold protein called receptor
for  activated  C  kinase  1  (RACK1),  a  scaffold  protein,  upon
engagement  of  integrin  αLβ2  with  ICAM-1[54].  This  interaction
promotes cell adhesion and spreading. Additionally, Kindlin-3 plays
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an  indispensable  role  in  facilitating  αMβ2  integrin-dependent
cellular  adhesion  and  morphological  spreading  in  K562  cells  that
naturally  express  Kindlin-3  but  are  deficient  in  integrin  β2[55].
Moreover,  the  tension  on  syndecan-4  triggers  PI3K-mediated
activation  of  Kindlin-2/integrin  β1/RhoA  axis,  which  further
supports  YAP  activation  at  the  cell-extracellular  matrix  interface.
This  highlights  the  critical  involvement  of  Kindlin-3  in  integrin-
dependent  cell  adhesion,  signaling,  and  cytoskeletal  regulation,
emphasizing its  importance in outside-in signaling across different
integrin types[56].

Kindlin-3,  on the other hand, is  implicated in the dysregulation
of TGF-β signaling, particularly in microglial cells. In the absence of
Kindlin-3,  high  microglial  contractility  and  excessive  TGF-β1
expression  led  to  aberrant  vasculature  and  malformations  in
photoreceptor  areas,  demonstrating  the  role  of  Kindlin-3  in
modulating  TGF-β  signaling  through  cytoskeletal  regulation  and
ERK  signaling[57].  In  summary,  Kindlins,  including  Kindlin-1,
Kindlin-2, and Kindlin-3, play essential roles in outside-in integrin
signaling by regulating integrin activation, cell adhesion, migration,
and  cytoskeletal  dynamics,  with  implications  in  various  biological

processes such as stem cell quiescence, vascular hyperplasia, cancer
progression, and therapeutic resistance.

 4.2    Kindlins in integrin-independent signaling pathway
Kindlins  are  essential  proteins  that  play  dual  roles  in  regulating
cellular  functions,  both  through  integrin-dependent  and  integrin-
independent mechanisms, and emerging evidence has revealed that
Kindlins  also  mediate  integrin-independent  pathways,  further
broadening  their  functional  repertoire[3,58].  Here,  we  delve  into  the
significant  roles  of  Kindlins  in  integrin-independent  signaling
pathways,  exploring  their  diverse  regulatory  mechanisms  and
functional implications (Fig. 2).

 4.2.1    NF-κB signaling pathway

NF-κB  signaling  cascade  represents  a  fundamental  intracellular
pathway  that  controls  the  transcriptional  regulation  of  genes
mediating  immune  system  activation,  inflammatory  processes,
cellular  survival  mechanisms,  and  programmed  cell  death
pathways[59].  Emerging  research  has  demonstrated  that  Kindlin
family  proteins  regulate  NF-κB  pathway  activity  through  multiple

 

Figure 2    The roles of Kindlins in various integrin-independent signaling pathways. Kindlins are depicted as integral components that modulate several key pathways,
including the NF-κB, TGF-β/Smad, Wnt/β-catenin, Hippo/YAP, Notch, EGFR, PTH1R, Hedgehog, and PI3K/AKT pathways (Created with BioRender.com).
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molecular  mechanisms,  impacting  both  normal  physiological
functions  and  disease  states.  Experimental  evidence  indicates  that
Kindlin-1  stimulates  NF-κB  signaling  by  facilitating  IκBα
proteasomal  degradation,  which  subsequently  enables  NF-κB
nuclear  translocation.  This  mechanism has  been  implicated  in  the
promotion  of  gastric  cancer  progression[60].  Conversely,  Kindlin-1
downregulation  attenuated  microglial  inflammation  and  brain
damage  induced  by  intracerebral  hemorrhage  by  inhibiting  the
NLRP3/NF-κB  pathway.  Specifically,  Kindlin-1  knockdown
prevents  NF-κB  p65  nuclear  translocation  and  reduces  NLRP3
inflammasome,  consequently  attenuating  inflammatory  activation
in microglia[61].

Kindlin-2 also exhibits bidirectional regulatory effects on NF-κB
signaling.  In  hepatocytes,  it  inhibits  the  TNF/NF-κB-Caspase  8
inflammatory signaling cascade, maintaining liver development and
function[62].  However,  in  cancer  contexts,  Kindlin-2  overexpression
activates  NF-κB  signaling,  enhancing  the  expression  of  matrix
metalloproteinases,  MMP-2  and  MMP-9,  to  promote  tumor
invasiveness.  Silencing  Kindlin-2  leads  to  reduced  NF-κB  activity
and  downregulation  of  MMPs,  while  inhibiting  NF-κB  with
pyrrolidine  dithiocarbamate  or  co-transfection  with  MMP  siRNA
nearly  abolishes  Kindlin-2-induced  cancer  cell  invasiveness.  This
highlights the critical involvement of Kindlin-2 in modulating NF-
κB-dependent tumor progression[63].  Furthermore, in gastric cancer
cells,  tumor-associated  macrophages  secrete  TGF-β2,  which
downregulates  Kindlin-2  expression  by  inhibiting  NF-κB
transcriptional  activity.  Collectively,  these  findings  reveal  that
Kindlins  regulate  NF-κB  signaling  in  context-dependent  manners,
influencing  inflammation,  tissue  development,  and  cancer
progression.

 4.2.2    TGF-β/Smad signaling pathway

TGF-β/Smad  signaling  is  initiated  through  the  binding  of  TGF-β
ligands to TGF-β receptor I (TβRI), leading to the phosphorylation
and  activation  of  Smad2/3  proteins,  that  subsequently  undergo
nuclear  translocation  to  modulate  downstream  gene  expression[64].
Kindlins  participate  in  regulating TGF-β/Smad signaling by acting
as  mediators  in  the  interaction  between  TβRI  and  Smad  proteins,
thereby  enhancing  Smads  phosphorylation  and  nuclear
translocation.  Kindlin-1,  for  instance,  physically  interacts  with
TβRI,  Smad3 and Smad anchor for  receptor activation,  facilitating
their  binding  and  promoting  Smad3  phosphorylation.  This
interaction  is  crucial  for  activating  TGF-β/Smad3 signaling,  which
is  involved  in  multiple  pathological  processes  including  tissue
fibrosis and cancer progression[65].

Similarly,  Kindlin-2  also  plays  a  key  role  in  modulating  TGF-
β/Smad signaling.  In  primary  fibroblasts  from a  mouse  Peyronie's
disease  model,  Kindlin-2  mediates  Smad3-TβRI  interaction,
promotes  Smad3  phosphorylation,  and  enhances  TGF-β1  target
genes,  leading  to  tissue  fibrosis[66].  Additionally,  Kindlin-2  is
upregulated  by  TGF-β1  and  contributes  to  liver  fibrosis  by
promoting  Smad2  and  Smad3  phosphorylation  in  hepatic  stellate
cells  (HSCs)[67].  In  chondrocytes,  Kindlin-2  localizes  to  both  focal
adhesions  and  the  nucleus,  where  it  regulates  the  expression  of
Sox9, which is crucial for chondrocyte differentiation and TGF-β1-
induced  Smad2  phosphorylation[68].  In  pancreatic  ductal
adenocarcinoma  (PDAC)  pathogenesis,  Kindlin-2  increases  TβRI
levels,  creating  a  reinforcing  signaling  loop  that  amplifies  TGF-β
pathway activity[69]. Furthermore, Kindlin-2 promotes TGF-β/Smad
pathway  through  recruiting  Smad3  to  TβRI,  contributing  to

tubulointerstitial  fibrosis  in  kidney  tubular  epithelial  cells[70].
Notably,  Kindlin-2  deficiency  impairs  TGF-β-induced  Smad3
phosphorylation and inhibits the activation of the Smad pathway in
keloid fibroblasts (KFs)[71] and osteocytes[72], highlighting its essential
role  in regulating fibrosis  and differentiation.  Overall,  Kindlins  are
critical  modulators  of  TGF-β/Smad  signaling,  influencing  fibrosis,
differentiation,  and  disease  progression  through  their  interactions
with TGF-β receptors and Smad proteins.

 4.2.3    Wnt/β-catenin signaling pathway

Wnt/β-catenin signaling is activated by the binding of Wnt ligands
to  Frizzled  receptors,  which  represses  glycogen synthase  kinase-3β
(GSK-3β)  activity,  leading  to  β-catenin  stabilization  and
accumulation  in  the  cytoplasm.  Stabilized  β-catenin  then
translocates into the nucleus, and subsequently it  interacts with T-
cell  factor/lymphoid  enhancer-binding  factor  (TCF/LEF)
transcription factors, thereby regulating the target genes involved in
cell cycle progression and developmental processes[73]. Experimental
evidence  demonstrates  that  Kindlin-1  regulates  Wnt/β-catenin
pathway activity  in  a  chronic  pain  model  by  modulating  astrocyte
activation  and  inflammatory  mediator  release.  It  interacts  with
Wnt10a,  affecting  the  expression  of  Wnt  signaling  components
including  both  ligands  and  receptors[74,75].  Moreover,  Kindlin-1
inhibits the Wnt/β-catenin pathway by regulating the transcription
of Wnt ligands and receptors autonomously in cells, independently
of  integrins.  Depletion of  Kindlin-1 causes β-catenin to move into
the nucleus, boosting Wnt/β-catenin signaling and inflammation[47].

In  hepatocellular  carcinoma  (HCC),  Kindlin-2  boosts  Wnt/β-
catenin  pathway  by  enhancing  β-catenin  levels,  mainly  the
dephosphorylated  variant.  This  process  involves  the  epigenetic
silencing  of  miR-1258,  which  enhances  TCF4  and  a  reciprocal
regulatory  circuit  between  Kindlin-2  and  TCF4[76].  Additionally,
Kindlin-2  also  upholds  β-catenin  steadiness  by  blocking  its
breakdown  via  GSK-3β  interaction  and  stimulates  Axin2  gene
transcription  by  creating  a  trimeric  structure  with  TCF4  and  β-
catenin[47,77].  In  colon  cancer,  Kindlin-2  knockdown  downregulates
the  level  of  β-catenin  and  nuclear  localization,  consequently
suppressing  the  transcriptional  activation  of  β-catenin-dependent
target  genes  like  cyclin  D1,  C-MYC  and  Snail-1[78].  Moreover,
Kindlin-2 has  been shown to  enhance Wnt/β-catenin pathway via
promoting  the  interaction  between  active  TCF4  and  β-catenin,
which  is  an  indispensable  factor  for  myogenic  differentiation  in
C2C12  cells[79].  In  vascular  smooth  muscle  cells,  Kindlin-2  also
facilitates cell proliferation and migration through Wnt signaling[80].
Similarly,  in  renal  cell  carcinoma,  Kindlin-2  facilitates  cell
proliferation,  migration,  and  invasion  through  activating  Wnt
signaling,  independent  of  its  interaction  with  ILK[81].  In  summary,
Kindlins, especially Kindlin-1 and Kindlin-2, are key modulators of
the Wnt/β-catenin signaling, influencing various cellular processes,
such  as  inflammation,  differentiation,  cancer  progression,  and
fibrosis.

 4.2.4    Hippo/YAP signaling pathway

Hippo/YAP  signaling  is  primarily  controlled  by  the  Hippo  kinase
cascade, with large tumor suppressor kinase 1 (LATS1) acting as a
key  kinase  that  phosphorylates  YAP1,  thereby  inducing  its
cytoplasmic  retention  and  degradation.  YAP1's  nuclear
translocation is essential for activating gene transcription related to
cell proliferation and organ size regulation[82]. So far, only Kindlin-2
is showed to regulate the Hippo/YAP pathway, influencing cell fate
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decisions, particularly in mesenchymal stem cells (MSCs). In MSCs,
Kindlin-2  depletion  triggers  adipogenesis  while  inhibiting
osteogenesis  both in  vitro and in  vivo.  Kindlin-2  mechanistically
binds  to  myosin  light-chain  kinase,  in  response  to  mechanical
signals,  enhancing  myosin  light-chain  phosphorylation.
Consequently,  RhoA is  activated,  leading to stress  fiber  generation
and  focal  adhesion  formation.  This  cascade  ultimately  inhibits
YAP1  phosphorylation  at  Ser127,  thereby  blocking  its  nuclear
expulsion  and  degradation[83].  In  the  absence  of  Kindlin-2,  YAP1
undergoes  enhanced  phosphorylation  at  Ser127,  leading  to  its
cytoplasmic  sequestration  and  degradation  through  the  ubiquitin
ligase  atrophin-1  interacting  protein  4  (AIP4).  Furthermore,
Kindlin-2  impedes  the  interaction  between  YAP  and  LATS1,
promoting  YAP  nuclear  import  by  inhibiting  LATS1's
phosphorylation  of  YAP.  In  contrast,  Kindlin-2  loss  promotes  the
interaction  between  YAP  and  LATS1,  resulting  in  elevated  YAP
phosphorylation  and  impaired  nuclear  import,  ultimately
suppressing downstream gene transcription[83].

Notably,  Kindlin-2  also  interacts  with  MOB1,  facilitating  its
interaction  with  the  E3  ligase  Praja2,  thereby  inhibiting  LATS1
phosphorylation  and  further  promoting  YAP1  nuclear
translocation[84]. In Sertoli cells, the loss of Kindlin-2 results in YAP
activation,  contributing  to  altered  cell  growth  and  biological
function,  emphasizing  the  importance  of  Kindlin-2  in  the
Hippo/YAP  pathway  regulation[85].  Moreover,  in  human  umbilical
vein  endothelial  cells  (HUVECs),  Kindlin-2  knockdown  increases
piezo  type  mechanosensitive  ion  channel  component  1  (Piezo1)
stability by disrupting the interaction between Piezo1 and E3 ligase
tripartite  motif-containing  28  (Trim28)[86].  And,  elevated  Piezo1
activates YAP/TAZ into the nucleus by increasing intracellular Ca2+

concentration,  which  finally  contributes  to  Hippo/YAP  signaling
pathway[87,88].  These  findings  suggest  that  Kindlin-2  is  a  critical
regulator  of  YAP1  activity  and  cell  fate  by  modulating  Hippo
signaling  and  myosin  light-chain  phosphorylation,  influencing
cellular  responses  to  environmental  cues  and  developmental
processes.

 4.2.5    Notch signaling pathway

Notch signaling is a highly conserved pathway essential for cell fate
determination,  differentiation,  proliferation,  and  angiogenesis.
Activation occurs through interactions between Notch receptors on
cell  surfaces  and  neighboring  cell  ligands,  resulting  in  receptor
cleavage  by  γ-secretase.  Subsequently,  the  Notch  intracellular
domain  (NICD)  is  released  and  translocates  to  the  nucleus  to
control the expression of target genes, including Hey1 and Hes1[89,90].
Kindlin-2 regulates Notch signaling, particularly by maintaining the
structural integrity of the Notch1 receptor. Kindlin-2 interacts with
NICD and prevents the cleavage of  Notch1,  thereby inhibiting the
release  of  NICD.  This  interaction  is  critical  during  processes  like
angiogenesis,  where  endothelial  Notch1  cleavage  by  γ-secretase  is
necessary for NICD-mediated transcription.  In contrast,  Kindlin-2
deficiency  facilitates  Notch1  cleavage,  enhancing  Notch  signaling
activity[91].

Additionally,  Kindlin-2 deficiency in various cell  types has been
linked to dysregulation of Notch signaling through complementary
mechanisms.  In  myoepithelial  cells,  the  depletion  of  Kindlin-2
activates  the  Jak2-Stat3-Dll1  axis,  leading  to  increased  Notch
signaling  in  luminal  progenitor  cells.  This  upregulation  inhibits
their differentiation and maturation during gestation[92]. Similarly, in
ATDC5  chondrocyte-like  cells,  Kindlin-2  deficiency  promotes

mitochondrial  oxidative  stress  and  activates  Stat3,  which  drives
Runx2-mediated  chondrocyte  catabolism[92].  Overall,  Kindlin-2
serves  as  a  negative  regulator  of  Notch  signaling  by  stabilizing
Notch1 and inhibiting its cleavage, while its deficiency disrupts this
control,  leading  to  increased  Notch  activity  and  downstream
cellular  effects.  These  findings  highlight  Kindlin-2's  critical  role  in
maintaining  the  balance  of  Notch  signaling  in  diverse  biological
contexts.

 4.2.6    EGFR signaling pathway

Epidermal Growth Factor Receptor (EGFR) signaling, a member of
the ERBB tyrosine kinase receptor family, is involved in key cellular
functions like proliferation, differentiation, migration, survival, and
tumor  invasion[93].  When  stimulated  by  its  ligand,  EGFR  triggers
several  signaling  pathways  like  AKT,  ERK,  and  β-catenin,  which
play  a  role  in  cell  growth,  survival,  and  movement.  Abnormal
EGFR  signaling  is  commonly  associated  with  conditions  such  as
cancer and impaired tissue regeneration[94]. Kindlin-1 and Kindlin-2
have emerged as  important  modulators  of  EGFR signaling.  In KS,
keratinocytes  exhibit  significantly  reduced  EGFR  expression,
leading  to  defective  EGF-dependent  migration  and  signaling.
Mechanistically, Kindlin-1 directly interacts with EGFR in an EGF-
dependent,  integrin-independent  manner,  protecting  EGFR  from
lysosomal degradation and ensuring its  stability[95].  This interaction
is  critical  for  normal  keratinocyte  migration  and  suggests  that
Kindlin-1  also  regulates  EGFR  activity  in  other  contexts,  such  as
breast  cancer,  where  EGFR  signaling  upregulates  Kindlin-1
expression,  forming  a  feedback  loop[96].  In  HCC,  Kindlin-1
promotes  tumor  progression  through  the  EGFR/AKT/β-catenin
and  EGFR/ERK  pathways.  Silencing  Kindlin-1  inhibits  these
pathways,  confirming  their  role  in  Kindlin-1-mediated  tumor
growth and invasion[97].

Similarly,  Kindlin-2  interacts  with  the  kinase  domain  of  EGFR,
independent  of  its  association  with  integrins,  and  prevents  EGFR
from ubiquitination and degradation.  By  stabilizing  EGFR protein
levels, Kindlin-2 enhances EGF-induced migration in cancer cells[98].
Furthermore, Kindlin-2 promotes EGFR transcription by forming a
tripartite transcriptional complex with Y-box binding protein-1 (YB-
1)  and  β-catenin.  This  complex  binds  to  the  EGFR  promoter,
increasing  EGFR  mRNA  expression  and  driving  downstream
signaling,  such  as  the  EGFR/AKT/β-catenin  and  EGFR/ERK
pathways.  These  pathways  are  essential  for  Kindlin-2-mediated
glioma cell proliferation and motility[99]. In summary, Kindlin-1 and
Kindlin-2  act  as  key  regulators  of  EGFR  signaling  by  ensuring
EGFR  stability,  enhancing  its  transcription,  and  promoting
downstream  signaling  pathways.  Their  involvement  highlights
potential  therapeutic  targets  for  diseases  characterized  by  aberrant
EGFR  signaling,  including  cancer  and  chronic  tissue  repair
disorders.

 4.2.7    PTH1R signaling pathway

Parathyroid  hormone  1  receptor  (PTH1R)  is  a  G  protein-coupled
receptor  (GPCR)  responsible  for  transmitting  the  actions  of
parathyroid  hormone  (PTH)  and  PTH-related  protein  (PTHrP).
PTH1R  activation  initiates  signaling  pathways  that  involve  Gsα-
dependent cyclic AMP (cAMP) generation and phosphorylation of
cAMP-response element-binding protein (CREB),  essential  for  the
regulation  of  bone  metabolism,  osteoblast  differentiation,  and
mineralization[100,101]. Kindlin-2 has been identified as a key regulator
of PTH1R signaling in bone. Kindlin-2 directly interacts with the C-
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terminal  cytoplasmic  domain  of  PTH1R  via  amino  acids  474-475
and with Gsα, facilitating the coupling of PTH1R to its downstream
signaling pathways. This interaction enhances PTH-induced cAMP
production and CREB phosphorylation, crucial steps for osteoblast
function  and  bone  formation.  The  loss  of  Kindlin-2  suppresses
these  signaling  events,  impairing  osteoblast  activity  and  reducing
bone remodeling efficiency[102].

In  addition  to  modulating  PTH1R  activity,  Kindlin-2  plays  a
direct  role  in  osteogenesis.  It  stimulates  the  expression  of
osteocalcin (OCN), a non-collagenous protein (NCP) that regulates
intrafibrillar  hydroxyapatite  alignment  and  mineralization.  This
regulation  is  critical  for  maintaining  proper  bone  structure  and
mechanical  properties[103].  Intriguingly,  PTH  signaling  upregulates
Kindlin-2  expression,  creating  a  positive  feedback  loop  that
amplifies both PTH1R signaling and osteoblast function[102]. To sum
up,  Kindlin-2  serves  as  a  pivotal  mediator  of  PTH1R signaling  by
enhancing  receptor  activity,  downstream  signal  transduction,  and
osteogenesis-related  gene  expression.  This  interplay  between
Kindlin-2  and  PTH1R  underscores  its  critical  role  in  bone
metabolism  and  highlights  potential  therapeutic  targets  for  bone-
related disorders.

 4.2.8    Other integrin-independent signaling pathways

Kindlin  proteins,  beyond  the  above  well-characterized  roles  in
integrin-independent  signaling  pathways,  also  exhibit  diverse
regulatory functions across multiple others, for example, Kindlin-1
is crucial for fully activating ERK signaling in response to oxidative
stress,  thereby  protecting  cells  from  DNA  damage[104].  In  human
cervical  cancer  cells  (SiHa),  Kindlin-2  promotes  autophagy  by
inactivating the AKT/mTOR signaling pathway, suggesting a tumor-
suppressive  role  under  specific  contexts[105].  Conversely,  Kindlin-2
activates  mTOR/VEGFA  signaling  to  promote  melanoma
progression  and  angiogenesis[106].  Kindlin-2  influences  cell  fate
through multiple mechanisms. For instance, its depletion increases
Fas  and  FasL  expression  in  KFs,  activating  the  Fas/FasL-mediated
exogenous apoptotic  pathway[71].  Additionally,  Kindlin-2  negatively
regulates  cellular  senescence  by  modulating  p53-dependent
transcriptional  activity,  repressing  senescence-associated  genes  like

SerpinB2 and p21[107]. Ding et al. also demonstrate loss of Kindlin-2
enhances  miR-29-mediated  upregulation  of  p53,  promoting  the
senescence-associated  secretory  phenotype  (SASP)  and  impairing
skeletal homeostasis[107].

The  latest  research  results  also  show  that  Kindlin-2  promotes
peroxisome proliferator-activated receptor gamma (PPARγ) activity
by  stabilizing  fatty  acid  synthase  (FAS),  enhancing  fatty  acid
binding protein 4 (FABP4) expression. This axis suppresses insulin
expression  and  decreases  bone  mass.  Inhibiting  Kindlin-2
accelerates  FAS  degradation,  reduces  FABP4  expression,  and
reverses  these  effects,  highlighting  its  role  in  metabolic  regulation
and  bone  remodeling[108].  Recently,  Kindlin-2  established  a
regulatory  loop  with  GLI1,  an  effector  of  the  Hedgehog  pathway.
GLI1  transcriptionally  represses  Kindlin-2,  while  Kindlin-2
promotes  GLI1  expression  via  GSK-3β  inactivation  in  a
Smoothened-independent  manner[109].  Additionally,  Kindlin-2
modulates  Rho  GTPase  activity  by  interacting  with  Rho  GDP-
dissociation  inhibitor  α  (RhoGDIα)  and  Rac1,  maintaining
cytoskeletal  dynamics  and  cellular  motility.  Its  loss  in  podocytes
leads  to  Rac1  hyperactivation,  cytoskeletal  defects,  and  increased
motility[110].

Researchers  also  pay  attention  to  the  roles  of  Kindlins  in  gene
transcription  and  epigenetic  Modulation.  Kindlin-2  interacts  with
histone methyltransferase SUV39H1 to repress GATA4 expression
via  H3K9  di- and  tri-methylation,  attenuating  cardiac
hypertrophy[111].  It  also  associates  with  RNA  helicase  DDX3X,
facilitating  c-Myc  mRNA  translation  to  drive  glycolysis  and
pancreatic  ductal  adenocarcinoma  (PDAC)  progression,
demonstrating  its  involvement  in  transcriptional  and  translational
control[112].  These  findings  collectively  reveal  that  Kindlin  proteins
act  as  versatile  regulators  of  non-integrin  signaling  pathways,
orchestrating  cellular  responses  to  environmental  and  intracellular
cues.  Their  dysregulation  contributes  to  diverse  pathological
conditions,  including  cancer  progression,  oxidative  stress,  fibrosis,
metabolic disorders, and aging. These insights not only underscore
the  broad  biological  importance  of  Kindlin  proteins  but  also
highlight their potential as therapeutic targets across a wide range of
diseases (Table 1).

 

Table 1    Kindlins in integrin-independent signaling pathway.

Isoform Signaling pathway Cell/Tissue type Mechanism Function Ref

Kindlin-1

Kindlin-1/Wnt/β-
catenin

Primary keratinocytes, KS
patient specimens

Kindlin-1 loss activates Wnt-β-catenin signaling
by regulating transcription of Wnt ligands and
receptors in a cell autonomous and integrin-

independent manner

Hyperthickened epidermis↑,
KS-like defects↑, skin tumor

incidence↑
[47]

Kindlin-1/NF-κB Human GC cell lines, human
GC specimens

Kindlin-1 activates NF-κB signaling by promoting
the degradation of IκBα

Overall survival rate↓,
proliferation, invasion,
metastasis and EMT↑

[60]

Kindlin-1/NF-
κB/NLRP3 BV2 microglial cells, rat brain

Kindlin-1 knockdown prevents NF-κB p65 from
entering the nucleus and decreased NLRP3

inflammasome activation

Microglial inflammation and
brain damage↓, intracerebral

hemorrhage↓
[61]

Kindlin-1/TGF-
β1/Smad3

Human CRC lines, human and
mouse CRC specimens

Kindlin-1 interacts with TβRI, SARA and Smad3
to activate TGF-β/Smad3 signaling pathway

Cell proliferation↑, tumor
growth↑ [65]

Kindlin-1/Wnt-10a/β-
catenin

Primary astrocytes, rat brain
specimens

kindlin-1 interacts with Wnt10a to activate
Wnt10a/β-catenin signaling

GFAP↑, hyperalgesia↑,
inflammatory mediators↑ [74,75]

Kindlin-1/EGFR Immortalized keratinocytes,
KS patient specimens

Kindlin-1 and EGFR interacts directly to restrict c-
Cbl–EGFR association and thus protects EGFR

from lysosomal degradation
Cell migration↑ [95]

Kindlin-
1/EGFR/AKT/β-

catenin

Human normal liver cells and
hepatoma cell lines, human

HCC specimens

Kindlin-1 activates EGFR/AKT/β-catenin and
EGFR/ERK pathways

Cell viability, invasion,
migration, and EMT↑ [97]

(To be continued on the next page)
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(Continued)
 

Isoform Signaling pathway Cell/Tissue type Mechanism Function Ref

Kindlin-2

Kindlin-2/TNF/NF-
κB/Caspase 8

HepG2 and Huh7 cells, mouse
liver injury

Kindlin-2 inhibits TNF/NF-κB-Caspase 8
inflammatory pathway

Hepatocyte apoptosis↓, liver
fibrosis and injury↓ [62]

Kindlin-2/NF-
κB/MMPs

Human prostate cancer cell
lines

Kindlin-2 overexpression activates NF-κB-
dependent signaling and upregulate the

expression of MMPs
Cell invasion↑ [63]

Kindlin-2/TGF-
β1/Smad3

Mouse primary fibroblasts
cells, mouse skin specimens

Kindlin-2 mediates Smad3-TβRI interaction,
activates p-Smad3, and enhances TGF-β1 target

gene expression
Tissue fibrosis↑ [66]

Kindlin-2/TGF-
β/Smad

Human HSC cell line, human
and mouse liver specimens

Kindlin-2 promotes TGF-β signaling through
upregulation of Smad2 and Smad3

phosphorylation

Hepatic stellate cells activation
↑, liver fibrogenesis↑ [67]

Kindlin-2/TGF-
β/Smad

Limb MSCs, mouse bone
specimens

Kindlin-2 ablation inhibits TGF-β1-induced
Smad2 phosphorylation Chondrocyte differentiation↓ [68]

Kindlin-2/TGF-
β1/HOXB9

PDAC cell lines, human PDAC
specimens

Kindlin-2 is upregulated by TGF-β1 and
upregulates TβRI to inhibit HOXB9

Cell growth, migration and
invasion↑ [69]

Kindlin-2/TGF-
β/Smad

Human kidney TECs, human
and mouse kidney specimens

Kindlin-2 facilitates activation of TGF-β/Smad
signaling via recruiting Smad3 to TβRI Renal fibrosis↑ [70]

Kindlin-2/Smad/SOST MLO-Y4 cells, mouse bone
specimens

Kindlin-2 decreases SOST by downregulating
Smad2/3

Osteopenia and mechanical
property defects↓ [72]

Kindlin-2/miR-
1258/TCF4

Human HCC cell lines, human
and mouse HCC specimens

Kindlin-2 upregulates TCF4 expression by
epigenetically suppressing miR-1258 Cell migration and metastasis↑ [76,77]

Kindlin-2/Wnt/β-
catenin

Human colon cancer cell lines,
human RCC cell lines

Kindlin-2 silencing directly reduces the
expression, and nuclear localization of β-catenin,

and decreases β-catenin target genes

Cell proliferation, invasion,
and migration↓ [78,81]

Kindlin-2/TCF4/β-
catenin C2C12 cells

Kindlin 2 forms a tripartite complex with active β-
catenin and TCF4, and hence co-occupied on the
promoter of myogenin to enhance its expression

myogenic differentiation↑ [79]

kindlin-2/Wnt/β-
catenin

Primary VSMCs, rat VSMC
specimens

kindlin-2 upregulats Wnt/β-catenin signaling and
thereby modulates the expression of β-catenin

target genes

Cell proliferation, migration
and intimal hyperplasia↑ [80]

Kindlin-2/YAP/TAZ Human MSCs, mouse bone
specimens

Kindlin-2 loss inhibits RhoA activation and
reduces myosin light-chain phosphorylation,

resulting in increased Ser127-phosphorylation
and nuclear exclusion of YAP1, and ubiquitin

ligase atrophin-1 interacting protein 4-mediated
degradation of YAP1/TAZ

MSC differentiation↑,
adipogenesis↑, osteogenesis↓ [83]

Kindlin-2/Hippo/YAP

Human renal tubular epithelial
and human embryonic kidney
cell lines, human and mouse

kidney specimens

Kindlin-2 inhibits Hippo signaling by interacting
with and degrading MOB1 and promoting the
interaction between MOB1 and the E3 ligase

praja2, and thus inhibits the phosphorylation of
LATS1 and YAP and promotes YAP translocation

into the nucleus

Tubular degeneration↑, renal
fibrosis↑ [84]

Kindlin-2/Hippo/YAP Sertoli cell lines, mouse
epididymis tissues

Kindlin-2 depletion enhances LATS1 interaction
with YAP, increases YAP phosphorylation and

decreases its nuclear translocation

Severe testis hypoplasia↑, cell
proliferation↓, apoptosis↑,

phagocytosis↓
[85]

Kindlin-2/Piezo1/TGF-
β/Runx2 HUVECs

Kindlin-2 knockdown increases Piezo1 stability
by disrupting the interaction between Piezo1 and

Trim28.
EC-to-OSB↑, bone mass↑ [86]

Kindlin-2/Notch1 HUVECs, rat kidney
vasculature specimens

Kindlin-2 interacts with NICD and prevents the
cleavage of Notch1

Cell migration, matrix
proteolysis, morphogenesis

and sprouting↑
[91]

Kindlin-
2/STAT3/Dll1/Notch

Human breast cancer and
human embryonic kidney cell
lines, mouse mammary glands

Kindlin-2 depletion in myoepithelial cells
promotes Stat3 activation and upregulates Dll1,

which activates the Notch pathway

Luminal cell differentiation
and maturation↓,
alveologenesis↓

[92]

EGFR/PI3K/Kindlin-2 Human cell lines HeLa, HEK-
293T

EGF upregulates Kindlin-2 expression via
EGFR–PI3K signaling cascade, and Kindlin-2

prevents EGFR from degradation via decrease of
EGFR ubiquitination

Cell migration↑ [98]

Kindlin-2/β-
catenin/YB-1/EGFR

Human glioma cell lines,
human and mice glioma

specimens

Kindlin-2 forms a transcriptional complex with
YB-1 and β-catenin that bound to the EGFR

promoter and enhanced transcription

Cell proliferation and
motility↑, glioma cell growth↑ [99]

(To be continued on the next page)
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 5    Kindlins in development and diseases

 5.1    Kindlins in cancer progression and metastasis
While  earlier  reviews  laid  the  groundwork  for  understanding
Kindlins in cancer[113,114], the massive recent findings underscore their
broader  and  deeper  impact.  These  advances  reveal  not  only  novel
regulatory  mechanisms  and  pathways  but  also  the  potential  of
Kindlins  as  biomarkers  for  cancer  prognosis  and  as  therapeutic
targets for intervention (Fig. 3). A thorough examination of genetic
alterations  across  more  than  10,000  patients  with  33  cancer  types
demonstrated  that  kindlin  mutations  and  alterations  occur
frequently across various malignancies. These genetic variations are
not  merely  incidental  but  are  closely  associated  with  tumor
progression,  metastasis,  and  dysregulation  of  key  cancer  hallmark
pathways.  This  highlights  their  multifaceted  roles  in  oncogenesis,
cancer progression and metastasis[115].

 5.1.1    Kindlins in breast cancer

Recent  studies  have  highlighted  the  pivotal  roles  of  Kindlin-1  in
breast  cancer  progression,  metastasis,  and  immune  regulation.
Kindlin-1 promotes anti-tumor immune evasion by modulating the
tumor microenvironment; its deletion in breast cancer models leads
to  tumor  regression,  reduced  tumor-infiltrating  regulatory  T  cells
(Tregs), and increased IL-6 secretion, which impairs Treg-mediated

CD8+ T  cell  suppression[116].  Additionally,  Kindlin-1  has  been
identified  as  a  clinically  relevant  mediator  of  breast  cancer[117],
Kindlin-1  also  enhances  early  steps  of  metastasis,  including  local
invasion  and  pulmonary  dissemination,  through  β-integrin
activation  and  α4  integrin-mediated  adhesion  to  endothelial
VCAM-1.  This  facilitates  early  pulmonary  arrest  and  metastasis,
partly  mediated  by  Kindlin-1-dependent  secretion  of  factors  like
tenascin-C[118,119].  Collectively,  these findings establish Kindlin-1 as a
crucial  regulator  of  breast  cancer  metastasis  and  immune
modulation,  presenting  potential  therapeutic  targets  for
intervention.

Kindlin-2  has  emerged  as  a  critical  regulator  in  breast  cancer
progression  and  metastasis,  influencing  multiple  oncogenic
pathways and cellular processes. It plays a pivotal role in mammary
morphogenesis,  alveologenesis,  and  lactation  by  mediating  the
Kindlin-2-Stat3-Dll1  signaling  cascade,  which  regulates  luminal
progenitor commitment[92]. In triple-negative breast cancer, Kindlin-
2  interacts  with  β1-integrin  and  TβRI,  forming  a  complex  that
stabilizes  oncogenic  signaling,  promoting  tumor  progression  and
metastasis[120].  Kindlin-2  contributes  to  an  aggressive  tumor
microenvironment  by  modulating  TGF-β/CSF-1  signaling
employed  by  breast  cancer  cells,  which  recruits  macrophages  to
support  tumor  progression[121].  Additionally,  it  facilitates  androgen
receptor (AR) signaling by forming a supramolecular complex with
AR  and  Src,  driving  AR  phosphorylation  and  enhancing  breast

(Continued)
 

Isoform Signaling pathway Cell/Tissue type Mechanism Function Ref

Kindlin-2/Gsa/PTH1R MC-4 cells, mouse bone
specimens

Kindlin-2 interacts with the C-terminal
cytoplasmic domain of PTH1R via aa 474-475

and Gsα.

PTH anabolic activity↑, bone
mass accrual and

homeostasis↑
[102]

Kindlin-
2/PTH1R/OCN

Rat BMSCs, rat bone
specimens

Kindlin-2 activates PTH1R and stimulates the
excretion of OCN Osteogenesis↑, bone mass↑ [103]

miR-29/Kindlin-2/p53
Primary BMSCs, 3T3-E1 cells,

human and mouse OP
specimens

miR-29 promotes senescence by upregulating p53
via targeting Kindlin-2 mRNA in MSCs to

increase SASP levels

Skeletal senescence↑, cortical
bone thickness↓, trabecular

bone mass↓
[107]

Kindlin-2/GSK-
3β/GLI1

Human prostate cancer cell
lines

Kindlin-2 promotes GLI1 expression through a
mechanism involving GSK-3β inactivation Cell viability↑ [109]

Kindlin-
2/SUV39H1/GATA4

Primary rat neonatal
cardiomyocytes and HEK293A
cells, mouse heart specimens

Kindlin-2 interacts with SUV39H1 and recruits it
to GATA4 promoter leading to the occupancy of

histone H3K9 di- and tri-methylation to
suppresses GATA4 expression

Cardiomyocyte hypertrophy↓ [111]

Kindlin-2/DDX3X/c-
Myc

HEK 293T cells and MIA PaCa-
2 cells, mouse PDCA

specimens

Kindlin-2 facilitates DDX3X interaction with c-
Myc mRNA 5'UTR and thereby promotes c-Myc

translation

Tumor cell glycolysis and
progression↑, tumor growth↑ [112]

Kindlin-
2/p53/SerpinB2

Breast cancer cell lines, mouse
tumor specimens

Kindlin-2 negatively regulates cellular senescence
in part through its interaction with p53, whereby

it regulates the expression of SerpinB2 at the
promoter level

Cellular senescence↓ [127]

TGF-β2/NF-
κB/Kindlin-2

Human GC cell lines, mouse
GC specimens

TGF-β2 secreted by TAMs up-regulated the
expression of Kindlin-2 through activating NF-кB

Overall survival↓, cell invasion
and metastasis↑ [133]

miR-200b/Kindlin-2
Human ESCC cell lines,

human and mouse ESCC
specimens

miR-200b binds to the 3′-UTR of Kindlin-2 and
decreases Kindlin-2

Cell proliferation and
migration↓, apoptosis↑, cell

cycle arrest↑
[151]

Kindlin-2/Stat3/Runx2 ATDC5 cells, human and
mouse OA specimens

Kindlin-2 deficiency promotes mitochondrial
oxidative stress and activates Stat3, leading to

Runx2-mediated chondrocyte catabolism

Spontaneous OA↑, OA
lesions↑ [180]

Kindlin-2/GSK-3β/β-
catenin

Primary human pancreatic
islets, mouse pancreatic

specimens

Kindlin-2 loss activates GSK-3β and
downregulates β-catenin

β-cell proliferation and mass↓,
diabetic phenotypes↑ [228]

“↑”: upregulation; “↓”: downregulation.
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cancer  cell  proliferation  and  migration[122].  It  stabilizes  EGFR  by
inhibiting  its  ubiquitination  and  degradation,  thereby  amplifying
EGF-induced  breast  cancer  cell  migration.  Moreover,  Kindlin-2
regulates breast cancer stiffness and invasion through its interaction
with  HIF-1α,  influencing  collagen  biogenesis  via  the  integrin/FAK
pathway[123].

Epigenetically,  Kindlin-2  enhances  DNMT1  and  DNMT3A
activities,  leading  to  silencing  of  tumor  suppressors  such  as  E-
cadherin  and  miR-200  through  CpG  island  hypermethylation.
These  changes  facilitate  breast  cancer  epithelial-mesenchymal
transition (EMT), invasion, and metastasis[124]. The loss of Kindlin-2,
conversely,  increases  miR-200  expression,  suppressing  EMT  and
metastasis[125,126].  Furthermore,  Kindlin-2  interacts  with  p53  to
regulate SerpinB2 and p21 expression, inhibiting cellular senescence
and  promoting  tumor  survival[127].  Its  high  expression  also  induces
genome  instability  and  enhances  tumor  growth  in  xenograft
models,  contributing  to  breast  cancer  progression in  vivo[128].
Importantly,  Kindlin-2  expression  correlates  with  poor  survival
outcomes  in  breast  cancer  patients  and  mice,  highlighting  its

potential  as  a  therapeutic  target[129,130].  Collectively,  these  findings
underscore  Kindlin-2's  diverse  and  critical  roles  in  breast  cancer,
from  tumor  initiation  and  progression  to  metastasis  and  therapy
resistance.

Although  Kindlin-3  is  not  expressed  in  breast  tumor  epithelial
cells,  it  is  highly  expressed  in  tumor-infiltrating  leukocytes,
correlating  with  poor  patient  prognosis[131].  Moreover,  elevated
Kindlin-3  mRNA  levels  were  observed  in  human  breast  tumors,
with its overexpression enhancing primary tumor growth and lung
metastasis in mouse models. Mechanistically, Kindlin-3 upregulates
vascular endothelial growth factor (VEGF) secretion via integrin β1
activation  and  increased  Twist  expression,  a  transcription  factor
that drives angiogenesis[132]. These findings highlight the critical role
of  Kindlin-3  in  modulating  tumor-stromal  interactions  and  its
potential as a therapeutic target in aggressive breast cancers.

 5.1.2    Kindlins in gastric cancer

Kindlin-1  and  Kindlin-2  have  been  reported  to  be  involved  in
gastric  cancer  progression,  influencing  tumor  behavior  through

 

m6A

Figure 3    Schematic  illustration of  the multifaceted roles  of  Kindlins in various types of  cancer,  highlighting their  influence on cellular  processes  such as  proliferation,
migration, invasion, and metastasis (Created with BioRender.com).
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distinct  molecular  pathways.  Kindlin-1  is  significantly
overexpressed in gastric cancer tissues compared to normal tissues
and  is  associated  with  poor  overall  survival.  Mechanistically,
Kindlin-1  activates  NF-κB  signaling  by  promoting  IκBα
degradation,  driving  proliferation,  invasion,  metastasis,  and  EMT.
Knockdown  of  Kindlin-1  inhibits  these  oncogenic  behaviors,
suggesting  its  critical  role  in  tumor  progression[60].  Kindlin-2  is
similarly  implicated  in  advanced  gastric  cancer,  with  elevated
expression  linked  to  worse  clinical  outcomes,  deeper  tumor
invasion,  and  lymph  node  metastasis.  Kindlin-2  fosters  EMT  by
activating fibroblasts  and promoting M2 macrophage polarization.
The  TGF-β2/NF-κB/Kindlin-2  axis,  driven  by  tumor-associated
macrophages  (TAMs),  enhances  invasion  and  progression,
particularly  under  hypoxic  conditions[133,134].  Additionally,  Kindlin-2
induced  by  macrophages  regulates  the  expression  of  interleukins
(e.g.,  IL-8,  IL-11,  IL-22),  further  promoting  gastric  cancer  cell
invasion and tumor microenvironment remodeling[135].

Kindlin-2  also  plays  a  crucial  role  in  integrin  signaling,
enhancing  the  phosphorylation  of  β1  and β3  integrins  to  facilitate
adhesion  to  the  endothelium  and  ECM  components  like  collagen
IV.  Its  high  expression  in  metastatic  gastric  cancer  cell  lines
correlates  with  increased  proliferation,  invasion,  and
angiogenesis[136], alongside poor survival outcomes[137]. Both Kindlin-
1  and  Kindlin-2  are  significantly  upregulated  in  gastric  cancer
tissues,  with  their  expression  levels  correlating  with  tumor  stage,
metastasis,  and  survival,  highlighting  their  importance  as
biomarkers and therapeutic targets.

 5.1.3    Kindlins in pancreatic cancer

In  pancreatic  adenocarcinoma  (PAAD),  Kindlin-1  is  significantly
upregulated and correlates  with  tumor stage,  histologic  grade,  and
poor  prognosis,  making  it  a  valuable  diagnostic  and  prognostic
marker.  Its  expression  is  linked  to  N6-methyladenosine  (m6A)
modification  and  methylation  at  specific  CpG  sites,  which  also
influence  prognosis.  High  Kindlin-1  expression  may  also  increase
sensitivity  to  chemotherapy  drugs  such  as  Palbociclib,  AM-5992,
and  TAE-226,  offering  potential  therapeutic  avenues[138].  The
Kindlin-1  protein  is  found  in  the  cytoplasm  and  membrane  of
cancer cells, further functional assays revealed that silencing Kindlin-
1  in  PAAD  cell  lines,  such  as  AsPC-1  and  KP-2,  significantly
reduced  their  migration  and  invasion  capabilities,  though
proliferation remained unaffected[139].

Kindlin-2  is  also  reported  to  deeply  contribute  to  pancreatic
cancer  progression  by  regulating  multiple  signaling  pathways[140,141].
It  is  upregulated  by  TGF-β1,  which  enhances  pancreatic  ductal
adenocarcinoma  (PDAC)  cell  growth,  migration,  and  invasion.
Kindlin-2  and  TGF-β  signaling  creates  a  positive  feedback  loop,
where  Kindlin-2  also  upregulates  TβRI,  further  promoting  PDAC
progression[69].  Mechanistically,  Kindlin-2  contributes  to  tumor
advancement by downregulating key proteins such as HOXB9 and
E-cadherin, which are involved in tumor suppression and epithelial
integrity[69].  Moreover,  Kindlin-2  has  been  implicated  in  the
regulation  of  glucose  metabolism  and  tumor  growth  through  the
DDX3X-c-Myc signaling axis, as loss of Kindlin-2 inhibits this axis,
reducing c-Myc translation and glycolysis[112]. Additionally, Kindlin-
2 is essential for the migration and invasion of PDAC cells in vitro
and in vivo, with the knockdown of Kindlin-2 inhibiting pancreatic
stellate  cell-mediated  effects  on  tumor  progression[142].  Clinically,
elevated Kindlin-2  expression is  associated  with  poor  prognosis  in
PDAC patients[69],  indicating its potential as a biomarker for tumor

aggressiveness and a therapeutic target for intervention.

 5.1.4    Kindlins in prostate cancer

Kindlin-2 is significantly upregulated in prostate cancer (PCa) cells,
particularly  in  androgen-independent  cell  lines  such  as  PC3  and
DU145. Kindlin-2 regulates integrin-mediated adhesion, migration,
and  invasion  of  PCa  cells,  facilitating  their  ability  to  invade
surrounding  tissues  and  metastasize[143].  Its  overexpression  in
metastatic castration-resistant prostate cancer cells  has been linked
to  enhanced  cell  survival  and  chemoresistance,  particularly  to
chemotherapy  agents  like  docetaxel  and  cisplatin.  Mechanistically,
Kindlin-2  protects  PCa  cells  from  apoptosis  by  modulating  the
expression of anti-apoptotic proteins like Bcl-xL and inhibiting β1-
integrin signaling pathways,  which are  crucial  for  cell  survival  and
migration[144].  In  contrast,  knocking  down  Kindlin-2  in  PCa  cells
significantly  reduces  their  invasiveness,  suggesting  its  key  role  in
promoting  tumor  progression  through  NF-κB  activation  and
subsequent upregulation of matrix metalloproteinases (MMP-2 and
MMP-9),  enzymes  that  degrade  the  extracellular  matrix  and
enhance  invasive  capabilities[63].  Additionally,  Kindlin-2's  role
extends  beyond  cell  adhesion  and  migration.  Overexpression  of
Kindlin-2  in  androgen-sensitive  LNCaP  cells  confers  resistance  to
cisplatin-induced  cell  death[144],  while  silencing  Kindlin-2  in
androgen-independent  PCa  cell  lines  such  as  PC3  enhances
chemotherapy  sensitivity[50,109]. In  vivo studies  also  reveal  that
disruption  of  Kindlin-2  signaling  impairs  PCa  growth  and
metastasis[143], highlighting its potential as a therapeutic target.

On the other hand, Kindlin-3 plays a complementary role in PCa
progression, particularly in immune cells such as T cells and natural
killer  (NK) cells.  It  has  been shown that  loss  of  Kindlin-3 in these
immune  cells  promotes  tumor  growth,  suggesting  its  involvement
in  immune-mediated  suppression  of  tumor  development[145].
Moreover, interference with the interaction between Kindlin-3 and
integrins  in  tumor-associated  immune  cells  accelerates  tumor
growth,  indicating  that  Kindlin-3  contributes  to  the  tumor-
suppressive  activity  of  immune  cells  in  the  prostate  cancer
microenvironment[145].  Together,  these  findings  underscore  the
pivotal  roles  of  both  Kindlin-2  and  Kindlin-3  in  regulating  PCa
progression, metastasis, and response to chemotherapy.

 5.1.5    Kindlins in glioma

Kindlin-2  and  Kindlin-3  have  emerged  as  significant  regulators  in
glioma progression, with distinct roles in cell motility, proliferation,
and  chemoresistance.  High  expression  of  Kindlin-2  in  glioma
tissues  correlates  with  higher  pathological  grade  and  worse
prognosis.  Kindlin-2  promotes  glioma  cell  motility  and
proliferation  through  activation  of  the  EGFR  pathway  and  the
formation  of  a  transcriptional  complex  with  YB-1  and  β-catenin,
which  upregulates  EGFR transcription[99].  Furthermore,  Kindlin-2's
role  in  attenuating  cisplatin-induced  apoptosis  in  glioma  cells  has
been  demonstrated  through  AKT/JNK  and  AKT/p38  signaling
pathways, with its F3 subdomain being critical for this effect[146].

Also,  Kindlin-3  is  highly  expressed  in  glioblastoma  tissues,
particularly  in  high-grade  gliomas,  and  is  an  independent
prognostic  factor  for  glioma.  It  enhances  glioma  cell  proliferation
and  chemoresistance,  particularly  to  temozolomide,  through
integrin-mediated activation of Wnt/β-catenin signaling[147]. Kindlin-
3  is  primarily  expressed  in  glioma-associated  microglia/
macrophages (GAMs) and plays a crucial role in immune response
and cytokine production,  correlating with immune cell  infiltration
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and  immune  checkpoint  gene  expression.  Moreover,  Kindlin-3
overexpression has been associated with improved responses to anti-
PD1 therapy[148]. These findings suggest that Kindlin-2 and Kindlin-
3  play  pivotal  roles  in  glioma  biology,  influencing  both  tumor
growth  and  therapeutic  resistance,  making  them  potential  targets
for novel glioma treatments.

 5.1.6    Kindlins in esophageal cancer

In  esophageal  cancer  (EC),  both  Kindlin-1  and  Kindlin-2  show
elevated  expression  compared  to  normal  esophageal  tissues,  but
their  roles  differ  depending  on  tumor  differentiation.  Kindlin-1  is
predominantly  expressed  in  well-differentiated  tumors,  while
Kindlin-2  is  more  prevalent  in  poorly  differentiated  tumors[149].
These  observations  suggest  that  Kindlin-1  may serve  as  a  negative
regulator  of  EC  progression,  potentially  inhibiting  tumor  growth
and  metastasis,  whereas  Kindlin-2  appears  to  play  a  more
supportive  role  in  promoting  tumor  aggressiveness  and
progression.  Recent  studies  further  elucidate  the  regulatory
mechanisms  involving  microRNAs  in  EC.  Specifically,  miR-200b
has  been  shown  to  negatively  regulate  Kindlin-2  expression  in
esophageal  squamous cell  carcinoma (ESCC) cells.  Overexpression
of  miR-200b  reduces  Kindlin-2  levels,  leading  to  decreased  cell
protrusions,  focal  adhesion  (FA)  formation,  and  reduced
invasiveness.  Conversely,  knockdown  of  miR-200b  or  enforced
expression of Kindlin-2 abrogates the inhibitory effects of miR-200b
on  cell  migration  and  invasiveness[150].  In  addition,  the  long  non-
coding  RNA  lnc-ATB  has  been  found  to  regulate  the  miR-
200b/Kindlin-2  axis,  as  silencing  of  lnc-ATB  significantly  inhibits
both  cell  proliferation  and  Kindlin-2  expression,  thereby
suppressing  tumor  growth in  vivo[151].  Mechanistically,  miR-200b
targets  Kindlin-2,  leading  to  the  suppression  of  integrin  β1-
mediated signaling and AKT activation, which further mitigates the
invasive  capabilities  of  ESCC  cells[51].  These  findings  suggest  that
Kindlin-2  is  a  key  player  in  EC  progression,  with  its  expression
being  tightly  regulated  by  miR-200b  and  lnc-ATB,  making  it  a
potential therapeutic target for the treatment of ESCC.

 5.1.7    Kindlins in hepatocellular carcinoma

In  hepatocellular  carcinoma  (HCC),  epigenetic  modification  of
Kindlins  genes  plays  a  crucial  role  rather  than  genetic  factors  in
hepatocarcinogenesis  among  the  Chinese  population.  Kindlin-2
expression  also  correlates  with  aggressive  clinicopathological
features  of  HCC,  including  tumor  encapsulation,  microvascular
invasion,  extrahepatic  metastasis,  and  poor  prognosis[152].  High
Kindlin-2 levels are associated with EMT in HCC cells, promoting
invasion  and  metastasis  through  the  activation  of  Wnt/β-catenin
signaling.  Additionally,  a  novel  Kindlin-2-miR-1258-TCF4
feedback  loop,  identified  in  a  recent  study,  has  been  found  to
promote  HCC  cell  invasion  and  metastasis  in  an  integrin-
independent manner[76]. Furthermore, Kindlin-2 has been identified
as  an  independent  prognostic  factor  for  both  overall  and  disease-
free survival in HCC patients[153]. These findings suggest that Kindlin-
2 could serve as a potential biomarker for predicting poor prognosis
in HCC and may be targeted for therapeutic intervention.

 5.1.8    Kindlins in melanoma

Kindlin-2  is  highly  expressed  in  melanoma  and  correlates  with
advanced  tumor  stages,  metastasis,  and  recurrence[149].  Clinically,
high  kindlin-2  expression  is  associated  with  advanced  melanoma
stages  and  predicts  poor  patient  prognosis.  Specifically,  in

experimental  studies,  elevated  kindlin-2  enhances  melanoma  cell
migration,  invasion,  and  EMT  without  affecting  proliferation in
vitro.  Mechanistically,  Kindlin-2  upregulation  activates  the  mTOR
pathway,  leading  to  increased  VEGFA secretion  and  angiogenesis,
which promotes tumor growth and lung metastasis in vivo[106].

Kindlin-3  has  a  more  complex  role.  Although  it  regulates
integrin-mediated  cell  adhesion,  aberrant  expression  of  Kindlin-3
disrupts RhoGTPase signaling, leading to impaired cell migration in
melanoma[154,155].  Kindlin-3  is  also  involved  in  collagen-related
signaling through its interaction with the DDR1 receptor, affecting
β1-integrin  activation.  Knockdown  or  mutation  of  Kindlin-3
enhances  the  oncogenic  properties  of  BRAFV600mut melanoma,
promoting  proliferation  and  migration  while  impairing  the  anti-
proliferative effects of DDR1 inhibition[156]. Furthermore, Kindlin-3-
deficient  nonclassical  monocytes,  which  are  crucial  for  patrolling
the  vasculature  and  preventing  tumor  metastasis,  exhibit  defective
tumor  cell  interaction,  leading  to  increased  lung  metastasis  in
melanoma  models[157].  Together,  both  proteins  are  potential
therapeutic targets for melanoma treatment,  offering opportunities
to modulate tumor growth, metastasis, and immune responses.

 5.1.9    Kindlins in other cancers

In addition to the cancers mentioned above,  Kindlin proteins play
significant  roles  across  various  other  cancers,  influencing  tumor
progression,  metastasis,  and patient  prognosis.  In  chronic  myeloid
leukemia  (CML),  Kindlin-3  deficiency  triggers  the  release  of
leukemia  stem  cells  from  the  bone  marrow,  impairing  their
proliferation and survival in secondary organs, thus curbing disease
progression  and  metastasis[158,159].  A  similar  role  for  Kindlin-3  has
been  observed  in  acute  myeloid  leukemia  (AML),  where  its
overexpression  correlates  with  tumor  proliferation  and  invasion,
and  its  inhibition  via  miR-4792  suppresses  these  processes[160].  In
renal cell carcinoma (RCC), Kindlin-2 promotes tumor progression
by  enhancing  migration,  invasion,  and  Wnt  signaling  activation,
while  higher  Kindlin-2 levels  correlate  with poor  prognosis[81,161].  In
colorectal  cancer  (CRC),  both  Kindlin-1  and  Kindlin-2  are
implicated in promoting cell proliferation, migration, and invasion
through  TGF-β/Smad3  and  Wnt/β-catenin  pathways.  Kindlin-1  is
also  associated  with  poor  prognosis  in  CRC[65,78,162].  Similarly,  in
cutaneous squamous cell  carcinoma (SCC), Kindlin-1 loss leads to
tumor  growth  through  a  hypoxic  environment  and  increased
MMP13  expression[163,164].  In  lung  cancer,  Kindlin-1  inhibits  EMT,
while Kindlin-2 promotes it, particularly in large cell lung cancer[165].
Additionally,  in ovarian cancer,  low Kindlin-2 expression is  linked
to  poor  prognosis,  as  it  suppresses  peritoneal  dissemination  and
enhances EMT[166].

Kindlin-2 and Kindlin-3 have also been shown to play significant
roles  in  lung  adenocarcinoma[30],  lymphoma[167],  osteosarcoma[168],
and cervical cancer[105] through their involvement in tumor growth,
metastasis,  and  prognosis.  Given  the  rapidly  expanding  evidence
base,  kindlins  have  emerged  as  key  players  in  cancer  biology
beyond  their  previously  recognized  roles.  This  updated  review
integrates  new  insights  into  the  diverse  mechanisms  by  which
Kindlins  influence  cancer  progression  and  metastasis,  providing  a
more  comprehensive  understanding  of  their  importance  in
oncogenesis (Table 2).

 5.2    Kindlins in bone biology and skeletal diseases
Kindlin-2  and  Kindlin-3  are  critical  regulators  of  skeletal
development  and bone homeostasis,  influencing  processes  such as
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Table 2    Kindlins in cancer progression and metastasis.

Cancer Isoform Experimental cell/Model system Treatment in vivo Signaling pathway Function Ref

Breast cancer

Kindlin-1 Met-1 cells, mouse breast cancer
model Kindlin-1 mutant Kindlin-1/IL6 Tumor infiltrating Tregs↓, IL-6

secretion↑, tumor regression↑ [116]

Kindlin-1 Met-1 cells, 168FARN cells, 4T1
mouse model Kindlin-1 mutant Kindlin-1/Integrin β1 Cell invasion and metastasis↓,

early pulmonary arrest [118,119]

Kindlin-2 Human cell lines HeLa, HEK-293T Kindlin-2 siRNA EGFR/PI3K/Kindlin-2 Cell migration and invasion↓ [98]

Kindlin-2 MDA-MB-231, 4T1, and HEK293
cells, mouse breast cancer model Kindlin-2 KO Kindlin-2/Integrin β1/TβRI Cell invasion and metastasis↓,

tumor growth↓ [120]

Kindlin-2 Human BT549 cells and HEK 293T
cells,

Kindlin-2 KO,
Kindlin-2 shRNA Kindlin-2/AR/Src Tumor metastasis↓, cancer

progression↓ [122]

Kindlin-2
MDA-MB-231 cells, human breast

cancer specimens, MMTV-Kindlin-2
mice

MMTV-Kindlin-2 Kindlin-2/DNMT1/E-
cadherin

Cell proliferation and
migration↑ [124,131]

Kindlin-2 Human breast cancer cell lines, mouse
breast cancer model Kindlin-2-deficient miR-200b/Kindlin-2 EMT and cell metastasis↓ [125,126]

Kindlin-2 Breast cancer cell lines, mouse tumor
xenografts Kindlin-2 shRNA Kindlin-2/p53/SerpinB2 Cellular senescence↑, tumor

growth↓ [127]

Kindlin-3
Human breast cancer cell lines, human
breast cancer specimens, mouse breast

cancer model
N/A Kindlin-3/Twist/VEGF Primary tumor growth and

lung metastasis↑ [132]

Gastric cancer

Kindlin-1 Human gastric cancer cell lines,
human gastric cancer specimens N/A Kindlin-1/NF-κB

Overall survival rate↓,
proliferation, invasion,
metastasis and EMT↑

[60]

Kindlin-2 Human gastric cancer cell lines, nude
mouse oncogenesis model N/A TGF-β2/NF-κB/Kindlin-2 Overall survival rate↓, cell

invasion↑ [133]

Kindlin-2 Human gastric cancer cell lines,
human gastric cancer specimens N/A Kindlin-2/EMT/macrophage Overall survival rate↓, cell

invasion, metastasis and EMT↑ [134,135]

Kindlin-2 Human gastric cancer cell lines,
human gastric cancer specimens N/A Kindlin-2/Integrin β

Overall survival rate↓, cell
proliferation, adhesion,

invasion, metastasis and EMT↑
[136]

Pancreatic
cancer

Kindlin-1 Pancreatic cancer cell lines, human
PAAD specimens N/A Kindlin-1/m6A Cell migration and invasion↑,

poor prognosis↑ [138,139]

Kindlin-2 HEK 293T cells and pancreatic cancer
cell lines, mouse PDAC model Kindlin-2 KO Kindlin-2/DDX3X/c-Myc Tumor cell glycolysis↓, tumor

growth↓ [112,140]

Kindlin-2 PDAC cell lines, human PDAC
specimens N/A Kindlin-2/TGF-β1/HOXB9 Cell growth, migration and

invasion↑ [69,141]

Prostate
cancer

Kindlin-2 Human prostate cancer cell lines N/A Kindlin-2/NF-κB/MMPs Cell invasion↑ [63,143]
Kindlin-2 Human prostate cancer cell lines Kindlin-2 siRNA Kindlin-2/GSK-3β/GLI1 Cell viability↓ [109]

Kindlin-2 Human prostate cancer cell lines Kindlin-2 siRNA miR-138/Kindlin-2/Integrin
β1

Cell apoptosis↑, drug
sensitivity↑ [50,144]

Kindlin-3 Mouse xenograft model Kindlin-3 knock-in N/A Tumor growth↓ [145]

Glioma

Kindlin-2
Human glioma cell lines, human
glioma specimens, experimental

metastasis mouse model
N/A Kindlin-2/β-catenin/YB-

1/EGFR
Cell proliferation and

motility↑, glioma cell growth ↑ [99,148]

Kindlin-2 Human glioma cancer cell lines Kindlin-2 siRNA Kindlin-2/AKT/JNK/p38 Cell apoptosis ↑ [146]

Kindlin-3 Human glioma cancer cell lines,
human glioma specimens Kindlin-3 siRNA Kindlin-3/Integrin/Wnt/β-

catenin
Cell survival and
chemoresistance↓ [147]

Esophageal
cancer

Kindlin-1 Human esophageal cancer specimens N/A N/A Tumor growth↓ [149]

Kindlin-2 Human ESCC cell lines, human and
mouse ESCC specimens N/A miR-200b/Kindlin-2/Integrin

β1/AKT

Cell proliferation and
migration↓, apoptosis↑, cell

cycle arrest ↑
[51,150,

151]

Hepatocellular
carcinoma

Kindlin-1
Human normal liver cells and

hepatoma cell lines, human HCC
specimens

Kindlin-1 siRNA Kindlin-1/EGFR/AKT/β-
catenin

Cell viability, invasion,
migration, and EMT↓ [97,152]

Kindlin-2 Human HCC cell lines, human and
mouse HCC specimens

Lentivirus-Kindlin-
2 shRNA Kindlin-2/miR-1258/TCF4 Cell migration and metastasis↓ [76]

Kindlin-2 Human HCC cell lines, human HCC
specimens N/A Kindlin-2/Wnt/β-catenin

Cell invasion, metastasis and
EMT↑, HCC

clinicopathological features↑
[153]

(To be continued on the next page)
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chondrogenesis,  osteoblastogenesis,  osteoclast  activity,  and
osteocyte  mechanotransduction.  Kindlin-2  is  indispensable  for
osteogenesis,  with its  deletion in osteoprogenitors  or  chondrocytes
resulting in impaired ossification, severe skeletal abnormalities, and
altered  chondrogenic  differentiation[169].  Mechanistically,  Kindlin-2
promotes  chondrocyte  proliferation  and  survival,  stabilizes  key
signaling  molecules  like  Sox9,  and  regulates  Smad2/3  signaling  in
osteocytes  to  modulate  responses  to  mechanical  stress[49,68].
Furthermore, Kindlin-2 affects osteoblast function through integrin
β1/Rac1/AP-1 signaling, and its deficiency in osteocytes disrupts the
balance  between  bone  formation  and  resorption,  increasing
sclerostin  expression,  osteoclast  activity,  and  RANKL  levels,  while
reducing  osteoblast  differentiation  and  β-catenin  signaling[49,72,170,171].
Furthermore,  Kindlin-2  promotes  osteogenesis  by  regulating
osteoblast  differentiation,  ECM  remodeling,  and  mineralization.  It
enhances  osteoblast  function  through  the  Kindlin-2/PTH1R/OCN
signaling axis and supports collagen crosslinking[103].

On  the  bone  resorption  front,  Kindlin-3  plays  a  pivotal  role  in
osteoclast  function  by  regulating  integrin  activation  and
cytoskeleton  organization[172,173].  Deficiencies  in  Kindlin-3  result  in
defective  podosome  and  sealing  zone  formation,  leading  to
impaired  bone  resorption  and  osteopetrosis[174,175].  Remarkably,
Kindlin-3 interacts with LC3B, modulating podosome dynamics via
autophagy-mediated  degradation  and  inside-out  integrin
signaling[176].  Studies  on  inflammatory  bone  disorders  reveal  that
aberrant  Kindlin-3  and  Talin-1  expression  in  pathologically
activated osteoclasts contributes to pathological bone destruction[177].
Collectively,  Kindlins  orchestrate  bone  homeostasis  by  tightly
regulating  osteoblast,  osteoclast,  and  osteocyte  functions,  offering
potential  therapeutic  targets  for  metabolic  and  structural  bone
diseases.

 5.2.1    Kindlins in osteoarthritis

Recent  work  has  identified  Kindlin-2  as  a  key  regulator  in
maintaining  the  integrity  of  articular  cartilage  and  preventing  the
progression  of  osteoarthritis  (OA).  Its  expression  is  significantly
downregulated  in  the  degenerated  cartilage  of  aged  mice  and
patients  with  OA,  highlighting  its  importance  in  cartilage
homeostasis[178-180].  Genetic  deletion  of  Kindlin-2  in  articular
chondrocytes  leads  to  spontaneous  OA  and  worsens  OA  lesions
induced  by  joint  instability.  This  is  due  to  the  activation  of
mitochondrial  oxidative  stress  and  the  downstream  activation  of
Stat3, which triggers the expression of Runx2, a master regulator of
chondrocyte  catabolism.  Runx2  upregulates  matrix-degrading
enzymes  like  Mmp13,  leading  to  cartilage  degradation[180].  In  the
temporomandibular joint (TMJ), Kindlin-2 loss causes severe OA-
like lesions, including progressive cartilage loss, surface fissures, and
ectopic  cartilage  and  bone  formation.  This  is  accompanied  by  a

reduction  in  anabolic  extracellular  matrix  proteins,  such  as
aggrecan,  Col2a1,  and  proteoglycan  4  (Prg4),  and  an  increase  in
catabolic markers like Runx2 and Mmp13. Furthermore, Kindlin-2
deficiency  leads  to  impaired  chondrocyte  proliferation  and
promotes  apoptosis  via  cytochrome  c  release  and  caspase  3
activation[178].

Pharmacological inhibition of Stat3 or genetic ablation of Stat3 in
chondrocytes  can  reverse  the  pathological  changes  associated  with
Kindlin-2  deletion,  suggesting  that  targeting  the  Kindlin-
2/Stat3/Runx2 axis could be a potential therapeutic strategy for OA.
Intra-articular injection of AAV5-kindlin-2 has been shown to slow
the progression of aging- and instability-induced knee joint OA in
mice,  further  supporting  the  importance  of  Kindlin-2  in  OA
prevention and treatment[180]. Overall, Kindlin-2 plays a central role
in  cartilage  homeostasis  and  OA  pathogenesis,  making  it  a
promising therapeutic target for OA intervention.

 5.2.2    Kindlins in osteoporosis

In  aging  and  high-fat  diet-induced  osteoporosis  (OP),  Kindlin-2
expression  in  adipose  tissue  increases,  contributing  to  decreased
bone  mass  by  promoting  PPARγ  activation,  which  upregulates
FABP4  and  inhibits  insulin  expression.  This  process  leads  to
decreased  bone  mass.  Targeted  inhibition  of  Kindlin-2  results  in
increased  bone  mass  by  accelerating  FAS  degradation,  decreasing
PPARγ  and  FABP4  expression,  and  enhancing  insulin  levels[108].
Additionally, Kindlin-2 is integral to the PTH1R signaling pathway
in osteoblastic cells,  where its  deletion impairs both osteoblast  and
osteoclast  formation,  neutralizing  the  bone  anabolic  effects  of
intermittent  PTH  treatment.  The  interaction  between  Kindlin-2
and  PTH1R  is  critical  for  cAMP  production  and  CREB
phosphorylation,  driving  bone  mass  accrual.  In  estrogen-deficient
mice, Kindlin-2 loss abrogates PTH-induced bone anabolic activity,
highlighting  its  role  in  estrogen-dependent  bone  homeostasis[102].
Furthermore,  miR-29,  which  targets  Kindlin-2,  is  upregulated  in
aged  mice  and  osteoporotic  patients,  promoting  MSC  senescence
and exacerbating bone loss[107].

A recent study demonstrated that haploinsufficiency of Kindlin-2
in endothelial cells results in increased bone mass due to enhanced
endothelial-to-osteoblast  conversion  (EC-to-OSB),  indicating  that
Kindlin-2  loss  in  endothelial  cells  increases  Piezo1  stability  by
disrupting the interaction between Piezo1 and Trim28. Meanwhile,
elevated  Piezo1  enhances  EC-to-OSB  by  increasing  TGF-β
expression  and  subsequent  Runx2  expression,  which  finally
contributes  to  bone  mass  increase  during  aging,  and  also  in  mice
with OP[86]. Overall, Kindlin-2 influences bone metabolism through
multiple  pathways,  making  it  a  potential  therapeutic  target  for
osteoporosis and related skeletal diseases.

(Continued)
 

Cancer Isoform Experimental cell/Model system Treatment in vivo Signaling pathway Function Ref

Melanoma

Kindlin-2 Human melanoma tissues, melanoma
cell lines

Kindlin-2
overexpression Kindlin-2/mTOR/VEGFA Tumor growth and

angiogenesis↑ [106]

Kindlin-3 Melanoma cell lines, mouse xenograft
model N/A EMMPRIN/Integrin

β1/kindlin-3
Cell invasion and migration↓,
cell adhesion and spreading↑ [154,155]

Kindlin-3
Melanoma cell lines, human
melanoma specimens, mouse

xenograft model

Kindlin-3
knockdown or

mutant
Kindlin-3/DDR1/Integrin β1

Cell proliferation and
migration↑, melanoma

prognosis↓
[156,157]

“↑”: upregulation; “↓”: downregulation; “N/A”: not applicable.
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 5.2.3    Kindlins in intervertebral disc degeneration

Kindlin-2 also participates in the maintenance of intervertebral disc
(IVD)  homeostasis,  and  its  loss  is  strongly  associated  with
intervertebral  disc  degeneration  (IVDD).  It  is  highly  expressed  in
the  nucleus  pulposus  (NP)  but  not  in  the  annulus  fibrosus  or
cartilaginous  endplates  of  IVD  tissues.  In  aged  mice  and  severe
IVDD  patients,  Kindlin-2  expression  in  NP  cells  is  significantly
reduced.  Deletion  of  Kindlin-2  in  NP  cells  leads  to  spontaneous
IVDD-like  phenotypes,  accelerating  degeneration  under
mechanical  stress[181].  Mechanistically,  Kindlin-2  loss  activates  the
NLRP3  inflammasome,  inducing  IL-1β  expression,  which  further
downregulates  Kindlin-2,  creating  a  vicious  cycle  that  promotes
ECM  catabolism  and  NP  cell  apoptosis.  Meanwhile,  AAV-
mediated  overexpression  of  Kindlin-2  in  human  NP  cells  and  rat
models  alleviates  ECM  catabolism  and  reduces  cell  apoptosis[181],
offering potential therapeutic strategies for IVDD.

 5.3    Kindlins in keratinocyte biology and skin diseases
Kindlins,  including  Kindlin-1  and  Kindlin-2,  are  integral
components of the integrin signaling network in keratinocytes and
crucial for maintaining skin integrity and function. Kindlin-1, plays
a  significant  role  in  keratinocyte  adhesion,  migration,  and
proliferation,  primarily  by  interacting  with  integrins  and  actin
cytoskeletal  components[47,182-184].  In  KS,  a  rare  autosomal  recessive
disorder  caused  by  Kindlin-1  mutations,  patients  exhibit  skin
fragility,  photosensitivity,  mucocutaneous  scarring,  and  an
increased risk of skin cancer[185,186]. Studies show that Kindlin-1 binds
to  cyclin-dependent  kinases  (CDK1  and  CDK2),  influencing  cell
cycle  regulation  and  enhancing  DNA  repair  in  response  to
oxidative  stress  in  KS[187].  Loss  of  Kindlin-1  sensitizes  cells  to
oxidative  damage  by  disrupting  ERK  signaling  and  ROS
management,  leading  to  increased  DNA  damage  and
photosensitivity  in  KS  patients[104].  Additionally,  Kindlin-1  is
essential for EGFR signaling and cell migration in response to EGF,
and  it  prevents  EGFR  degradation,  which  is  crucial  for  proper
wound  healing[95,188].  Moreover,  it  leads  to  premature  senescence,
characterized  by  the  downregulation  of  stemness  markers  and
upregulation of cell cycle inhibitors such as p16[189].

Kindlin-2,  while  also  involved  in  integrin-mediated  adhesion,
appears to have distinct functions from Kindlin-1[190].  It plays a key
role  in  dermal-epidermal  adhesion,  barrier  function,  and
cytoskeletal  organization  in  keratinocytes[71,191].  In  KS,  the  overlap
between  Kindlin-1  and  Kindlin-2  in  focal  adhesions  suggests  that
these proteins have complementary roles in skin epithelial integrity.
However,  Kindlin-2  cannot  fully  compensate  for  Kindlin-1
deficiency,  and  vice  versa,  highlighting  their  non-redundant  roles.
Notably,  Kindlin-1  specifically  interacts  with  β6  integrins,  while
Kindlin-2  is  involved  in  interactions  with  integrin  β1s,  indicating
functional differences that affect keratinocyte behavior[190,192,193].

Recent studies also suggest that modulating the balance between
Kindlin-1  and  Kindlin-2  expression,  or  targeting  specific  integrin
signaling  pathways  (such  as  RhoGTPase  regulation),  could  offer
potential  therapeutic  strategies  for  treating  KS  and  other  skin
diseases[191].  Understanding  the  precise  molecular  mechanisms  by
which  Kindlins  influence  oxidative  stress  responses,  cell  cycle
regulation,  and  integrin  activation  provides  valuable  insights  into
the pathophysiology of KS and other skin fragility disorders.

 5.4    Kindlins in blood biology and hematological diseases
Kindlin-3  plays  a  crucial  role  in  platelet  function,  hemostasis,  and

thrombosis by regulating integrin αIIbβ3 activation[20,194]. It interacts
with  talin  and  paxillin  to  facilitate  integrin  activation,  platelet
spreading,  aggregation,  and  clot  retraction.  Studies  demonstrate
that Kindlin-3 is essential for the bidirectional signaling of integrin
αIIbβ3,  and  its  deficiency  leads  to  impaired  platelet  adhesion  and
aggregation,  extended  bleeding  times,  and  resistance  to  arterial
thrombosis[195,196].  Kindlin-3  interacts  with  integrin  β3  CT,  distinct
from  talin,  to  support  integrin  activation[11].  In  patients  with  ST-
elevation  myocardial  infarction,  Kindlin-3  cleavage  in  platelets  is
linked  to  myocardial  infarction,  suggesting  a  potential  therapeutic
target  for  anti-thrombotic  treatments[197].  Additionally,  reduced
Kindlin-3  levels  during  fetal  development  result  in  diminished
platelet spreading and function[198].  The role of Kindlin-3 in platelet
integrin  activation  has  significant  implications  for  understanding
thrombosis and bleeding disorders.

Leukocyte adhesion deficiency-III (LAD-III) is a rare autosomal
recessive  disorder  caused  by  mutations  in  the  Kindlin-3  gene
encoding  Kindlin-3,  a  crucial  regulator  of  integrin  activation  in
leukocytes,  platelets,  and  osteoclasts[172,199,200].  Kindlin-3  deficiency
impairs  β1,  β2,  and  β3  integrin-mediated  adhesion,  leading  to
defective  leukocyte  migration,  platelet  aggregation,  and  bone
resorption,  manifesting  as  symptoms  of  Glanzmann
thrombasthenia  and  leukocyte  adhesion  deficiency[12,13,201].  Identified
mutations,  such  as  E138K  and  others  causing  truncation  or
destabilization  of  Kindlin-3's  FERM  domain,  result  in  reduced
protein expression and functional deficits in hematopoietic cells[201].
Kindlin-3  is  also  essential  for  NK  cell  migration,  adhesion,  and
cytotoxicity[202].  Studies  reveal  that  Kindlin-3  deficiency  causes
hematopoietic  stem  and  progenitor  cell  quiescence  and  abnormal
distribution between bone marrow and circulation, contributing to
LAD-III  pathophysiology[203].  Notably,  allogeneic  bone  marrow
transplantation has been shown to restore Kindlin-3 expression and
resolve  clinical  symptoms[172],  highlighting  its  therapeutic  potential.
These  findings  underscore  Kindlin-3’s  critical  role  in  leukocyte
adhesion, platelet function, and integrin-mediated cellular processes
in LAD-III.

 5.5    Kindlins in cardiovascular diseases
Kindlins,  particularly  Kindlin-2  and  Kindlin-3,  play  essential  roles
in endothelial cell function and cardiovascular regulation. Kindlin-2
is  critical  for  vascular  stability  and  angiogenesis  by  regulating
integrin  β1  and  β3  activity  through  FAK-PIK3  signaling  and
supporting  VE-cadherin-based  adherens  junctions  via  actin
cytoskeleton linkage[48,204,205].  Endothelial-specific deletion of Kindlin-
2  causes  embryonic  lethality  due  to  impaired  angiogenesis  and
vascular  hemorrhage,  while  partial  loss  reduces  vessel  growth  and
tumor  angiogenesis[91,206].  Mechanotransduction  studies  reveal  that
Kindlin-2 arginine methylation regulates vascular stability via liquid-
liquid  phase  separation[207].  In  vascular  smooth  muscle  cells
(VSMCs),  Kindlin-2  knockdown  suppresses  proliferation,
migration,  and  intimal  hyperplasia  through  Wnt  signaling[80].
Kindlin-3, meanwhile, promotes vascular endothelial growth factor
(VEGF)  secretion  via  Twist-mediated  transcription  and  supports
integrin  β1  activation,  contributing  to  angiogenesis  and  vascular
remodeling[132].  Notably,  Kindlin-3  deficiency  causes  microvascular
malformations  linked  to  dysregulated  TGF-β1  signaling[57].  These
findings  underscore  Kindlins'  therapeutic  potential  in  vascular
diseases,  including  atherosclerosis,  hyperplasia,  and  angiogenic
disorders.

Kindlin-2  is  essential  for  cardiac  development,  structural
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integrity,  and  function,  playing  a  critical  role  in  cardiomyocyte
mechanotransduction  and  integrin-mediated  signaling[192,208,209].  It  is
highly  expressed  in  the  heart,  localized  to  intercalated  discs,
costameres, and Z-discs, where it interacts with integrin β1 and α-
actinin-2.  Loss  of  Kindlin-2  disrupts  Z-disc  integrity,  reduces
integrin  β1  activation,  and  leads  to  disordered  myocardial  fibers,
cardiac hypertrophy, fibrosis, and heart failure[210-213]. Studies in mice
and zebrafish  show that  Kindlin-2  deficiency  results  in  embryonic
lethality,  impaired  myocardial  development,  and  ventricular
contractility[192,214].  In  adults,  postnatal  deletion  of  Kindlin-2
exacerbates  hypertrophic  cardiomyopathy  and  accelerates
pathological  remodeling  under  stress  (e.g.,  isoproterenol).
Mechanistically, Kindlin-2 suppresses GATA4 expression, regulates
cytoskeletal  organization,  and  mediates  myocyte  elongation  and
differentiation  during  myogenesis[111].  In  fibroblasts,  Kindlin-2
modulates  mechanosensing  and  extracellular  matrix  interactions,
with  its  depletion  linked  to  age-related  cardiac  dysfunction[208,215,216].
These findings highlight Kindlin-2 as a pivotal regulator of cardiac
structure  and  function,  with  implications  for  therapeutic
interventions in cardiovascular diseases.

 5.6    Kindlins  in  axon  regeneration  and  neurological
diseases
Kindlins,  particularly  Kindlin-1  and  Kindlin-2,  contribute  to  axon
regeneration  and  neurological  diseases  through  their  effects  on
integrin  activation,  inflammation,  and  intracellular  signaling.
Kindlin-1 is implicated in neuropathic pain by regulating astrocyte
activation,  neuroinflammation,  and  pain  sensitivity  via  the  glial
fibrillary acidic protein (GFAP; biomarker for astroglial injury) and
Wnt10a  pathways[42,74,75].  Downregulation  of  Kindlin-1  reduces  glial
activation  and  inflammatory  mediator  release,  alleviating  pain
hypersensitivity,  whereas  overexpression  exacerbates  neuropathic
pain  symptoms[217].  Hyperbaric  oxygen  (HBO)  therapy  effectively
attenuates  neuropathic  pain  by  suppressing  Kindlin-1  expression,
suggesting a therapeutic link between Kindlin-1 and inflammation-
mediated  pain[74,218].  In  intracerebral  hemorrhage  (ICH),  Kindlin-1
contributes to microglia activation and neuroinflammation through
the NLRP3 inflammasome and NF-κB pathways. Silencing Kindlin-
1 reduces inflammatory factors (IL-1β, IL-18), alleviates hematoma,
and improves neurological outcomes in ICH models[61].

Kindlin-2 is  endogenously expressed in the nervous system and
essential  for  axon  guidance,  neural  crest  formation,  and  amyloid
precursor  protein  metabolism[219].  In  sensory  neurons,  Kindlin-2
deficiency  impairs  axon  growth,  though  this  can  be  partially
rescued  by  Kindlin-1.  Remarkably,  overexpression  of  Kindlin-1
promotes  integrin  activation,  enhances  axon  regeneration  in  rat
dorsal root injury models in vivo, and improves functional recovery,
suggesting  its  potential  as  a  therapeutic  target  for  nervous  system
repair[42].  Kindlin-2 also regulates  FGF signaling,  supporting neural
crest  development  independently  of  integrins[220].  Collectively,
Kindlins,  especially  Kindlin-1,  are  critical  modulators  of  axon
regeneration, neural inflammation, and pain regulation, presenting
promising targets for therapies in neurological diseases and injuries.

 5.7    Kindlins in liver diseases
Kindlin-2  is  a  pivotal  regulator  of  liver  health  and  disease,
mediating  processes  such  as  inflammation,  oxidative  stress,  lipid
metabolism, ischemia-reperfusion (I/R) injury, and fibrosis, making
it a potential therapeutic target for a range of liver disorders. Loss of
Kindlin-2  in  hepatocytes  disrupts  liver  homeostasis  by

downregulating  glutathione-S-transferase  P1,  leading  to  excessive
oxidative  stress  and  reactive  oxygen  species  (ROS)  production,
which  in  turn  triggers  inflammation,  fibrosis,  and  hepatocyte
apoptosis. These detrimental effects can be mitigated by antioxidant
treatment (e.g., N-acetylcysteine) or inhibition of the TNF pathway,
underscoring  Kindlin-2’s  role  in  maintaining  liver  integrity[62,221].  In
nonalcoholic fatty liver disease (NAFLD), Kindlin-2 is significantly
upregulated  and  exacerbates  disease  progression  by  stabilizing
Foxo1 through inhibition of its ubiquitination and degradation via
the  Skp2  E3  ligase.  This  stabilization  promotes  lipid  metabolism
disorders  and  hepatocyte  inflammation.  In  contrast,  Kindlin-2
haploinsufficiency or knockdown in hepatocytes alleviates NAFLD
and  glucose  intolerance  in  mice,  suggesting  a  protective  role  in
reducing Kindlin-2 activity[62,222].

Kindlin-2  also  plays  a  critical  role  in  liver  fibrosis,  a  common
endpoint of chronic liver diseases. Elevated Kindlin-2 expression in
hepatic  stellate  cells  (HSCs)  enhances  TGF-β1  signaling  by
promoting  Smad2  and  Smad3  phosphorylation,  driving  HSC
activation  and  collagen  deposition.  Experimental  models
demonstrate  that  Kindlin-2  deficiency  significantly  attenuates
fibrosis  progression,  highlighting  its  potential  as  a  target  for
antifibrotic therapies[67]. Moreover, in steatotic liver subjected to I/R
injury, Kindlin-2 mediates the protective effects of irisin, an exercise-
induced  myokine,  by  improving  mitochondrial  function  and
reducing  oxidative  and  endoplasmic  reticulum  stress.  However,
Kindlin-2 inhibition abolishes these protective effects,  emphasizing
its central role in hepatocyte resilience to stress[223].

 5.8    Kindlins in intestinal diseases
Recent  studies  have  highlighted  the  crucial  roles  of  Kindlin-1  and
Kindlin-2  in  intestinal  diseases,  particularly  in  conditions  such  as
ulcerative  colitis  (UC) and gastrointestinal  dysfunctions.  Kindlin-1
is localized to the plasma membrane of epithelial cells in the colon
and rectum, and mutations in Kindlin-1 are associated with severe
gastrointestinal symptoms in KS, including chronic diarrhea, failure
to  thrive,  and UC[223-225].  In  mouse  models,  deletion of  Kindlin-1  in
the intestine leads to epithelial dysfunction, barrier detachment, and
inflammation,  resembling  human  UC,  with  perinatal  lethality  due
to  defective  integrin  activation  in  intestinal  epithelial  cells[6].
Similarly,  intestine-specific  deletion  of  Kindlin-1  and -2  in  mice
causes  tight  junction  degradation  and  mucosal  inflammation,
mirroring  the  pathophysiology  of  UC[226].  Additionally,  Kindlin-2
depletion  in  smooth  muscle  cells  impairs  intestinal  contractility,
leading to hypoperistalsis, intestinal obstruction, and reduced blood
pressure[227].  These  findings  underscore  the  importance  of  Kindlin
proteins  in  maintaining  intestinal  epithelial  integrity,  smooth
muscle  function,  and  mucosal  health,  and  suggest  that  Kindlin
dysfunction contributes to severe gastrointestinal disorders.

 5.9    Kindlins in islet function and diabetes
Kindlin-2 is emerging as a pivotal regulator in islet β-cell function,
systemic glucose metabolism, and the pathogenesis of diabetes and
its  complications.  In  β-cells,  Kindlin-2  maintains  insulin  secretion
and β-cell mass via nuclear roles. It localizes to the nucleus, directly
stabilizes  transcription  factor  MafA,  and  enhances  insulin
expression.  Its  loss  impairs  both  MafA-driven  transcription  and
calcium-dependent  secretion,  while  activating  GSK-3β,
downregulating  β-catenin,  and  reducing  proliferation.  These
disruptions  collectively  lead  to  β-cell  mass  loss  and  diabetic
phenotypes[228].  Mechanistically  study  confirmed  that  this  nuclear
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translocation was facilitated by a putative NLS (TKKKKKK, aa 148-
154)  within  Kindlin-2,  as  its  deletion  abrogated  nuclear
accumulation  and  pro-fibrotic  functions[208].  Furthermore,  the
deletion  of  Kindlin-2  promotes  NLRP3  inflammasome  activation
and increases pro-inflammatory cytokine levels, exacerbating β-cell
dysfunction  in  diabetic  conditions.  Conversely,  overexpression  of
Kindlin-2  improves  insulin  secretion,  reduces  inflammation,  and
alleviates hyperglycemia in high-fat diet and streptozotocin-induced
diabetic models, highlighting its therapeutic potential[229].

In  adipose  tissue,  Kindlin-2  regulates  insulin  sensitivity  and
systemic  metabolism through  its  integrin-related  and  independent
pathways.  The  loss  of  Kindlin-2  in  adipocytes  leads  to  an  atypical
lipodystrophic  phenotype  characterized  by  insulin  resistance,
preserved  liver  insulin  sensitivity,  and  compensatory
hyperinsulinemia[230].  Kindlin-2  also  plays  a  significant  role  in
mitigating  diabetes-induced  complications.  In  diabetic
nephropathy,  Kindlin-2  inhibition  prevents  podocyte  EMT  by
downregulating  TGF-β/Smad  signaling,  alleviating  kidney
damage[231].  Dong et  al. also  shows  that  Kindlin-2  regulates
angiogenesis  by  maintaining  Notch1  signaling  integrity,  with  high
glucose-induced  hyperactive  angiogenesis  being  counteracted  by
Kindlin-2  knockdown[91].  Collectively,  these  findings  highlight
Kindlin-2  as  a  multifaceted  regulator  of  β-cell  function,  glucose
metabolism, and diabetes-associated complications.

 5.10    Kindlins in renal diseases
Kindlin-2  has  been  proven  to  be  a  crucial  regulator  in  the
pathogenesis of renal diseases, particularly in the development and
progression  of  tubulointerstitial  fibrosis  (TIF)  and  diabetic
nephropathy (DN). Its role in EMT, a key process in renal fibrosis,
is well-documented[231]. Kindlin-2 promotes EMT in kidney tubular
epithelial cells by activating major signaling pathways, including the
TGF-β/Smad,  Ras-ERK,  and  Akt  pathways.  By  interacting  with
integrins,  phosphoinositides,  and  directly  binding  to  the  TGF-β
receptor  (TβRI)  and  Smad3,  Kindlin-2  facilitates  the  activation  of
TGF-β/Smad  signaling,  which  is  central  to  fibrosis
development[70,232].  In  particular,  Kindlin-2  increases  the  deposition
of  ECM  such  as  fibronectin,  which  exacerbates  fibrosis  in  the
kidney,  and  modulates  podocyte-matrix  adhesion,  further
contributing to glomerular injury[232].

In  experimental  models  of  renal  fibrosis,  including  unilateral
ureteral  obstruction  (UUO),  Kindlin-2  depletion  activates  the
Hippo/YAP signaling  pathway,  alleviating  renal  fibrosis.  Kindlin-2
inhibits  this  pathway  by  promoting  the  degradation  of  MOB1,
which  correlates  negatively  with  YAP  activation  and  fibrosis  in
human  samples.  Targeting  Kindlin-2  with  siRNA  effectively
reduces UUO-induced fibrosis, suggesting that Kindlin-2 inhibition
could  be  a  potential  therapeutic  approach  for  renal  fibrosis,
providing  a  potential  therapeutic  avenue  for  managing  kidney
disease[84].

 5.11    Kindlins in lung diseases
The involvement of Kindlin-2 in the pathogenesis of  lung diseases
such  as  acute  lung  injury  (ALI)  and  pulmonary  fibrosis  offers  a
potential  therapeutic target for these conditions.  In ALI,  Kindlin-2
expression  is  significantly  upregulated,  contributing  to  lung
endothelial  barrier  disruption,  inflammation,  and  pyroptosis.
Specific  deletion  of  Kindlin-2  in  ALI  models  reduces  pro-
inflammatory cytokines (IL-1β, IL-6, TNF-α), decreases pyroptosis-
related  proteins,  and  ameliorates  lung  injury  by  attenuating

leukocyte  infiltration  and  improving  lung  pathology[233].  In
pulmonary  fibrosis,  Kindlin-2  promotes  fibroblast  activation  and
collagen  matrix  deposition  by  interacting  with  PYCR1,  a  key
enzyme  in  proline  synthesis.  The  Kindlin-2-PYCR1  complex  and
proline  synthesis  are  elevated  in  fibrotic  lungs  and  suppressed  by
antifibrotic  drugs  like  pirfenidone  and  nintedanib.  Ablation  of
Kindlin-2  in  bleomycin-induced  fibrosis  models  reduces  PYCR1
expression,  collagen  deposition,  and  disease  progression[234].  These
findings highlight Kindlin-2 as a pivotal regulator of inflammation,
fibroblast activation, and matrix remodeling in lung diseases (Fig. 4,
Table 3).

 6    Conclusions and future perspectives
Kindlins  serve  as  critical  molecular  regulators  of  both  integrin
activation  and  signaling  pathways,  executing  essential  functions  in
multiple  fundamental  cellular  activities  such  as  cell-matrix
adhesion,  cellular  proliferation,  directed  migration,  and
differentiation processes. Through their interactions with integrins,
Kindlins  mediate  critical  physiological  functions  across  diverse
systems,  such  as  cardiovascular  integrity,  immune  cell  adhesion,
bone resorption, angiogenesis, and tissue repair. Pathophysiological
disruptions in Kindlin-integrin interactions are implicated in severe
disorders,  including  leukocyte  adhesion  deficiency,  cardiovascular
diseases, osteoporosis, and other massive disorders.

However, emerging evidence highlights the growing significance
of Kindlin functions beyond integrin activation, suggesting they act
as versatile co-factors in non-integrin-dependent pathways that are
pivotal  for  cellular  homeostasis  and  disease  progression.  Kindlins
integrate  external  mechanical  cues  into  intracellular  signaling
cascades  through  their  interactions  with  cytoskeletal  proteins  and
signaling  molecules  independent  of  integrins.  More  importantly,
Kindlins'  integrin-independent  roles  are  increasingly  implicated  in
disease  processes.  For  example,  in  cancer,  elevated  Kindlin
expression drives tumor angiogenesis via Wnt signaling regulation
and  enhances  tumor  progression  and  metastasis[130,147].  In
cardiovascular  diseases,  non-integrin-dependent  effects  on
fibroblast  function and mechanosensing contribute to pathological
cardiac  remodeling  and  heart  failure[208,216].  In  skeletal  diseases,
beyond  its  role  in  osteoclast-mediated  bone  resorption,  Kindlin-2
impacts  mesenchymal  stem  cell  differentiation,  linking  it  to  bone
regeneration and homeostasis[49,107,169].

Recent studies reveal that Kindlins function as transcriptional co-
regulators,  modulating  gene  expression  independent  of  their
canonical  integrin-binding domains.  Kindlin-2,  for  example,  binds
directly  to  the  GATA4  promoter,  suppressing  its  expression  and
preventing  stress-induced  cardiac  hypertrophy[111].  Additionally,
Kindlin-2  influences  the  transcriptional  activity  of  β-catenin/TCF4
complexes,  thereby  impacting  skeletal  muscle  differentiation  and
fibrosis[79].  This  highlights  an  underexplored  but  crucial  aspect  of
Kindlins'  role  in  transcriptional  control,  offering  new  therapeutic
opportunities.

Future  research  should  focus  on  elucidating  the  structural  and
biochemical  underpinnings  of  Kindlins'  non-integrin  functions,
particularly  their  roles  in  transcriptional  regulation  and  signal
transduction.  Advanced  structural  biology  approaches  and  single-
cell  multiomics  will  be  instrumental  in  these  efforts.  The  dual
integrin-dependent  and  non-integrin  functions  of  Kindlins  offer
unique  therapeutic  opportunities.  It  is  important  to  note  that,  as
adhesion  scaffold  proteins,  Kindlins  currently  have  no  small-
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Figure 4    Overview of the involvement of Kindlins in a variety of non-neoplastic diseases, underscoring their association across different organ systems and the broad
impact of kindlins on health and disease (Created with BioRender.com).
 

Table 3    Kindlins in non-neoplastic diseases.

Disease Isoform Experimental cell/Model
system Treatment in vivo Signaling

pathway Function Ref

Skeletal diseases

OA Kindlin-2 ATDC5 cells, human OA
specimens, mouse OA model AAV5-Kindlin-2 Kindlin-2/

STAT3/Runx2
OA lesions↓, articular cartilage

integrity↑ [178-180]

OP Kindlin-2 HUVECs, mouse OVX model Kindlin-2
knockdown

Kindlin-
2/Piezo1/TGF-

β/Runx2
Bone mass↑ [86]

OP Kindlin-2 MC-4 cells, mouse OVX model Kindlin-2 KO Kindlin-
2/Gsa/PTH1R

PTH anabolic activity ↓, bone
mass accrual and

homeostasis ↓
[102]

OP Kindlin-2
Primary BMSCs, 3T3-E1 cells,
human OP specimens, mouse

OVX model
N/A miR-29/Kindlin-

2/p53

Skeletal senescence↑, cortical
bone thickness↓, trabecular

bone mass↓
[107]

OP Kindlin-2 Mouse primary BMSCs, mouse
OVX model

Kindlin-2
knochdown

Kindlin-
2/FAS/PPAR

γ/FABP4

Bone mass↑, insulin
expression↑ [108]

IVDD Kindlin-2
Primary human nucleus

pulposus cells, human IVDD
specimens, rat IVDs model

AAV5-Kindlin-2 Kindlin-2/NLRP3
ECM catabolism↓, cell

apoptosis↓, IVDD
progression↓

[181]

Skin diseases
KS Kindlin-1 Primary keratinocytes, KS

patient specimens Kindlin-1 losss Kindlin-1/Wnt/β-
catenin

Hyperthickened epidermis↑,
KS-like defects↑, skin tumor

incidence↑
[47]

KS Kindlin-1 Immortalized keratinocytes,
KS patient specimens Kindlin-1 loss Kindlin-1/EGFR Cell migration↓, migratory

behavior↓ [95]

(To be continued on the next page)
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(Continued)
 

Disease Isoform Experimental cell/Model
system Treatment in vivo Signaling

pathway Function Ref

KS Kindlin-1 Primary keratinocytes, KS
patient specimens Kindlin-1 loss Kindlin-1/ERK Oxidative stress↑,

photosensitivity↑ [189]

Hematological
diseases LAD-III Kindlin-3 Human LAD-III specimens Kindlin-3 loss Kindlin-3/Integrin

Functional leukocyte defect↑,
immune deficiency and

bleeding ↑
[12,172,199]

Cardiovascular
diseases

Heart
hypertrophy Kindlin-2

Primary rat neonatal
cardiomyocytes and HEK293A
cells, mouse heart specimens

Kindlin-2 KO
Kindlin-

2/SUV39H1/GAT
A4

Cardiomyocyte hypertrophy↑ [111]

Heart failure Kindlin-2 Mouse and zebrafish heart
specimens Kindlin-2 KO Kindlin-2/Integrin

β1D
Premature death↑, heart and

extensive fibrosis↑ [210-212,214]

Myocardial
infarction Kindlin-3 Human myocardial infarction

specimens Kindlin-3 loss N/A Heart ischemic event↑ [197]

Neurological
diseases

Intracerebral
hemorrhage Kindlin-1 BV2 microglial cells, ICH rat

model Kindlin-1 siRNA Kindlin-1/NF-
κB/NLRP3

Microglial inflammation and
brain damage↓, intracerebral

hemorrhage↓
[61]

Neuropathic
pain Kindlin-1 Primary astrocytes, CCI

neuropathic pain rat model

AAV- Kindlin-1
shRNA,

hyperbaric oxygen

Kindlin-1/Wnt-
10a/β-catenin

GFAP↓, hyperalgesia↓,
inflammatory mediators↓ [74,75]

Alzheimer's
disease Kindlin-2

Rat primary neuronal cells,
human and mouse

hippocampal specimens
Kindlin-2 siRNA Kindlin-2/APP

Axonal growth, synaptic
connectivity, and long-term

potentiation↓
[219]

Liver diseases

Liver
fibrogenesis Kindlin-2 Human hepatoma cell lines,

mouse liver injury model AAV-Kindlin-2
Kindlin-

2/TNF/NF-
κB/Caspase 8

Hepatocyte apoptosis↓, liver
fibrosis and injury↓ [62]

Liver
fibrogenesis Kindlin-2

Human HSC cell lines, human
and mouse liver specimens,

mouse liver fibrogenesis model

Kindlin-2
depletion

Kindlin-2/TGF-
β/Smad

Hepatic stellate cells
activation↓, liver fibrogenesis↓ [67]

NAFLD Kindlin-2
Mouse primary hepatocytes,
human NAFLD specimens,

mouse NAFLD model

Kindlin-2
haploinsufficiency,
AAV8- Kindlin-2

shRNA

Kindlin-2/Foxo1
glucose intolerance↓, lipid
metabolism disorder and

inflammation↓
[222]

Intestinal
diseases

Ulcerative
Colitis

Kindlin-1
and 2

Human and mouse colonic
specimens

Kindlin-1 and 2
deletions N/A Intestinal inflammation↑,

bloody stools↑ [226]

Intestinal
obstruction Kindlin-2

Mouse primary smooth muscle
cells, mouse intestinal

specimens
Kindlin-2 KO Kindlin-

2/S100A14/STIM1

Cell apoptosis↑, smooth
muscle development↓,

intestinal hypoperistalsis↑
[227]

Diabetes
mellitus

Diabetic
retinopathy Kindlin-2 HUVECs, mouse vascular

specimens Kindlin-2 KO Kindlin-2/Notch Angiogenesis↓, avascular
retinas↑ [91]

Type II
diabetes
mellitus

Kindlin-2 Rat BMSCs, rat type II diabetic
model N/A Kindlin-

2/PTH1R/OCN
Ion homeostasis↑, OCN↑,

osteogenesis↑ [103]

Diabetes Kindlin-2
Primary human pancreatic

islets, mouse pancreatic
specimens

Kindlin-2 KO Kindlin-2/GSK-
3β/β-catenin

β-cell proliferation and mass↓,
diabetic phenotypes↑ [228]

Diabetes
mellitus Kindlin-2

Mouse insulinoma
immortalized β-cell lines,

mouse pancreas specimens

Kindlin-2
insufficiency Kindlin-2/NLRP3 Inflammatory cytokines↑, β-

cell dysfunction↑ [229]

Diabetes
mellitus Kindlin-2 Mouse diabetic model N/A Kindlin-2/TGF-

β/Smad
Structural injuries and
functional variations↑ [231]

Renal diseases

Renal fibrosis Kindlin-2 Human kidney TECs, human
kidney specimens, UUO mice Kindlin-2 siRNA Kindlin-2/TGF-

β/Smad Matrix genes↓, renal fibrosis↓ [70]

Renal fibrosis Kindlin-2

Human renal tubular epithelial
and human embryonic kidney

cell lines, human kidney
specimens, UUO mice

Kindlin-2 siRNA,
Kindlin-2 KO

Kindlin-
2/Hippo/YAP

Tubular degeneration↓, renal
fibrosis↓ [84]

Lung diseases

Acute lung
injury Kindlin-2 Mouse cute lung injury model Kindlin-2 siRNA N/A Lung injury severity↓, pro-

inflammatory factors↓ [233]

Pulmonary
fibrosis Kindlin-2

Human lung fibroblasts,
mouse pulmonary fibrosis

model
Kindlin-2 KO Kindlin-2/PYCR1 Collagen matrix↓, pulmonary

fibrosis↓ [234]

“↑”: upregulation; “↓”: downregulation; “N/A”: not applicable.
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molecule modulators or clinical-stage therapeutics directly targeting
them.  Their  most  advanced  translational  applications,  including
genetic  modulation  and  biomarker  validation,  remain  in  the
preclinical  phase.  To  bridge  this  gap  between  mechanism  and
future  application,  the  two following aspects  of  efforts  are  needed:
(1)  Developing  more  refined  disease  models,  including  patient-
derived organoids and advanced animal models, will help clarify the
contribution  of  non-integrin  Kindlin  functions  to  disease
pathogenesis,  enabling  precision  medicine  approaches.  (2)  Given
their role in multiple diseases, Kindlins hold potential as biomarkers
for  disease  progression  or  therapeutic  response,  particularly  in
cancer, cardiovascular diseases, and immune dysfunction.

In  conclusion,  Kindlins  are  indispensable  for  cellular  adhesion
and  integrin  activation.  They  also  function  as  multifunctional
regulators  through  non-integrin-dependent  roles  in  signal
transduction, transcriptional regulation, and mechanotransduction,
which  are  critical  for  cellular  homeostasis  and  disease  pathology.
These  non-canonical  functions  significantly  broaden  our
understanding  of  Kindlins,  positioning  them  as  promising
therapeutic targets and paving the way for innovative treatments in
a wide spectrum of diseases. As our knowledge of Kindlins' integrin-
independent  mechanisms  deepens,  so  too  does  their  potential  to
revolutionize  strategies  for  managing  complex  pathological
conditions.

 Acknowledgements
This  work  was  supported,  in  part,  by  the  National  Key  R&D
Program  of  China  (2024YFA0919200),  the  National  Natural
Science  Foundation  of  China  Grants  (82561160166,  82350710800,
82372476,  825B2074,  and  824B2074),  Development  Center  for
Medical Science & Technology National Health Commission of the
People's  Republic  of  China  (2025ZD0550400),  the  Shenzhen
Medical Research Fund (B2504003), Guangdong Provincial Science
and Technology Innovation Council Grant (2017B030301018).

 Data available statement
N/A

 Author contribution
H.C.,  G.M.,  and  Y.C.  conceived  and  designed  the  work.  Y.C.
prepared and wrote the draft  of  manuscript.  Y.C.,  G.M.,  and F.W.
visualized  the  figures  and  tables.  H.C.  supervised  the  project.  All
authors revised the manuscript and approved the final version.

 Ethics approval and consent
N/A

 Consent for publication
All authors agree to publish.

 Conflicts of interest
The authors declare no conflicts of interest.

References 

 Siegel, D. H.; Ashton, G. H. S.; Penagos, H. G.; et al. Loss of kindlin-[1]

1,  a  human  homolog  of  the Caenorhabditis  elegans
actin–extracellular-matrix  linker  protein  UNC-112,  causes  kindler
syndrome. Am. J. Hum. Genet. 2003, 73, 174–187.
 Meves,  A.;  Stremmel,  C.;  Gottschalk,  K.;  et  al. The Kindlin protein
family: New members to the club of focal adhesion proteins. Trends
Cell Biol. 2009, 19, 504–513.

[2]

 Rognoni, E.; Ruppert, R.; Fässler, R. The kindlin family: Functions,
signaling properties and implications for human disease. J. Cell Sci.
2016, 129, 17–27.

[3]

 Lai-Cheong, J. E.; Parsons, M.; McGrath, J. A. The role of kindlins
in cell biology and relevance to human disease. Int. J. Biochem. Cell
Biol. 2010, 42, 595–603.

[4]

 Jobard,  F.;  Bouadjar,  B.;  Caux,  F.;  et  al. Identification of  mutations
in  a  new  gene  encoding  a  FERM  family  protein  with  a  pleckstrin
homology  domain  in  Kindler  syndrome. Hum Mol  Genet 2003, 12,
925–935.

[5]

 Ussar, S.;  Moser, M.; Widmaier, M.; et al. Loss of kindlin-1 causes
skin  atrophy  and  lethal  neonatal  intestinal  epithelial  dysfunction.
PLoS Genet. 2008, 4, e1000289.

[6]

 MacKinnon, A. C.; Qadota, H.; Norman, K. R.; et al. C. elegans PAT-
4/ILK  functions  as  an  adaptor  protein  within  integrin  adhesion
complexes. Curr. Biol. 2002, 12, 787–797.

[7]

 Rogalski, T. M.; Mullen, G. P.; Gilbert, M. M.; et al. The UNC-112
gene  in Caenorhabditis  elegansEncodes  a  novel  component  of
cell–matrix  adhesion  structures  required  for  integrin  localization  in
the muscle cell membrane. J. Cell Biol. 2000, 150, 253–264.

[8]

 Montanez,  E.;  Ussar,  S.;  Schifferer,  M.;  et  al. Kindlin-2  controls
bidirectional  signaling  of  integrins. Genes  Dev. 2008, 22,
1325–1330.

[9]

 Pasini, E. M.; Kirkegaard, M.; Mortensen, P.; et al. In-depth analysis
of  the  membrane  and  cytosolic  proteome  of  red  blood  cells. Blood
2006, 108, 791–801.

[10]

 Moser, M.; Nieswandt, B.; Ussar, S.; et al. Kindlin-3 is essential for
integrin  activation  and  platelet  aggregation. Nat.  Med. 2008, 14,
325–330.

[11]

 Svensson, L.; Howarth, K.; McDowall, A.; et al. Leukocyte adhesion
deficiency-III  is  caused  by  mutations  in  KINDLIN3  affecting
integrin activation. Nat. Med. 2009, 15, 306–312.

[12]

 Malinin,  N.  L.;  Zhang,  L.;  Choi,  J.;  et  al. A  point  mutation  in
KINDLIN3  ablates  activation  of  three  integrin  subfamilies  in
humans. Nat. Med. 2009, 15, 313–318.

[13]

 Wei,  X.  F.;  Wang,  X.;  Zhan,  J.;  et  al. Smurf1  inhibits  integrin
activation by controlling Kindlin-2 ubiquitination and degradation. J.
Cell Biol. 2017, 216, 1455–1471.

[14]

 Kirkin,  V.;  Dikic,  I. Role  of  ubiquitin- and  Ubl-binding  proteins  in
cell signaling. Curr. Opin. Cell Biol. 2007, 19, 199–205.

[15]

 Bledzka, K.; Liu, J. M.; Xu, Z.; et al. Spatial coordination of kindlin-
2  with  talin  head  domain  in  interaction  with  integrin  β  cytoplasmic
tails. J. Biol. Chem. 2012, 287, 24585–24594.

[16]

 Aretz,  J.;  Aziz,  M.;  Strohmeyer,  N.;  et  al. Talin  and  kindlin  use
integrin  tail  allostery  and  direct  binding  to  activate  integrins. Nat.
Struct. Mol. Biol. 2023, 30, 1913–1924.

[17]

 Yates,  L.  A.;  Lumb,  C.  N.;  Brahme,  N.  N.;  et  al. Structural  and
functional  characterization  of  the  kindlin-1  pleckstrin  homology
domain. J. Biol. Chem. 2012, 287, 43246–43261.

[18]

 Bu,  W.  T.;  Levitskaya,  Z.;  Loh,  Z.  Y.;  et  al. Structural  basis  of
human  full-length  kindlin-3  homotrimer  in  an  auto-inhibited  state.
PLoS Biol. 2020, 18, e3000755.

[19]

 Sun,  J.  J.;  Xiao,  D.  S.;  Ni,  Y.;  et  al. Structure  basis  of  the  FERM
domain  of  kindlin-3  in  supporting  integrin  αIIbβ3  activation  in
platelets. Blood Adv. 2020, 4, 3128–3135.

[20]

 Hynes,  R.  O. Integrins  bidirectional,  allosteric  signaling  machines.
Cell 2002, 110, 673–687.

[21]

 Ye, F.;  Petrich,  B. G.;  Anekal,  P.;  et  al. The mechanism of kindlin-
mediated  activation  of  integrin  αIIbβ3. Curr.  Biol. 2013, 23,

[22]

Chen et al.

9610038 (21 of 27)
Oral Science and Homeostatic Medicine, 2026, 2, 9610038

https://doi.org/10.26599/OSHM.2026.9610038

https://doi.org/10.1086/376609
https://doi.org/10.1016/j.tcb.2009.07.006
https://doi.org/10.1016/j.tcb.2009.07.006
https://doi.org/10.1242/jcs.161190
https://doi.org/10.1016/j.biocel.2009.10.015
https://doi.org/10.1016/j.biocel.2009.10.015
https://doi.org/10.1093/hmg/ddg097
https://doi.org/10.1371/journal.pgen.1000289
https://doi.org/10.1083/jcb.150.1.253
https://doi.org/10.1101/gad.469408
https://doi.org/10.1038/nm1722
https://doi.org/10.1038/nm.1931
https://doi.org/10.1038/nm.1917
https://doi.org/10.1083/jcb.201609073
https://doi.org/10.1083/jcb.201609073
https://doi.org/10.1016/j.ceb.2007.02.002
https://doi.org/10.1074/jbc.M111.336743
https://doi.org/10.1038/s41594-023-01139-9
https://doi.org/10.1038/s41594-023-01139-9
https://doi.org/10.1074/jbc.M112.422089
https://doi.org/10.1371/journal.pbio.3000755
https://doi.org/10.1182/bloodadvances.2020001575
https://doi.org/10.1016/j.cub.2013.09.050
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038


2288–2295.
 Wen,  L.;  Marki,  A.;  Roy,  P.;  et  al. Kindlin-3  recruitment  to  the
plasma  membrane  precedes  high-affinity  β2-integrin  and  neutrophil
arrest from rolling. Blood 2021, 137, 29–38.

[23]

 Bachir,  A.  I.;  Zareno,  J.;  Moissoglu,  K.;  et  al. Integrin-associated
complexes form hierarchically with variable stoichiometry in nascent
adhesions. Curr. Biol. 2014, 24, 1845–1853.

[24]

 Qadota, H.; Moerman, D. G.; Benian, G. M. A molecular mechanism
for  the  requirement  of  PAT-4 (integrin-linked kinase  (ILK))  for  the
localization of UNC-112 (kindlin) to integrin adhesion sites. J. Biol.
Chem. 2012, 287, 28537–28551.

[25]

 Sun,  Z.  Q.;  Costell,  M.;  Fässler,  R. Integrin  activation  by  talin,
kindlin and mechanical forces. Nat. Cell Biol. 2019, 21, 25–31.

[26]

 Picard,  M.;  Shirihai,  O.  S. Mitochondrial  signal  transduction. Cell
Metab. 2022, 34, 1620–1653.

[27]

 Etheridge, T.; Oczypok, E. A.; Lehmann, S.; et al. Calpains mediate
integrin  attachment  complex  maintenance  of  adult  muscle  in
Caenorhabditis elegans. PLoS Genet. 2012, 8, e1002471.

[28]

 Yeon,  M.;  Bertolini,  I.;  Agarwal,  E.;  et  al. Parkin  ubiquitination  of
Kindlin-2 enables mitochondria-associated metastasis suppression. J.
Biol. Chem. 2023, 299, 104774.

[29]

 Guo,  L.;  Cui,  C.  H.;  Zhang,  K.;  et  al. Kindlin-2  links  mechano-
environment  to  proline  synthesis  and  tumor  growth. Nat.  Commun.
2019, 10, 845.

[30]

 Lee,  J.  M.;  Hammarén,  H.  M.;  Savitski,  M.  M.;  et  al. Control  of
protein  stability  by  post-translational  modifications. Nat.  Commun.
2023, 14, 201.

[31]

 Zhang,  X.  D.;  Wang,  Y.;  Li,  H.  P.;  et  al. Insights  into  the  post-
translational  modifications  in  heart  failure. Ageing  Res.  Rev. 2024,
100, 102467.

[32]

 Bialkowska, K.; Qin, J.; Plow, E. F. Phosphorylation of kindlins and
the control of integrin function. Cells 2021, 10, 825.

[33]

 Patel,  H.;  Zich,  J.;  Serrels,  B.;  et  al. Kindlin-1  regulates  mitotic
spindle  formation  by  interacting  with  integrins  and  Plk-1. Nat.
Commun. 2013, 4, 2056.

[34]

 Bledzka,  K.;  Bialkowska,  K.;  Nie,  H.  Q.;  et  al. Tyrosine
phosphorylation  of  integrin  β3  regulates  kindlin-2  binding  and
integrin activation. J. Biol. Chem. 2010, 285, 30370–30374.

[35]

 Qu,  H.;  Tu,  Y.  Z.;  Guan,  J.  L.;  et  al. Kindlin-2  tyrosine
phosphorylation  and  interaction  with  src  serve  as  a  regulatable
switch  in  the  integrin  outside-in  signaling  circuit. J.  Biol.  Chem.
2014, 289, 31001–31013.

[36]

 Bialkowska,  K.;  Byzova,  T.  V.;  Plow,  E.  F. Site-specific
phosphorylation of kindlin-3 protein regulates its capacity to control
cellular responses mediated by integrin αIIbβ3. J. Biol. Chem. 2015,
290, 6226–6242.

[37]

 Pang, X. C.; He, X.; Qiu, Z. W.; et al. Targeting integrin pathways:
Mechanisms  and  advances  in  therapy. Signal  Transduct.  Target.
Ther. 2023, 8, 1.

[38]

 Cheah,  M.;  Andrews,  M.  R. Integrin  activation:  Implications  for
axon regeneration. Cells 2018, 7, 20.

[39]

 Li,  H.  D.;  Deng,  Y.;  Sun,  K.;  et  al. Structural  basis  of  kindlin-
mediated  integrin  recognition  and  activation. Proc.  Natl.  Acad.  Sci.
U. S. A. 2017, 114, 9349–9354.

[40]

 Cheah,  M.;  Andrews,  M.  R.;  Chew,  D.  J.;  et  al. Expression  of  an
activated integrin promotes long-distance sensory axon regeneration
in the spinal cord. J. Neurosci. 2016, 36, 7283–7297.

[41]

 Tan,  C.  L.;  Andrews,  M.  R.;  Kwok,  J.  C.  F.;  et  al. Kindlin-1
enhances  axon  growth  on  inhibitory  chondroitin  sulfate
proteoglycans and promotes sensory axon regeneration. J. Neurosci.
2012, 32, 7325–7335.

[42]

 Malinin,  N.  L.;  Plow,  E.  F.;  Byzova,  T.  V. Kindlins  in  FERM
adhesion. Blood 2010, 115, 4011–4017.

[43]

 Bouaouina,  M.;  Calderwood,  D.  A. Kindlins. Curr.  Biol. 2011, 21,
R99–R101.

[44]

 Lu,  F.;  Zhu,  L.;  Bromberger,  T.;  et  al. Mechanism  of  integrin
activation  by  talin  and  its  cooperation  with  kindlin. Nat.  Commun.
2022, 13, 2362.

[45]

 Has,  C.;  Herz,  C.;  Zimina,  E.;  et  al. Kindlin-1  is  required  for
RhoGTPase-mediated  lamellipodia  formation  in  keratinocytes. Am.
J. Pathol. 2009, 175, 1442–1452.

[46]

 Rognoni,  E.;  Widmaier,  M.;  Jakobson,  M.;  et  al. Kindlin-1 controls
Wnt  and  TGF-β  availability  to  regulate  cutaneous  stem  cell
proliferation. Nat. Med. 2014, 20, 350–359.

[47]

 Wu,  X.  L.;  Bian,  F.;  Hu,  H.;  et  al. Effects  of  Kindlin-2  on
proliferation and migration of  VSMC and integrinβ1 andβ3 activity
via FAK-PI3K signaling pathway. PLoS One 2020, 15, e0225173.

[48]

 Deng,  Q.;  Yao,  Q.  Z.;  Wu,  A.  H.;  et  al. TiO2 nanotube  enhance
osteogenesis  through  Kindlin-2/Integrin  β1/YAP  pathway-mediated
mechanotransduction. Biomed. Mater. 2024, 19, 065027.

[49]

 Sossey-Alaoui,  K.;  Plow,  E.  F.  miR-138-mediated  regulation  of
KINDLIN-2  expression  modulates  sensitivity  to  chemotherapeutics.
Mol. Cancer Res. 2016, 14, 228–238.

[50]

 Zhang,  H.  F.;  Alshareef,  A.;  Wu,  C.  S.;  et  al. Loss  of  miR-200b
promotes  invasion via activating  the  Kindlin-2/integrin  β1/AKT
pathway  in  esophageal  squamous  cell  carcinoma:  An  E-cadherin-
independent mechanism. Oncotarget 2015, 6, 28949–28960.

[51]

 Martínez-Moreno,  M.;  Leiva,  M.;  Aguilera-Montilla,  N.;  et  al. In
vivo adhesion of malignant B cells to bone marrow microvasculature
is  regulated  by  α4β1  cytoplasmic-binding  proteins. Leukemia 2016,
30, 861–872.

[52]

 Manevich-Mendelson,  E.;  Feigelson,  S.  W.;  Pasvolsky,  R.;  et  al.
Loss  of  Kindlin-3  in  LAD-III  eliminates  LFA-1  but  not  VLA-4
adhesiveness  developed  under  shear  flow  conditions. Blood 2009,
114, 2344–2353.

[53]

 Feng,  C.;  Li,  Y.  F.;  Yau,  Y.  H.;  et  al. Kindlin-3  mediates  integrin
αLβ2  outside-in  signaling,  and  it  interacts  with  scaffold  protein
receptor  for  activated-C  kinase  1  (RACK1). J.  Biol.  Chem. 2012,
287, 10714–10726.

[54]

 Xue, Z. H.; Feng, C.; Liu, W. L.; et al. A role of kindlin-3 in integrin
αMβ2 outside-In  signaling  and  the  syk-Vav1-Rac1/Cdc42  signaling
axis. PLoS One 2013, 8, e56911.

[55]

 Chronopoulos, A.; Thorpe, S. D.; Cortes, E.; et al. Syndecan-4 tunes
cell  mechanics  by  activating  the  kindlin-integrin-RhoA  pathway.
Nat. Mater. 2020, 19, 669–678.

[56]

 Dudiki, T.; Meller, J.; Mahajan, G.; et al. Microglia control vascular
architecture via a  TGFβ1 dependent  paracrine  mechanism linked  to
tissue mechanics. Nat. Commun. 2020, 11, 986.

[57]

 Fagerholm,  S.  C.;  Lek,  H.  S.;  Morrison,  V.  L. Kindlin-3  in  the
immune system. Am. J. Clin. Exp. Immunol. 2014, 3, 37–42.

[58]

 Guo, Q.; Jin, Y. Z.; Chen, X. Y.; et al. NF-κB in biology and targeted
therapy:  New  insights  and  translational  implications. Signal
Transduct. Target. Ther. 2024, 9, 53.

[59]

 Fan,  H.;  Zhang,  S.  J.;  Zhang,  Y.;  et  al. FERMT1  promotes  gastric
cancer  progression  by  activating  the  NF-κB  pathway  and  predicts
poor prognosis. Cancer Biol. Ther. 2020, 21, 815–825.

[60]

 Wei, J. Q.; Yin, J.; Cui, Y.; et al. FERM domain containing kindlin 1
knockdown  attenuates  inflammation  induced  by  intracerebral
hemorrhage  in  rats via NLR  family  pyrin  domain  containing
3/nuclear factor kappa B pathway. Exp. Anim. 2023, 72, 324–335.

[61]

 Gao,  H.  Q.;  Zhong,  Y.  M.;  Zhou,  L.;  et  al. Kindlin-2  inhibits
TNF/NF-κB-Caspase  8  pathway  in  hepatocytes  to  maintain  liver
development and function. eLife 2023, 12, e81792.

[62]

 Yang,  J.  R.;  Pan,  T.  J.;  Yang,  H.;  et  al. Kindlin-2  promotes
invasiveness  of  prostate  cancer  cells via NF-κB-dependent
upregulation  of  matrix  metalloproteinases. Gene 2016, 576,
571–576.

[63]

 Massagué,  J.;  Sheppard,  D. TGF-β  signaling  in  health  and  disease.
Cell 2023, 186, 4007–4037.

[64]

 Kong,  J.  F.;  Du,  J.;  Wang,  Y.  L.;  et  al. Focal  adhesion  molecule[65]

Chen et al.

Oral Science and Homeostatic Medicine, 2026, 2, 9610038
https://doi.org/10.26599/OSHM.2026.9610038 9610038 (22 of 27)

https://doi.org/10.1182/blood.2019003446
https://doi.org/10.1016/j.cub.2014.07.011
https://doi.org/10.1074/jbc.M112.354852
https://doi.org/10.1074/jbc.M112.354852
https://doi.org/10.1038/s41556-018-0234-9
https://doi.org/10.1016/j.cmet.2022.10.008
https://doi.org/10.1016/j.cmet.2022.10.008
https://doi.org/10.1371/journal.pgen.1002471
https://doi.org/10.1016/j.jbc.2023.104774
https://doi.org/10.1016/j.jbc.2023.104774
https://doi.org/10.1038/s41467-019-08772-3
https://doi.org/10.1038/s41467-023-35795-8
https://doi.org/10.1016/j.arr.2024.102467
https://doi.org/10.3390/cells10040825
https://doi.org/10.1038/ncomms3056
https://doi.org/10.1038/ncomms3056
https://doi.org/10.1074/jbc.C110.134247
https://doi.org/10.1074/jbc.M114.580811
https://doi.org/10.1074/jbc.M114.634436
https://doi.org/10.1038/s41392-022-01259-6
https://doi.org/10.1038/s41392-022-01259-6
https://doi.org/10.3390/cells7030020
https://doi.org/10.1073/pnas.1703064114
https://doi.org/10.1073/pnas.1703064114
https://doi.org/10.1523/JNEUROSCI.5472-11.2012
https://doi.org/10.1182/blood-2009-10-239269
https://doi.org/10.1016/j.cub.2010.12.002
https://doi.org/10.1038/s41467-022-30117-w
https://doi.org/10.2353/ajpath.2009.090203
https://doi.org/10.2353/ajpath.2009.090203
https://doi.org/10.1038/nm.3490
https://doi.org/10.1371/journal.pone.0225173
https://doi.org/10.18632/oncotarget.5027
https://doi.org/10.1074/jbc.M111.299594
https://doi.org/10.1371/journal.pone.0056911
https://doi.org/10.1038/s41563-019-0567-1
https://doi.org/10.1038/s41467-020-14787-y
https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.1080/15384047.2020.1792218
https://doi.org/10.1538/expanim.22-0145
https://doi.org/10.7554/eLife.81792
https://doi.org/10.1016/j.gene.2015.11.005
https://doi.org/10.1016/j.cell.2023.07.036
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038


Kindlin-1 mediates activation of TGF-β signaling by interacting with
TGF-βRI,  SARA and  Smad3  in  colorectal  cancer  cells. Oncotarget
2016, 7, 76224–76237.
 Yang, X. B.; Wu, J. T.; Cai, T.; et al. Kindlin-2 mediates Peyronie’s
disease through activation of  TGF-β/Smad signaling pathway under
the presence of TGF-β1. Cell. Signal. 2024, 121, 111286.

[66]

 Yu, J.; Hu, Y. N.; Gao, Y.; et al. Kindlin-2 regulates hepatic stellate
cells  activation  and  liver  fibrogenesis. Cell  Death  Discov. 2018, 4,
93.

[67]

 Wu, C.  Y.;  Jiao,  H.  L.;  Lai,  Y.  M.;  et  al. Kindlin-2 controls  TGF-β
signalling  and  Sox9  expression  to  regulate  chondrogenesis. Nat.
Commun. 2015, 6, 7531.

[68]

 Zhan,  J.;  Song,  J.  G.;  Wang,  P.;  et  al. Kindlin-2  induced by TGF-β
signaling  promotes  pancreatic  ductal  adenocarcinoma  progression
through  downregulation  of  transcriptional  factor  HOXB9. Cancer
Lett. 2015, 361, 75–85.

[69]

 Wei,  X.  F.;  Xia,  Y.;  Li,  F.;  et  al. Kindlin-2  mediates  activation  of
TGF-β/smad signaling and renal fibrosis. J. Am. Soc. Nephrol. 2013,
24, 1387–1398.

[70]

 Huang,  S.  B.;  Liao,  J.;  Luo,  X.  H.;  et  al. Kindlin-2  promoted  the
progression  of  keloids  through  the  Smad  pathway  and  Fas/FasL
pathway. Exp. Cell Res. 2021, 408, 112813.

[71]

 Qin,  L.;  Fu,  X.  K.;  Ma,  J.;  et  al. Kindlin-2  mediates
mechanotransduction in bone by regulating expression of Sclerostin
in osteocytes. Commun. Biol. 2021, 4, 402.

[72]

 MacDonald,  B.  T.;  Tamai,  K.;  He,  X. Wnt/beta-catenin  signaling:
Components, mechanisms, and diseases. Dev. Cell 2009, 17, 9–26.

[73]

 Zhao,  B.  S.;  Pan,  Y.  Y.;  Xu,  H.  P.;  et  al. Hyperbaric  oxygen
attenuates  neuropathic  pain  and  reverses  inflammatory  signaling
likely via the  Kindlin-1/Wnt-10a  signaling  pathway  in  the  chronic
pain injury model in rats. J. Headache Pain 2017, 18, 1.

[74]

 Zhao, B. S.; Pan, Y. Y.; Xu, H. P.; et al. Wnt10a/β-catenin signalling
is  involved  in  kindlin-1-mediated  astrocyte  activation  in  a  chronic
construction  injury  rat  model. Eur.  J.  Neurosci. 2021, 54,
7409–7421.

[75]

 Lin,  W.  S.;  Lin,  J.;  Li,  J.  Y.;  et  al. Kindlin-2–miR-1258–TCF4

feedback  loop  promotes  hepatocellular  carcinoma  invasion  and
metastasis. J. Gastroenterol. 2022, 57, 372–386.

[76]

 Yu,  Y.;  Wu,  J.  Z.;  Wang,  Y.  L.;  et  al. Kindlin  2  forms  a
transcriptional  complex  with  β-catenin  and  TCF4 to  enhance  Wnt
signalling. EMBO Rep. 2012, 13, 750–758.

[77]

 Yadav, R. P.; Baranwal, S. Kindlin-2 regulates colonic cancer stem-
like  cells  survival  and  self-renewal via Wnt/β-catenin  mediated
pathway. Cell. Signal. 2024, 113, 110953.

[78]

 Yu,  Y.;  Qi,  L.  H.;  Wu,  J.  Z.;  et  al. Kindlin  2  regulates  myogenic
related factor  myogenin via a  canonical  Wnt  signaling in  myogenic
differentiation. PLoS One 2013, 8, e63490.

[79]

 Wu,  X.  L.;  Liu,  W.  W.;  Jiang,  H.;  et  al. Kindlin-2  siRNA  inhibits
vascular  smooth  muscle  cell  proliferation,  migration  and  intimal
hyperplasia via Wnt signaling. Int. J. Mol. Med. 2016, 37, 436–444.

[80]

 Li,  M.  H.;  Pei,  X.  L.;  Wang,  G.  L.;  et  al. Kindlin-2  promotes  clear
cell  renal  cell  carcinoma  progression  through  the  Wnt  signaling
pathway. Oncol. Rep. 2017, 38, 1551–1560.

[81]

 Sun,  K.;  Guo,  J.  C.;  Guo,  Z.;  et  al. The  roles  of  the  Hippo-YAP
signalling pathway in Cartilage and Osteoarthritis. Ageing Res. Rev.
2023, 90, 102015.

[82]

 Guo,  L.;  Cai,  T.;  Chen,  K.;  et  al. Kindlin-2  regulates  mesenchymal
stem cell differentiation through control of YAP1/TAZ. J. Cell Biol.
2018, 217, 1431–1451.

[83]

 Song,  J.  G.;  Wang,  T.  Z.;  Chi,  X.  C.;  et  al. Kindlin-2  inhibits  the
hippo  signaling  pathway  by  promoting  degradation  of  MOB1. Cell
Rep. 2019, 29, 3664–3677.e5.

[84]

 Chi, X. C.; Luo, W. W.; Song, J. G.; et al. Kindlin-2 in Sertoli cells is
essential for testis development and male fertility in mice. Cell Death
Dis. 2021, 12, 604.

[85]

 Ma, G. X.; Han, Y. Y.; Tang, W. Z.; et al. Endothelial-to-Osteoblast
Conversion  maintains  bone  homeostasis  through  Kindlin-
2/Piezo1/TGFβ/Runx2 axis. Protein. Cell. 2025, 16, 497–502.

[86]

 Zhong,  G.  H.;  Su,  S.  W.;  Li,  J.  C.;  et  al. Activation  of  Piezo1
promotes  osteogenic  differentiation  of  aortic  valve  interstitial  cell
through  YAP-dependent  glutaminolysis. Sci.  Adv. 2023, 9,
eadg0478.

[87]

 Zhou,  T.  F.;  Gao,  B.;  Fan,  Y.;  et  al. Piezo1/2  mediate
mechanotransduction essential for bone formation through concerted
activation of NFAT-YAP1-ß-catenin. eLife 2020, 9, e52779.

[88]

 Meurette,  O.;  Mehlen,  P. Notch  signaling  in  the  tumor
microenvironment. Cancer Cell 2018, 34, 536–548.

[89]

 Kopan, R.; Ilagan, M. X. G. The canonical Notch signaling pathway:
Unfolding the activation mechanism. Cell 2009, 137, 216–233.

[90]

 Dong,  Y.  C.;  Ma,  G.  X.;  Hou,  X.  T.;  et  al. Kindlin-2  controls
angiogenesis  through  modulating  Notch1  signaling. Cell.  Mol.  Life
Sci. 2023, 80, 223.

[91]

 Wang,  Z.  B.;  Zhang,  L.;  Li,  B.;  et  al. Kindlin-2  in  myoepithelium
controls  luminal  progenitor  commitment  to  alveoli  in  mouse
mammary gland. Cell Death Dis. 2023, 14, 675.

[92]

 Sabbah, D. A.; Hajjo, R.; Sweidan, K. Review on epidermal growth
factor  receptor  (EGFR)  structure,  signaling  pathways,  interactions,
and recent updates of EGFR inhibitors. Curr. Top. Med. Chem. 2020,
20, 815–834.

[93]

 Yarden,  Y.;  Shilo,  B.  Z. SnapShot:  EGFR  signaling  pathway. Cell
2007, 131, 1018.

[94]

 Michael,  M.;  Begum,  R.;  Chan,  G.  K.;  et  al. Kindlin-1  regulates
epidermal  growth  factor  receptor  signaling. J.  Investig.  Dermatol.
2019, 139, 369–379.

[95]

 Azorin, P.; Bonin, F.; Tariq, Z.; et al. Kindlin-1 modulates the EGFR
pathway  and  predicts  sensitivity  to  EGFR  inhibitors  across  cancer
types. Clin. Transl. Med. 2022, 12, e813.

[96]

 Guo, W. B.; Liu, M. N.; Luo, W.; et al. FERMT1 promotes epithelial-
mesenchymal  transition  of  hepatocellular  carcinoma  by  activating
EGFR/AKT/β-catenin  and  EGFR/ERK  pathways. Transl.  Oncol.
2024, 50, 102144.

[97]

 Guo,  B.  H.;  Gao,  J.  C.;  Zhan,  J.;  et  al. Kindlin-2 interacts  with  and
stabilizes EGFR and is  required for  EGF-induced breast  cancer  cell
migration. Cancer Lett. 2015, 361, 271–281.

[98]

 Ou, Y. W.; Zhao, Z. T.; Zhang, W. M.; et al. Kindlin-2 interacts with
β-catenin  and  YB-1  to  enhanceEGFRtranscription  during  glioma
progression. Oncotarget 2016, 7, 74872–74885.

[99]

 Towler,  D.  A. Parathyroid  hormone-PTH1R  signaling  in
cardiovascular  disease  and  homeostasis. Trends  Endocrinol.  Metab.
2024, 35, 648–660.

[100]

 Cui,  C.;  Bi,  R.;  Liu,  W.;  et  al. Role  of  PTH1R  signaling  in  Prx1+

mesenchymal  progenitors  during  eruption. J.  Dent.  Res. 2020, 99,
1296–1305.

[101]

 Fu,  X.  K.;  Zhou,  B.;  Yan,  Q.  N.;  et  al. Kindlin-2  regulates  skeletal
homeostasis  by  modulating  PTH1R  in  mice. Signal  Transduct.
Target. Ther. 2020, 5, 297.

[102]

 Xu,  Z.  Q.;  Qi,  X.  Y.;  Bao,  M.  Y.;  et  al. Biomineralization  inspired
3D  printed  bioactive  glass  nanocomposite  scaffolds  orchestrate
diabetic  bone  regeneration  by  remodeling  micromilieu. Bioact.
Mater. 2023, 25, 239–255.

[103]

 Emmert,  H.; Patel,  H.; Brunton, V. G. Kindlin-1 protects cells from
oxidative damage through activation of ERK signalling. Free Radic.
Biol. Med. 2017, 108, 896–903.

[104]

 Wu,  G.  T.;  Long,  Y.;  Lu,  Y.;  et  al. Kindlin-2  suppresses  cervical
cancer  cell  migration  through  AKT/mTOR-mediated  autophagy
induction. Oncol. Rep. 2020, 44, 69–76.

[105]

 Wei,  C.  Y.;  Zhu,  M.  X.;  Zhang,  P.  F.;  et  al. Elevated  kindlin-2
promotes  tumour  progression  and  angiogenesis  through  the
mTOR/VEGFA pathway in melanoma. Aging 2019, 11, 6273–6285.

[106]

 Ding,  Z.;  Ma,  G.  X.;  Zhou,  B.;  et  al. Targeting  miR-29  mitigates[107]

Chen et al.

9610038 (23 of 27)
Oral Science and Homeostatic Medicine, 2026, 2, 9610038

https://doi.org/10.26599/OSHM.2026.9610038

https://doi.org/10.18632/oncotarget.12779
https://doi.org/10.1016/j.cellsig.2024.111286
https://doi.org/10.1038/s41420-018-0095-9
https://doi.org/10.1038/ncomms8531
https://doi.org/10.1038/ncomms8531
https://doi.org/10.1016/j.canlet.2015.02.039
https://doi.org/10.1016/j.canlet.2015.02.039
https://doi.org/10.1681/ASN.2012101041
https://doi.org/10.1016/j.yexcr.2021.112813
https://doi.org/10.1038/s42003-021-01950-4
https://doi.org/10.1186/s10194-016-0713-y
https://doi.org/10.1007/s00535-022-01866-8
https://doi.org/10.1016/j.cellsig.2023.110953
https://doi.org/10.1371/journal.pone.0063490
https://doi.org/10.3892/ijmm.2015.2429
https://doi.org/10.3892/or.2017.5789
https://doi.org/10.1016/j.arr.2023.102015
https://doi.org/10.1083/jcb.201612177
https://doi.org/10.1016/j.celrep.2019.11.035
https://doi.org/10.1016/j.celrep.2019.11.035
https://doi.org/10.1038/s41419-021-03885-4
https://doi.org/10.1038/s41419-021-03885-4
https://doi.org/10.1093/procel/pwae066
https://doi.org/10.1126/sciadv.adg0478
https://doi.org/10.7554/eLife.52779
https://doi.org/10.1016/j.ccell.2018.07.009
https://doi.org/10.1016/j.cell.2009.03.045
https://doi.org/10.1007/s00018-023-04866-w
https://doi.org/10.1007/s00018-023-04866-w
https://doi.org/10.1038/s41419-023-06184-2
https://doi.org/10.2174/1568026620666200303123102
https://doi.org/10.1016/j.cell.2007.11.013
https://doi.org/10.1016/j.tranon.2024.102144
https://doi.org/10.1016/j.canlet.2015.03.011
https://doi.org/10.1038/s41392-020-00328-y
https://doi.org/10.1038/s41392-020-00328-y
https://doi.org/10.1016/j.bioactmat.2023.01.024
https://doi.org/10.1016/j.bioactmat.2023.01.024
https://doi.org/10.1016/j.freeradbiomed.2017.05.013
https://doi.org/10.1016/j.freeradbiomed.2017.05.013
https://doi.org/10.18632/aging.102187
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038


skeletal  senescence  and  bolsters  therapeutic  potential  of
mesenchymal stromal cells. Cell Rep. Med. 2024, 5, 101665.
 Tang,  W.  Z.;  Ding,  Z.;  Gao,  H.  Q.;  et  al. Targeting  Kindlin-2  in
adipocytes  increases  bone  mass  through  inhibiting  FAS/PPARγ/
FABP4 signaling in mice. Acta Pharm. Sin. B 2023, 13, 4535–4552.

[108]

 Gao, J. C.; Khan, A. A.; Shimokawa, T.; et al. A feedback regulation
between  Kindlin-2  and  GLI1  in  prostate  cancer  cells. FEBS  Lett.
2013, 587, 631–638.

[109]

 Sun, Y.; Guo, C.; Ma, P.; et al. Kindlin-2 association with rho GDP-
dissociation  inhibitor  α  suppresses  Rac1  activation  and  podocyte
injury. J. Am. Soc. Nephrol. 2017, 28, 3545–3562.

[110]

 Qi,  L.  H.;  Chi,  X.  C.;  Zhang,  X.;  et  al. Kindlin-2  suppresses
transcription  factor  GATA4  through  interaction  with  SUV39H1  to
attenuate hypertrophy. Cell Death Dis. 2019, 10, 890.

[111]

 Liu, C. M.; Jiang, K.; Ding, Y. Y.; et al. Kindlin-2 enhances c-Myc
translation  through  association  with  DDX3X  to  promote  pancreatic
ductal  adenocarcinoma  progression. Theranostics 2023, 13, 4333–
4355.

[112]

 Zhan,  J.;  Zhang,  H.  Q. Kindlins:  Roles  in  development  and  cancer
progression. Int. J. Biochem. Cell Biol. 2018, 98, 93–103.

[113]

 Wang,  W.;  Kansakar,  U.;  Markovic,  V.;  et  al. Role  of  Kindlin-2  in
cancer progression and metastasis. Ann. Transl. Med. 2020, 8, 901.

[114]

 Chowdhury,  D.;  Mistry,  A.;  Maity,  D.;  et  al. Pan-cancer  analyses
suggest  kindlin-associated  global  mechanochemical  alterations.
Commun. Biol. 2024, 7, 372.

[115]

 Webb, E. R.; Dodd, G. L.; Noskova, M.; et al. Kindlin-1 regulates IL-
6 secretion and modulates the immune environment in breast cancer
models. eLife 2023, 12, e85739.

[116]

 Sin, S.; Bonin, F.; Petit, V.; et al. Role of the focal adhesion protein
kindlin-1  in  breast  cancer  growth  and  lung  metastasis. jnci  J  natl
cancer Inst 2011, 103, 1323–1337.

[117]

 Sarvi, S.; Patel, H.; Li, J.; et al. Kindlin-1 promotes pulmonary breast
cancer metastasis. Cancer Res. 2018, 78, 1484–1496.

[118]

 Bonin, F.; Chiche, A.; Tariq, Z.; et al. Kindlin-1 drives early steps of
breast cancer metastasis. Cancer Commun. 2022, 42, 1036–1040.

[119]

 Yousafzai, N. A.; El Khalki, L.; Wang, W.; et al. Kindlin-2 regulates
the  oncogenic  activities  of  integrins  and  TGF-β  in  triple-negative
breast  cancer  progression  and  metastasis. Oncogene 2024, 43,
3291–3305.

[120]

 Sossey-Alaoui,  K.;  Pluskota,  E.;  Bialkowska,  K.;  et  al. Kindlin-2
regulates  the  growth  of  breast  cancer  tumors  by  activating  CSF-
1–mediated  macrophage  infiltration. Cancer  Res. 2017, 77,
5129–5141.

[121]

 Ma,  L.  Y.;  Tian,  Y.  T.;  Qian,  T.;  et  al. Kindlin-2  promotes  Src-
mediated  tyrosine  phosphorylation  of  androgen  receptor  and
contributes  to  breast  cancer  progression. Cell  Death  Dis. 2022, 13,
482.

[122]

 Xue,  X.  W.;  Xue,  S.  W.;  Wan,  W.  B.;  et  al. HIF-1α  interacts  with
Kindlin-2  and  influences  breast  cancer  elasticity:  A  study  based  on
shear wave elastography imaging. Cancer Med. 2020, 9, 4971–4979.

[123]

 Wang, P.; Chu, W. H.; Zhang, X.; et al. Kindlin-2 interacts with and
stabilizes  DNMT1  to  promote  breast  cancer  development. Int.  J.
Biochem. Cell Biol. 2018, 105, 41–51.

[124]

 Sossey-Alaoui,  K.;  Pluskota,  E.;  Szpak,  D.;  et  al. The  Kindlin-2
regulation  of  epithelial-to-mesenchymal  transition  in  breast  cancer
metastasis is mediated through miR-200b. Sci. Rep. 2018, 8, 7360.

[125]

 Yu,  Y.;  Wu,  J.  Z.;  Guan,  L.  Z.;  et  al. Kindlin  2  promotes  breast
cancer  invasion via epigenetic  silencing  of  the  microRNA200  gene
family. Int. J. Cancer 2013, 133, 1368–1379.

[126]

 Sossey-Alaoui, K.; Pluskota, E.; Szpak, D.; et al. The Kindlin2-p53-
SerpinB2 signaling axis is required for cellular senescence in breast
cancer. Cell Death Dis. 2019, 10, 539.

[127]

 Zhao,  T.;  Guan,  L.  Z.;  Yu,  Y.;  et  al. Kindlin-2  promotes  genome
instability in breast cancer cells. Cancer Lett. 2013, 330, 208–216.

[128]

 Plow, E. F.; Pluskota, E.; Bialkowska, K. Kindlins as modulators of[129]

breast cancer progression. J. Breast Cancer Res. 2021, 1, 20–29.
 Li,  B.;  Chi,  X.  C.;  Song,  J.  G.;  et  al. Integrin-interacting  protein
Kindlin-2  induces  mammary  tumors  in  transgenic  mice. Sci.  China
Life Sci. 2019, 62, 225–234.

[130]

 Azorin,  P.;  Bonin,  F.;  Moukachar,  A.;  et  al. Distinct  expression
profiles  and  functions  of  Kindlins  in  breast  cancer. J.  Exp.  Clin.
Cancer Res. 2018, 37, 281.

[131]

 Sossey-Alaoui,  K.;  Pluskota,  E.;  Davuluri,  G.;  et  al. Kindlin-3
enhances  breast  cancer  progression  and  metastasis  by  activating
Twist-mediated angiogenesis. FASEB J. 2014, 28, 2260–2271.

[132]

 Wang,  Z.;  Yang,  Y.;  Cui,  Y.  C.;  et  al. Tumor-associated
macrophages  regulate  gastric  cancer  cell  invasion  and  metastasis
through  TGFβ2/NF-κB/Kindlin-2  axis. Chin.  J.  Cancer  Res. 2020,
32, 72–88.

[133]

 Yin,  S.  Y.;  Liu,  Y.  J.;  Li,  J.  P.;  et  al. Overexpression  of  FERM
domain containing kindlin 2 (FERMT2) in fibroblasts correlates with
EMT and immunosuppression in gastric cancer. Int. J. Genom. 2024,
2024, 4123737.

[134]

 Shen,  Z.  L.;  Ye,  Y.  J.;  Kauttu,  T.;  et  al. The  novel  focal  adhesion
gene kindlin-2 promotes the invasion of gastric cancer cells mediated
by tumor-associated macrophages. Oncol. Rep. 2013, 29, 791–797.

[135]

 Shen, Z. L.; Ye, Y. J.; Kauttu, T.; et al. Novel focal adhesion protein
kindlin-2  promotes  the  invasion  of  gastric  cancer  cells  through
phosphorylation  of  integrin  β1  and  β3. J.  Surg.  Oncol. 2013, 108,
106–112.

[136]

 Shen,  Z.  L.;  Ye,  Y.  J.;  Dong,  L.  Y.;  et  al. Kindlin-2:  A  novel
adhesion  protein  related  to  tumor  invasion,  lymph  node  metastasis,
and  patient  outcome  in  gastric  cancer. Am.  J.  Surg. 2012, 203,
222–229.

[137]

 Wu,  Q.;  Li,  J.;  Wang,  P.;  et  al. FERMT1  is  a  prognostic  marker
involved  in  immune  infiltration  of  pancreatic  adenocarcinoma
correlating with m6A modification and necroptosis. Genes 2023, 14,
734.

[138]

 Mahawithitwong,  P.;  Ohuchida,  K.;  Ikenaga,  N.;  et  al. Kindlin-1
expression  is  involved  in  migration  and  invasion  of  pancreatic
cancer. Int. J. Oncol. 2013, 42, 1360–1366.

[139]

 Liu, W. M.; Ren, Y. F.; Wang, T.; et al. MFG-E8 induces epithelial-
mesenchymal  transition  and  anoikis  resistance  to  promote  the
metastasis of pancreatic cancer cells. Eur. J. Pharmacol. 2024, 969,
176462.

[140]

 Mia,  M.  S.;  Jarajapu,  Y.;  Rao,  R.;  et  al. Integrin  β1  promotes
pancreatic  tumor  growth  by  upregulating  kindlin-2  and  TGF-β
receptor-2. Int. J. Mol. Sci. 2021, 22, 10599.

[141]

 Yoshida,  N.;  Masamune,  A.;  Hamada,  S.;  et  al. Kindlin-2  in
pancreatic  stellate  cells  promotes  the  progression  of  pancreatic
cancer. Cancer Lett. 2017, 390, 103–114.

[142]

 Bialkowska, K.; El Khalki, L.; Rana, P. S.; et al. Role of kindlin 2 in
prostate cancer. Sci. Rep. 2024, 14, 19809.

[143]

 Gong,  X.  W.;  An,  Z.  W.;  Wang,  Y.  L.;  et  al. Kindlin-2  controls
sensitivity  of  prostate  cancer  cells  to  cisplatin-induced  cell  death.
Cancer Lett. 2010, 299, 54–62.

[144]

 Liu,  C.;  Zhou,  Y.;  Zhou,  Y.;  et  al. Kindlin-3  in  immune  cells  is
required  to  suppress  prostate  cancer  tumor  growth  in  mice.
Anticancer Res. 2022, 42, 1217–1220.

[145]

 Ou, Y. W.; Zhao, Z. T.; Wu, C. Y.; et al. Mig-2 attenuates cisplatin-
induced apoptosis of human glioma cells in vitro through AKT/JNK
and  AKT/p38  signaling  pathways. Acta  Pharmacol.  Sin. 2014, 35,
1199–1206.

[146]

 Lu,  C.  H.;  Cui,  C.  Z.;  Liu,  B.;  et  al. FERMT3  contributes  to
glioblastoma cell proliferation and chemoresistance to temozolomide
through integrin mediated Wnt signaling. Neurosci. Lett. 2017, 657,
77–83.

[147]

 Zhuo, S. H.; Tang, C. Y.; Yang, L. W.; et al. Independent prognostic
biomarker  FERMT3  associated  with  immune  infiltration  and
immunotherapy response in glioma. Ann. Med. 2023, 55, 2264325.

[148]

Chen et al.

Oral Science and Homeostatic Medicine, 2026, 2, 9610038
https://doi.org/10.26599/OSHM.2026.9610038 9610038 (24 of 27)

https://doi.org/10.1016/j.xcrm.2024.101665
https://doi.org/10.1016/j.apsb.2023.07.001
https://doi.org/10.1681/ASN.2016091021
https://doi.org/10.1038/s41419-019-2121-0
https://doi.org/10.7150/thno.85421
https://doi.org/10.1016/j.biocel.2018.03.008
https://doi.org/10.21037/atm.2020.03.64
https://doi.org/10.1038/s42003-024-06044-5
https://doi.org/10.7554/eLife.85739
https://doi.org/10.1093/jnci/djr290
https://doi.org/10.1093/jnci/djr290
https://doi.org/10.1158/0008-5472.CAN-17-1518
https://doi.org/10.1038/s41388-024-03166-2
https://doi.org/10.1158/0008-5472.22415442
https://doi.org/10.1038/s41419-022-04945-z
https://doi.org/10.1016/j.biocel.2018.09.022
https://doi.org/10.1016/j.biocel.2018.09.022
https://doi.org/10.1038/s41598-018-25373-0
https://doi.org/10.1002/ijc.28151
https://doi.org/10.1038/s41419-019-1774-z
https://doi.org/10.1016/j.canlet.2012.11.043
https://doi.org/10.46439/breastcancer.1.006
https://doi.org/10.1007/s11427-018-9336-6
https://doi.org/10.1007/s11427-018-9336-6
https://doi.org/10.1186/s13046-018-0955-4
https://doi.org/10.1186/s13046-018-0955-4
https://doi.org/10.21147/j.issn.1000-9604.2022.01.07
https://doi.org/10.1155/2024/4123737
https://doi.org/10.3892/or.2012.2137
https://doi.org/10.1002/jso.23353
https://doi.org/10.1016/j.amjsurg.2011.06.050
https://doi.org/10.3390/genes14030734
https://doi.org/10.3892/ijo.2013.1838
https://doi.org/10.1016/j.ejphar.2024.176462
https://doi.org/10.3390/ijms221910599
https://doi.org/10.1016/j.canlet.2017.01.008
https://doi.org/10.1038/s41598-024-70202-2
https://doi.org/10.1016/j.canlet.2010.08.003
https://doi.org/10.21873/anticanres.15588
https://doi.org/10.1038/aps.2014.60
https://doi.org/10.1016/j.neulet.2017.07.057
https://doi.org/10.1080/07853890.2023.2264325
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038


 Wang,  P.;  Zhan,  J.;  Song,  J.  G.;  et  al. Differential  expression  of
Kindlin-1  and  Kindlin-2  correlates  with  esophageal  cancer
progression  and  epidemiology. Sci.  China  Life  Sci. 2017, 60,
1214–1222.

[149]

 Zhang,  H.  F.;  Zhang,  K.;  Liao,  L.  D.;  et  al.  miR-200b  suppresses
invasiveness and modulates the cytoskeletal and adhesive machinery
in esophageal squamous cell carcinoma cells via targeting Kindlin-2.
Carcinogenesis 2014, 35, 292–301.

[150]

 Li,  Z.  W.;  Wu,  X.  L.;  Gu,  L.;  et  al. Long  non-coding  RNA  ATB
promotes  malignancy  of  esophageal  squamous  cell  carcinoma  by
regulating miR-200b/Kindlin-2 axis. Cell Death Dis. 2017, 8, e2888.

[151]

 Yuan,  Y.;  Dong,  X.  N.;  Yin,  S.  J.;  et  al. Focal  adhesions  Kindlin-1
and  Kindlin-2  affected  by  epigenetic  modifying  in
hepatocarcinogenesis. Clin. Transl. Med. 2024, 14, e1517.

[152]

 Ge,  Y.  S.;  Liu,  D.;  Jia,  W.  D.;  et  al. Kindlin-2:  A novel  prognostic
biomarker  for  patients  with  hepatocellular  carcinoma. Pathol.  Res.
Pract. 2015, 211, 198–202.

[153]

 Feng, C.; Wee, W. K.; Chen, H. Z.; et al. Expression of kindlin-3 in
melanoma  cells  impedes  cell  migration  and  metastasis. Cell  Adhes.
Migr. 2017, 11, 419–433.

[154]

 Delyon,  J.;  Khayati,  F.;  Djaafri,  I.;  et  al. EMMPRIN  regulates  β1
integrin-mediated  adhesion  through  Kindlin-3  in  human  melanoma
cells. Exp. Dermatol. 2015, 24, 443–448.

[155]

 Reger De Moura, C.; Louveau, B.; Jouenne, F.; et al. Inactivation of
kindlin-3  increases  human  melanoma  aggressiveness  through  the
collagen-activated  tyrosine  kinase  receptor  DDR1. Oncogene 2024,
43, 1620–1630.

[156]

 Marcovecchio,  P.  M.;  Zhu,  Y.  P.;  Hanna,  R.  N.;  et  al. Frontline
Science:  Kindlin-3  is  essential  for  patrolling  and  phagocytosis
functions  of  nonclassical  monocytes  during  metastatic  cancer
surveillance. J Leukoc Biol. 2020, 107, 883–892.

[157]

 Krenn,  P.  W.;  Koschmieder,  S.;  Fässler,  R. Kindlin-3  loss  curbs
chronic myeloid leukemia in mice by mobilizing leukemic stem cells
from  protective  bone  marrow  niches. Proc.  Natl.  Acad.  Sci.  USA
2020, 117, 24326–24335.

[158]

 Qu, J.; Ero, R.; Feng, C.; et al. Kindlin-3 interacts with the ribosome
and regulates c-Myc expression required for proliferation of chronic
myeloid leukemia cells. Sci. Rep. 2016, 5, 18491.

[159]

 Qin,  Y.;  Wang,  Y.;  Liu,  D.  B.  miR-4792  inhibits  acute  myeloid
leukemia cell proliferation and invasion and promotes cell apoptosis
by targeting kindlin-3. Oncol. Res. 2020, 28, 357–369.

[160]

 Yan,  M.  S.;  Zhang,  L.;  Wu,  Y.  Q.;  et  al. Increased  expression  of
kindlin-2  is  correlated  with  hematogenous  metastasis  and  poor
prognosis in patients with clear cell renal cell carcinoma. FEBS Open
Bio 2016, 6, 660–665.

[161]

 Liu, G.; Bao, Y. T.; Liu, C. H.; et al. IKKε phosphorylates kindlin-2
to  induce  invadopodia  formation  and  promote  colorectal  cancer
metastasis. Theranostics 2020, 10, 2358–2373.

[162]

 Carrasco,  G.;  Stavrou,  I.;  Treanor-Taylor,  M.;  et  al. Involvement  of
Kindlin-1 in cutaneous squamous cell carcinoma. Oncogenesis 2024,
13, 24.

[163]

 Guerrero-Aspizua, S.; Conti, C. J.; Escamez, M. J.; et al. Assessment
of  the  risk  and  characterization  of  non-melanoma  skin  cancer  in
Kindler syndrome: Study of a series of 91 patients. Orphanet J. Rare
Dis. 2019, 14, 183.

[164]

 Zhan,  J.;  Zhu,  X.;  Guo,  Y.  Q.;  et  al. Opposite  role  of  kindlin-1 and
kindlin-2 in lung cancers. PLoS One 2012, 7, e50313.

[165]

 Ren,  C.  X.;  Du,  J.;  Xi,  C.  G.;  et  al. Kindlin-2  inhibits  serous
epithelial  ovarian  cancer  peritoneal  dissemination  and  predicts
patient  outcomes. Biochem.  Biophys.  Res.  Commun. 2014, 446,
187–194.

[166]

 Zhevlakova, I.; Xiong, L. Y.; Liu, H.; et al. Opposite roles of Kindlin
orthologs  in  cell  survival  and  proliferation. Cell  Prolif. 2022, 55,
e13280.

[167]

 Ning,  K.;  Wang,  Z.  G.;  Li,  K. Prognostic  implications  of  Kindlin[168]

proteins  in  human  osteosarcoma. OncoTargets  Ther. 2017, 10,
657–665.
 Wu,  X.  H.;  Qu,  M.  H.;  Gong,  W.  Y.;  et  al. Kindlin-2  deletion  in
osteoprogenitors  causes  severe  chondrodysplasia  and  low-turnover
osteopenia in mice. J. Orthop. Transl. 2022, 32, 41–48.

[169]

 Brunner,  M.;  Millon-Frémillon,  A.;  Chevalier,  G.;  et  al. Osteoblast
mineralization  requires  β1  integrin/ICAP-1–dependent  fibronectin
deposition. J. Cell Biol. 2011, 194, 307–322.

[170]

 Jung, G. Y.; Park, Y. J.; Han, J. S. Mediation of Rac1 activation by
kindlin-2:  An  essential  function  in  osteoblast  adhesion,  spreading,
and proliferation. J. Cell. Biochem. 2011, 112, 2541–2548.

[171]

 Crazzolara, R.; Maurer, K.; Schulze, H.; et al. A new mutation in the
KINDLIN-3 gene ablates integrin-dependent leukocyte, platelet, and
osteoclast  function  in  a  patient  with  leukocyte  adhesion  deficiency-
III. Pediatr. Blood Cancer 2015, 62, 1677–1679.

[172]

 Schmidt,  S.;  Nakchbandi,  I.;  Ruppert,  R.;  et  al. Kindlin-3–mediated
signaling  from  multiple  integrin  classes  is  required  for  osteoclast-
mediated bone resorption. J. Cell Biol. 2011, 192, 883–897.

[173]

 Klapproth,  S.;  Richter,  K.;  Türk,  C.;  et  al. Low  kindlin-3  levels  in
osteoclasts of kindlin-3 hypomorphic mice result in osteopetrosis due
to leaky sealing zones. J. Cell Sci. 2021, 134, jcs259040.

[174]

 Kahraman,  A.  B.;  Yaz,  I.;  Gocmen,  R.;  et  al. Clinical  and
osteopetrosis-like  radiological  findings  in  patients  with  leukocyte
adhesion deficiency type III. J. Clin. Immunol. 2023, 43, 1250–1258.

[175]

 Zhang,  Y.  A.;  Cui,  Y.  Z.;  Wang,  L.;  et  al. Autophagy  promotes
osteoclast  podosome  disassembly  and  cell  motility  athrough  the
interaction of kindlin3 with LC3. Cell. Signal. 2020, 67, 109505.

[176]

 Shiratori,  T.;  Kyumoto-Nakamura,  Y.;  Kukita,  A.;  et  al. IL-1β
induces  pathologically  activated  osteoclasts  bearing  extremely  high
levels of resorbing activity: A possible pathological subpopulation of
osteoclasts,  accompanied by suppressed expression of kindlin-3 and
talin-1. J. Immunol. 2018, 200, 218–228.

[177]

 Lai, Y. M.; Zheng, W.; Qu, M. H.; et al. Kindlin-2 loss in condylar
chondrocytes  causes  spontaneous  osteoarthritic  lesions  in  the
temporomandibular joint in mice. Int. J. Oral Sci. 2022, 14, 33.

[178]

 Yao,  Q.;  Gong,  W.  Y.;  Wu,  X.  H.;  et  al. Comparison  of  Kindlin-2
deficiency-stimulated  osteoarthritis-like  lesions  induced  by  Prg4
CreERT2  versus  Aggrecan  CreERT2  transgene  in  mice. J.  Orthop.
Transl. 2023, 41, 12–19.

[179]

 Wu, X. H.; Lai, Y. M.; Chen, S.; et al. Kindlin-2 preserves integrity
of the articular cartilage to protect  against  osteoarthritis. Nat.  Aging
2022, 2, 332–347.

[180]

 Chen,  S.;  Wu,  X.  H.;  Lai,  Y.  M.;  et  al. Kindlin-2  inhibits  Nlrp3
inflammasome  activation  in  nucleus  pulposus  to  maintain
homeostasis of the intervertebral disc. Bone Res. 2022, 10, 5.

[181]

 Qu,  H.  Y.;  Wen,  T.  T.;  Pesch,  M.;  et  al. Partial  loss  of  epithelial
phenotype in kindlin-1–deficient keratinocytes. Am. J. Pathol. 2012,
180, 1581–1592.

[182]

 Herz,  C.;  Aumailley,  M.;  Schulte,  C.;  et  al. Kindlin-1  is  a
phosphoprotein involved in regulation of polarity,  proliferation,  and
motility  of  epidermal  keratinocytes. J.  Biol.  Chem. 2006, 281,
36082–36090.

[183]

 Has, C.; Ludwig, R. J.; Herz, C.; et al. C-terminally truncated kindlin-
1 leads to abnormal  adhesion and migration of  keratinocytes. Br.  J.
Dermatol. 2008, 159, 1192–1196.

[184]

 Has, C.; Chmel, N.; Levati, L.; et al. FERMT1 promoter mutations in
patients with Kindler syndrome. Clin. Genet. 2015, 88, 248–254.

[185]

 Yilmaz, P.; Marek, S. J.; Valari, M.; et al. Characterization of amino
acid  substitutions  and  deletions  in  kindlin-1  FERM  domain:
Relevance for precision medicine. J.  Investig.  Dermatol. 2022, 142,
2415–2423.e1.

[186]

 Emmert,  H.;  Culley,  J.;  Brunton,  V.  G. Inhibition  of  cyclin-
dependent  kinase  activity  exacerbates  H(2)  O(2)-induced  DNA
damage  in  Kindler  syndrome  keratinocytes. Exp.  Dermatol. 2019,
28, 1074–1078.

[187]

Chen et al.

9610038 (25 of 27)
Oral Science and Homeostatic Medicine, 2026, 2, 9610038

https://doi.org/10.26599/OSHM.2026.9610038

https://doi.org/10.1007/s11427-016-9044-5
https://doi.org/10.1038/cddis.2017.245
https://doi.org/10.1016/j.prp.2014.09.011
https://doi.org/10.1016/j.prp.2014.09.011
https://doi.org/10.1080/19336918.2016.1243645
https://doi.org/10.1080/19336918.2016.1243645
https://doi.org/10.1038/s41388-024-03014-3
https://doi.org/10.1002/JLB.4HI0420-098R
https://doi.org/10.1073/pnas.2009078117
https://doi.org/10.1038/srep18491
https://doi.org/10.1002/2211-5463.12063
https://doi.org/10.1002/2211-5463.12063
https://doi.org/10.7150/thno.40397
https://doi.org/10.1038/s41389-024-00526-1
https://doi.org/10.1186/s13023-019-1158-6
https://doi.org/10.1186/s13023-019-1158-6
https://doi.org/10.1371/journal.pone.0050313
https://doi.org/10.1016/j.bbrc.2014.02.087
https://doi.org/10.1111/cpr.13280
https://doi.org/10.1016/j.jot.2021.08.005
https://doi.org/10.1083/jcb.201007108
https://doi.org/10.1083/jcb.201007141
https://doi.org/10.1242/jcs.259040
https://doi.org/10.1007/s10875-023-01479-7
https://doi.org/10.1016/j.cellsig.2019.109505
https://doi.org/10.4049/jimmunol.1602035
https://doi.org/10.1038/s41368-022-00185-1
https://doi.org/10.1016/j.jot.2023.05.005
https://doi.org/10.1016/j.jot.2023.05.005
https://doi.org/10.1038/s43587-021-00165-w
https://doi.org/10.1038/s41413-021-00179-5
https://doi.org/10.1016/j.ajpath.2012.01.005
https://doi.org/10.1074/jbc.M606259200
https://doi.org/10.1111/j.1365-2133.2008.08760.x
https://doi.org/10.1111/j.1365-2133.2008.08760.x
https://doi.org/10.1111/cge.12490
https://doi.org/10.1016/j.jid.2022.01.032
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038


 Shen,  C.  C.;  Sun,  L.  L.;  Zhu,  N.  W.;  et  al. Kindlin-1  contributes  to
EGF-induced re-epithelialization in skin wound healing. Int. J. Mol.
Med. 2017, 39, 949–959.

[188]

 Piccinni,  E.;  Di  Zenzo,  G.;  Maurelli,  R.;  et  al. Induction  of
senescence pathways in Kindler syndrome primary keratinocytes. Br.
J. Dermatol. 2013, 168, 1019–1026.

[189]

 He,  Y.  H.;  Esser,  P.;  Heinemann,  A.;  et  al. Kindlin-1  and-2  have
overlapping  functions  in  epithelial  cells  implications  for  phenotype
modification. Am. J. Pathol. 2011, 178, 975–982.

[190]

 He, Y. H.;  Sonnenwald,  T.;  Sprenger,  A.;  et  al. RhoA activation by
CNFy  restores  cell–cell  adhesion  in  kindlin-2-deficient
keratinocytes. J. Pathol. 2014, 233, 269–280.

[191]

 Bandyopadhyay,  A.;  Rothschild,  G.;  Kim,  S.;  et  al.  Uncovering
functional  differences  between  kindlin-1  and  kindlin-2  in
keratinocytes. J. Cell Sci. 2012, jcs.096214.

[192]

 Lai-Cheong,  J.  E.;  Ussar,  S.;  Arita,  K.;  et  al. Colocalization  of
kindlin-1, kindlin-2, and migfilin at keratinocyte focal adhesion and
relevance  to  the  pathophysiology  of  kindler  syndrome. J.  Investig.
Dermatol. 2008, 128, 2156–2165.

[193]

 Xu,  Z.;  Zhou,  Y.;  Yu,  H.  Y.;  et  al. Myosin  light  chain  6  (Myl6)
interacts  with  kindlin-3  and  is  required  to  support  integrin  αIIbβ3
activation  in  platelets  in  mice. J.  Thromb.  Haemost. 2024, 22,
2009–2017.

[194]

 Nguyen,  H.  T.  T.;  Xu,  Z.;  Shi,  X.  F.;  et  al. Paxillin  binding  to  the
pHdomain  of  kindlin-3  in  platelets  is  required  to  support  integrin
αIIbβ3  outside-in  signaling. J.  Thromb.  Haemost. 2021, 19,
3126–3138.

[195]

 Kasirer-Friede,  A.;  Peuhu,  E.;  Ivaska,  J.;  et  al. Platelet  SHARPIN
regulates  platelet  adhesion  and  inflammatory  responses  through
associations  with  αIIbβ3  and  LUBAC. Blood  Adv. 2022, 6,
2595–2607.

[196]

 Kraemer,  B.  F.;  Lamkemeyer,  T.;  Franz-Wachtel,  M.;  et  al. The
integrin  activating  protein  kindlin-3  is  cleaved  in  human  platelets
during ST-elevation myocardial infarction. Int. J. Mol. Sci. 2019, 20,
6154.

[197]

 Margraf,  A.;  Nussbaum,  C.;  Rohwedder,  I.;  et  al. Maturation  of
platelet  function  during  murine  fetal  development in  vivo.
Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1076–1086.

[198]

 Köker,  N.;  Deveci,  İ.;  van  Leeuwen,  K.;  et  al. A  novel  deletion  in
FERMT3  causes  LAD-III  in  a  Turkish  family. J.  Clin.  Immunol.
2023, 43, 741–746.

[199]

 Mory, A.; Feigelson, S. W.; Yarali, N.; et al. Kindlin-3: A new gene
involved in the pathogenesis of LAD-III. Blood 2008, 112, 2591.

[200]

 Xu,  Z.;  Jobe,  S.  M.;  Ma,  Y.  Q.;  et  al. A  novel  leukocyte  adhesion
deficiency  type  III  mutation  manifests  functional  importance  of  the
compact FERM domain in kindlin-3. J. Thromb. Haemost. 2024, 22,
558–564.

[201]

 Gruda, R.; Brown, A. C. N.; Grabovsky, V.; et al. Loss of kindlin-3
alters  the  threshold  for  NK  cell  activation  in  human  leukocyte
adhesion deficiency-III. Blood 2012, 120, 3915–3924.

[202]

 Ruppert,  R.;  Moser,  M.;  Sperandio,  M.;  et  al. Kindlin-3–mediated
integrin  adhesion  is  dispensable  for  quiescent  but  essential  for
activated  hematopoietic  stem  cells. J.  Exp.  Med. 2015, 212,
1415–1432.

[203]

 Liao, Z. J.; Kasirer-Friede, A.; Shattil, S. J. Optogenetic interrogation
of integrin αVβ3 function in endothelial cells. J. Cell Sci. 2017, 130,
3532–3541.

[204]

 Pluskota,  E.;  Bledzka,  K.  M.;  Bialkowska,  K.;  et  al. Kindlin-2
interacts  with  endothelial  adherens  junctions  to  support  vascular
barrier integrity. J. Physiol. 2017, 595, 6443–6462.

[205]

 Pluskota,  E.;  Dowling,  J.  J.;  Gordon,  N.;  et  al. The  integrin
coactivator Kindlin-2 plays a critical role in angiogenesis in mice and
zebrafish. Blood 2011, 117, 4978–4987.

[206]

 Ma, N. N.; Wu, F. F.; Liu, J. Y.; et al. Kindlin-2 phase separation in
response  to  flow  controls  vascular  stability. Circ.  Res. 2024, 135,

[207]

1141–1160.
 Godbout,  E.;  Son,  D.  O.;  Hume,  S.;  et  al. Kindlin-2  mediates
mechanical activation of cardiac myofibroblasts. Cells 2020, 9, 2702.

[208]

 Dowling, J. J.; Vreede, A. P.; Kim, S.; et al. Kindlin-2 is required for
myocyte elongation and is essential for myogenesis. BMC Cell Biol.
2008, 9, 36.

[209]

 Zhang, Z. Y.; Mu, Y. X.; Veevers, J.; et al. Postnatal loss of kindlin-
2  leads  to  progressive  heart  failure. Circ.  Heart  Fail. 2016, 9,
e003129.

[210]

 Qi,  L.  H.;  Yu,  Y.;  Chi,  X.  C.;  et  al. Depletion of  Kindlin-2 induces
cardiac  dysfunction  in  mice. Sci.  China  Life  Sci. 2016, 59,
1123–1130.

[211]

 Zhang, Z. Y.; Mu, Y. X.; Zhang, J. L.; et al. Kindlin-2 is essential for
preserving  integrity  of  the  developing  heart  and  preventing
ventricular rupture. Circulation 2019, 139, 1554–1556.

[212]

 Qi, L. H.; Yu, Y.; Chi, X. C.; et al. Kindlin-2 interacts with α-actinin-
2  and  β1  integrin  to  maintain  the  integrity  of  the  Z-disc  in  cardiac
muscles. FEBS Lett. 2015, 589, 2155–2162.

[213]

 Dowling, J. J.; Gibbs, E.; Russell, M.; et al. Kindlin-2 is an essential
component of intercalated discs and is required for vertebrate cardiac
structure and function. Circ. Res. 2008, 102, 423–431.

[214]

 Vanmunster,  M.;  Rojo  Garcia,  A.  V.;  Pacolet,  A.;  et  al.
Mechanosensors control skeletal muscle mass, molecular clocks, and
metabolism. Cell. Mol. Life Sci. 2022, 79, 321.

[215]

 Angelini,  A.;  Trial,  J.;  Saltzman,  A.  B.;  et  al. A  defective
mechanosensing  pathway  affects  fibroblast-to-myofibroblast
transition in the old male mouse heart. iScience 2023, 26, 107283.

[216]

 Zhao, B. S.; Pan, Y. Y.; Xu, H. P.; et al. Kindlin-1 regulates astrocyte
activation  and  pain  sensitivity  in  rats  with  neuropathic  pain. Reg.
Anesth. Pain Med. 2018, 1.

[217]

 Zhao, B. S.; He, E. N.; Pan, Y. Y.; et al. Kindlin-1 is a key protein in
hyperbaric  oxygen  therapy  for  the  treatment  of  neuropathic  pain.
Mol. Pain 2017, 13, 1744806917730254.

[218]

 Eysert,  F.;  Coulon,  A.;  Boscher,  E.;  et  al. Alzheimer’s  genetic  risk
factor  FERMT2  (Kindlin-2)  controls  axonal  growth  and  synaptic
plasticity  in  an  APP-dependent  manner. Mol.  Psychiatry 2021, 26,
5592–5607.

[219]

 Wang,  H.;  Wang,  C.  D.;  Long,  Q.;  et  al. Kindlin2  regulates  neural
crest  specification via integrin-independent  regulation  of  the  FGF
signaling pathway. Development 2021, 148, dev199441.

[220]

 Zhong,  Y.  M.;  Zhou,  L.;  Wang,  H.;  et  al. Correction:  Kindlin-2
maintains  liver  homeostasis  by  regulating  GSTP1-OPN-mediated
oxidative stress and inflammation in mice. J. Biol. Chem. 2024, 300,
105738.

[221]

 Gao,  H.  Q.;  Zhou,  L.;  Zhong,  Y.  M.;  et  al. Kindlin-2
haploinsufficiency protects  against  fatty  liver  by targeting Foxo1 in
mice. Nat. Commun. 2022, 13, 1025.

[222]

 Zhang,  J.;  Ren,  Y.  F.;  Bi,  J.  B.;  et  al. Involvement  of  kindlin-2  in
irisin’s protection against ischaemia reperfusion-induced liver injury
in high-fat diet-fed mice. J. Cell. Mol. Med. 2020, 24, 13081–13092.

[223]

 Idkaidak,  S.;  Albandak,  M.;  Alqarajeh,  F.;  et  al. Kindler  syndrome
presenting as colitis in an infant. Cureus 2023, 15, e43928.

[224]

 Kern, J.; Herz, C.; Haan, E.; et al. Chronic colitis due to an epithelial
barrier  defect:  The role  of  kindlin-1 isoforms. J.  Pathol. 2007, 213,
462–470.

[225]

 Stremmel,  W.;  Staffer,  S.;  Schneider,  M.  J.;  et  al. Genetic  mouse
models  with  intestinal-specific  tight  junction  deletion  resemble  an
ulcerative colitis phenotype. J. Crohn’s Colitis 2017, 11, 1247–1257.

[226]

 He, X. K.; Song, J. G.; Cai, Z. Y.; et al. Kindlin-2 deficiency induces
fatal  intestinal  obstruction  in  mice. Theranostics 2020, 10,
6182–6200.

[227]

 Zhu, K.; Lai, Y. M.; Cao, H. L.; et al. Kindlin-2 modulates MafA and
β-catenin  expression  to  regulate  β-cell  function  and  mass  in  mice.
Nat. Commun. 2020, 11, 484.

[228]

 Huang,  X.  T.;  Xiong,  D.  Y.;  Xiao,  J.  N.;  et  al. Kindlin-2  protects[229]

Chen et al.

Oral Science and Homeostatic Medicine, 2026, 2, 9610038
https://doi.org/10.26599/OSHM.2026.9610038 9610038 (26 of 27)

https://doi.org/10.3892/ijmm.2017.2911
https://doi.org/10.3892/ijmm.2017.2911
https://doi.org/10.1111/bjd.12184
https://doi.org/10.1111/bjd.12184
https://doi.org/10.1038/jid.2008.58
https://doi.org/10.1038/jid.2008.58
https://doi.org/10.1016/j.jtha.2024.01.007
https://doi.org/10.1182/bloodadvances.2021005611
https://doi.org/10.3390/ijms20246154
https://doi.org/10.1161/ATVBAHA.116.308464
https://doi.org/10.1007/s10875-022-01420-4
https://doi.org/10.1016/s0248-8663(09)72100-9
https://doi.org/10.1016/j.jtha.2023.10.013
https://doi.org/10.1182/blood-2012-02-410795
https://doi.org/10.1084/jem.20150269
https://doi.org/10.1242/jcs.205203
https://doi.org/10.1182/blood-2010-11-321182
https://doi.org/10.1161/CIRCRESAHA.124.324773
https://doi.org/10.3390/cells9122702
https://doi.org/10.1186/1471-2121-9-36
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003129
https://doi.org/10.1007/s11427-016-0025-0
https://doi.org/10.1161/CIRCULATIONAHA.118.038383
https://doi.org/10.1161/CIRCRESAHA.107.161489
https://doi.org/10.1007/s00018-022-04346-7
https://doi.org/10.1016/j.isci.2023.107283
https://doi.org/10.1038/s41380-020-00926-w
https://doi.org/10.1242/dev.199441
https://doi.org/10.1016/j.jbc.2024.105738
https://doi.org/10.1038/s41467-022-28692-z
https://doi.org/10.7759/cureus.43928
https://doi.org/10.1093/ecco-jcc/jjx075
https://doi.org/10.1093/ecco-jcc/jjx075
https://doi.org/10.1093/ecco-jcc/jjx075
https://doi.org/10.7150/thno.46553
https://doi.org/10.1038/s41467-019-14186-y
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038


pancreatic  β  cells  through  inhibiting  NLRP3  inflammasome
activation in diabetic mice. Biochem. Biophys.  Res.  Commun. 2022,
614, 1–8.
 Ruiz-Ojeda,  F.  J.;  Wang,  J.  F.;  Bäcker,  T.;  et  al. Active  integrins
regulate  white  adipose  tissue  insulin  sensitivity  and  brown  fat
thermogenesis. Mol. Metab. 2021, 45, 101147.

[230]

 Ren, L. Y.; Wan, R. R.; Chen, Z.; et al. Triptolide alleviates podocyte
epithelial-mesenchymal  transition via kindlin-2  and  EMT-related
TGF-β/smad  signaling  pathway  in  diabetic  kidney  disease. Appl.
Biochem. Biotechnol. 2022, 194, 1000–1012.

[231]

 Wei, X. F.; Wang, X.; Xia, Y.; et al. Kindlin-2 regulates renal tubular
cell plasticity by activation of Ras and its downstream signaling. Am.
J. Physiol. Ren. Physiol. 2014, 306, F271–F278.

[232]

 Huang,  Y.  D.;  Fang,  Y.;  Ma,  L.;  et  al. Kindlin-2  mediates
lipopolysaccharide-induced acute lung injury partially via pyroptosis
in mice. Inflammation 2022, 45, 1199–1208.

[233]

 Zhang,  P.;  Wang,  J.  X.;  Luo,  W.  R.;  et  al. Kindlin-2  acts  as  a  key
mediator  of  lung  fibroblast  activation  and  pulmonary  fibrosis
progression. Am. J. Respir. Cell Mol. Biol. 2021, 65, 54–69.

[234]

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits reusers to distribute, remix,
adapt, and build upon the material in any medium or format, so long as attribution is given to the original author(s) and the source, provide a link to the license,

and indicate if changes were made. See https://creativecommons.org/licenses/by/4.0/

© The author(s) 2026. Published by Tsinghua University Press. 

Chen et al.

9610038 (27 of 27)
Oral Science and Homeostatic Medicine, 2026, 2, 9610038

https://doi.org/10.26599/OSHM.2026.9610038

https://doi.org/10.1016/j.bbrc.2022.04.131
https://doi.org/10.1016/j.molmet.2020.101147
https://doi.org/10.1007/s12010-021-03661-2
https://doi.org/10.1007/s12010-021-03661-2
https://doi.org/10.1152/ajprenal.00499.2013
https://doi.org/10.1152/ajprenal.00499.2013
https://doi.org/10.1007/s10753-021-01613-w
https://doi.org/10.1165/rcmb.2020-0320OC
http://creativecommons.org/licenses/by/4.0/
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://www.sciopen.com/article/10.26599/OSHM.2026.9610038
https://doi.org/10.26599/OSHM.2026.9610038

	1 Introduction
	2 Structure basis of Kindlins
	3 Biology functions of Kindlins
	3.1 Kindlins in integrin activation
	3.2 Kindlins in mitochondria function
	3.3 Kindlins in post-translational modification

	4 Kindlins in cellular signaling pathway
	4.1 Kindlins in integrin signaling pathway
	4.1.1 Kindlins in inside-out integrin signaling pathway
	4.1.2 Kindlins in outside-in integrin signaling pathway

	4.2 Kindlins in integrin-independent signaling pathway
	4.2.1 NF-κB signaling pathway
	4.2.2 TGF-β/Smad signaling pathway
	4.2.3 Wnt/β-catenin signaling pathway
	4.2.4 Hippo/YAP signaling pathway
	4.2.5 Notch signaling pathway
	4.2.6 EGFR signaling pathway
	4.2.7 PTH1R signaling pathway
	4.2.8 Other integrin-independent signaling pathways


	5 Kindlins in development and diseases
	5.1 Kindlins in cancer progression and metastasis
	5.1.1 Kindlins in breast cancer
	5.1.2 Kindlins in gastric cancer
	5.1.3 Kindlins in pancreatic cancer
	5.1.4 Kindlins in prostate cancer
	5.1.5 Kindlins in glioma
	5.1.6 Kindlins in esophageal cancer
	5.1.7 Kindlins in hepatocellular carcinoma
	5.1.8 Kindlins in melanoma
	5.1.9 Kindlins in other cancers

	5.2 Kindlins in bone biology and skeletal diseases
	5.2.1 Kindlins in osteoarthritis
	5.2.2 Kindlins in osteoporosis
	5.2.3 Kindlins in intervertebral disc degeneration

	5.3 Kindlins in keratinocyte biology and skin diseases
	5.4 Kindlins in blood biology and hematological diseases
	5.5 Kindlins in cardiovascular diseases
	5.6 Kindlins in axon regeneration and neurological diseases
	5.7 Kindlins in liver diseases
	5.8 Kindlins in intestinal diseases
	5.9 Kindlins in islet function and diabetes
	5.10 Kindlins in renal diseases
	5.11 Kindlins in lung diseases

	6 Conclusions and future perspectives
	Acknowledgements
	Data available statement
	Author contribution
	Ethics approval and consent
	Consent for publication
	Conflicts of interest
	References

