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KANK2 at focal adhesions requlates their
maintenance and dynamics, while at fibrillar
adhesions it influences cell migration via
microtubule-dependent mechanism
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Abstract

Background Integrins form focal adhesions (FAs) at the cell edge and fibrillar adhesions (FBs) located centrally.
Talin1 is essential to FAs, while talin2 is found in FAs and FBs. KANK (kidney ankyrin repeat-containing) family proteins
regulate adhesion dynamics and are recruited to adhesions through interaction with talins. Previously, we showed

in MDA-MB-435S melanoma cells that KANK2 is part of integrin aV[35 FAs, that its interaction with talin2 regulates
actin-microtubule (MT) crosstalk and that KANK2 knockdown mimics the effect of integrin aV or 35 knockdown by
reducing cell migration. Here, in another melanoma cell line RPMI-7951 we observed that KANK2 is part of FAs and
FBs and that KANK2 knockdown increases cell migration. Therefore, we analyse integrin adhesion complexes in RPMI-
7951 cells, explore the localization and role of KANK2 in FAs and FBs.

Methods Knockdown in human melanoma RPMI-7951 cells was achieved by transfection with gene-specific siRNAs.
Integrin adhesion complexes were isolated and analysed by mass spectrometry. Immunofluorescence analysis, live
cellimaging and the proximity ligation assays were done using confocal microscopy. Cell migration was assessed
using Transwell Cell Culture Inserts. MTT assays were performed to determine cell sensitivity to paclitaxel. Data were
statistically evaluated using one-way or two-way ANOVA or unpaired Student’s t-tests in GraphPad Software.

Results We demonstrate that RPMI-7951 melanoma cells use integrin aV35 FAs and integrin a5B31 FBs for adhesion,
and that KANK2 is part of both structures. KANK2 is predominantly in proximity to talin1 at the cell edge (FAs) and in
proximity to talin2 in the cell centre (FBs). KANK2 in FAs functionally interacts with talin1 to maintain FAs, and with
talin2 to regulate their dynamics. KANK2 is a component of FBs, and its knockdown mimics integrin a5 knockdown by
increasing MT-dependent cell migration.
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Conclusions Our study reveals the distinct roles of KANK2 in FAs and FBs. We show that KANK2 is a component
of FBs, linking them to MTs and promoting their stabilisation. Loss of integrin a5 or KANK2 from FBs increases cell

migration, a process that relies on the MT cytoskeleton.
Plain English summary

Cells adhere to their surroundings using specialized structures called adhesions, which are formed by different
types of integrins and have different cellular localisations: focal adhesions at the cell edge and fibrillar adhesions

in the cell centre. Talin1 is essential for focal adhesions, while talin2 is present in focal and fibrillar adhesions.

KANK (kidney ankyrin repeat-containing) family proteins regulate adhesion dynamics by connecting talins to the
microtubule cytoskeleton. Our study explored the different roles of KANK2 in focal or fibrillar adhesions, by focusing
on its interactions with integrins and talins. We show that in RPMI-7951 cells, which form aV[35 focal and a531
fibrillar adhesions, KANK2 is present in both of these adhesions. KANK2 supports aV35 focal adhesion maintenance
via talin1 and regulates their dynamics via talin2. KANK2 is also a component of a531 fibrillar adhesions, and its
depletion mimics integrin a5 knockdown and enhances cell migration, a process dependent on the microtubule
cytoskeleton. In conclusion, our study demonstrates that KANK2 plays distinct roles in different adhesion structures,

contributing to both focal and fibrillar adhesion function.
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Introduction

Integrins are transmembrane cell surface proteins con-
sisting of a and P subunits that combine to form 24
distinct heterodimers, enabling cell-to-cell or cell-to-
extracellular matrix (ECM) connections [1]. Integrin
heterodimer binding of ECM ligands results in the for-
mation of several functionally and structurally differ-
ent classes of integrin-based adhesions. These include
short-lived peripheral nascent adhesions, which mature
into focal adhesions (FAs) and further, centrally located,
elongated fibrillar adhesions (FBs), which all serve as a
link to the actin cytoskeleton [2]. Additionally, there are
hemidesmosomes, which link to intermediate filaments
[3], and reticular adhesions (RAs), which are not associ-
ated to the cytoskeleton [4].

Integrins are involved in the metastatic cascade and
have been found to be responsible for intrinsic and
acquired therapy resistance. Therefore, targeting inte-
grins, or more specifically the signal transduction via
integrin adhesion complexes (IACs), is a promising
therapeutic opportunity to reduce tumor metastasis and
overcome therapeutic resistance [5]. However, despite
highly encouraging preclinical data, targeting integrins
in clinical trials has so far failed [6, 7]. Therefore, further
work is required not only to understand the role of dif-
ferent types of adhesions, their turnover and the relation-
ships between adhesion structures, but also to unlock
their therapeutic potential.

FAs are the most extensively studied IACs that convert
extracellular chemical and mechanical cues into bio-
chemical signals [8, 9]. In culture, cells form FAs in order
to adhere to their substrate. FAs link integrin heterodi-
mers bound to ECM outside the cell and the actomyosin
and microtubule (MT) network inside the cell, acting via
a range of adaptor proteins [10, 11]. FBs develop from

mature FAs and have a role in promoting fibronectin
remodeling [12]. They are larger than FAs, with a dis-
similar composition, and are located in the centre of the
migrating cell [13, 14]. There are multiple integrin het-
erodimers commonly associated with FAs (e.g. aVP3,
aVP5, a5B1, a3p1 and others) while integrin a5p1 is pri-
marily involved in forming FBs [15]. In contrast to FAs
and FBs, RAs represent a specialized adhesions mediated
by integrin aVB5. They are distinct from other adhesion
types due to their lack of cytoskeletal connections and
their high stability, making them uniquely suited for sig-
naling and maintaining cell-ECM adhesion in situations
where cytoskeletal connections are not required, such as
cell division [4, 16—20].

Talins are key cytoplasmic mechanosensitive proteins
mediating binding of integrin adhesions to the ECM
[21]. There are two different isoforms of talins, talinl
and talin2. Although talinl and talin2 share 76% protein
sequence identity (88% similarity), they are not func-
tionally redundant, and the differences between the two
isoforms are not fully understood [22]. Talinl forms the
core of IAC, increasing the affinity of integrin for ligands
(integrin activation) and mediating the mechanosensitive
link to actin [23, 24], while talin2 has been relatively less
studied. Talins also coordinate MT recruitment to adhe-
sion sites via interaction with KANK (kidney ankyrin
repeat-containing) proteins, members of the cortical
microtubule stabilizing complex (CMSC) [21, 25-28].

KANK family proteins are evolutionarily conserved
and consist of four paralogs (KANK1-4) due to gene
expansion and diversification. KANK1 (around 170 kDa)
is mainly found in epithelial, while KANK2 (around 120
kDa) in mesenchymal cells [29]. KANK1 and 2 localize to
the rims of mature integrin-containing FAs, termed the
FA belt and adjacent regions. The CMSC, recruited upon
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talin-KANK?2 interaction, stabilizes MTs in the vicinity of
adhesions and regulates actin-MT crosstalk [25, 30]. The
uncoupling of FAs and CMSCs leads to the release of the
RhoA GEF ARHGEF2 / GEF-H1 from MTs that in turn
results in increased RhoA-mediated actomyosin contrac-
tility, reinforcement of the stress fiber-associated FAs and
decreased FA turnover [31]. Other possible localization
of KANK2, with no reports indicating similar localiza-
tion for KANK]I, is in centrally positioned FBs. KANK2
in FAs binds talin in the vicinity of F-actin binding site
2 (ABS2) and destabilizes the talin-F-actin linkage that
leads to slippage of integrin ligand bonds and adhesion
sliding in the centrally positioned adhesions [27].

A discrepancy in how KANK proteins affect cell
migration and sensitivity to antitumor agents has been
observed (reviewed in [32]). It is also not clear which
talin isoform binds which KANK paralogue within the
cell. While in HeLa cells Bouchet et al. [25] showed
that talinl binds KANK1, we have recently showed that
KANK?2 and talin2 functionally interact in the melanoma
cell line MDA-MB-435S thus enabling the actin-MT
crosstalk important for both sensitivity to MT poisons
and cell migration [28].

Here, we present an analysis of IACs in the melanoma
cell line RPMI-7951 cultivated in long-term culture. Our
study explores the localization and roles of KANK2. We
demonstrate that KANK2 is part of integrin aVp5 FAs
and a5p1 FBs. In FAs, KANK?2 functionally interacts (i)
with talinl to maintain FAs, and (ii) with talin2 to regu-
late their dynamics. Our data also reveal that KANK2,
localized within FBs, regulates cell migration via MTs.

Materials and methods

Cell Culture

The human melanoma cell line RPMI-7951 was obtained
from the American Type Culture Collection (ATCC).
Cells were grown on uncoated cell culture plates in
DMEM (Invitrogen) supplemented with 10% (v/v) FBS
(Invitrogen) (DMEM-FBS) at 37 °C with 5% CO, (v/v) in
a humidified atmosphere. RPMI-7951-EB3 cell popula-
tions with fluorescently labelled end-binding protein 3
(EB3) were generated by stable transfection of Dendra2-
EB3-7 plasmid containing the photoconvertible fluores-
cent protein Dendra2 fused with EB3 (EB3-Dendra2)
(Addgene plasmid #57715) using Lipofectamine 2000
(Thermo Fisher Scientific) and selection with 1.2 mg/mL
geneticin (Sigma-Aldrich).

Transient siRNA transfection

For transient siRNA transfection, cells (3.7 x 10% 5 x
10° or 1 x 10° were plated in 24-well, 6-well cell cul-
ture plates or 10 cm diameter Petri dishes to achieve
60-80% confluence after 24 h. Cells were transfected
24 h later, using Lipofectamine RNAiMax (13778150,
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Thermo Fisher Scientific), with 25 nM of control non-
specific (Silencer™ Select Negative Control No. 1 siRNA,
Ambion; si(-)), gene-specific siRNA for ITGAV (s7568,
Ambion; si(aV)), ITGA5 (s7547, Ambion; si(a5)), ITGB5
(s7591, Ambion; si(f5)) or gene-specific siRNA for
KANK2 (target sequence: ATGTCAACGTGCAAGATG
A; si(KANK2)), TLN1 (target sequence: TGAATGTCCT
GTCAACTGCTG; si(talinl)) or TLN2 (target sequence:
TTTCGTTTTCATCTACTCCTT; si(talin2)) [25], all
purchased from Sigma. Knockdown in each experiment
was validated by immunofluorescence (IF) and/or West-
ern blotting (WB) using specific primary antibodies and
matched labelled secondary antibodies (See Supplemen-
tary Table S1, Supplementary Material 1).

Isolation of IACs

IACs were isolated from cells cultivated for 72 h as
described previously [28, 33, 34]. Briefly, cells were
washed with DMEM-HEPES and incubated with Wang
and Richard’s reagent (DTBP, 6 mM, Thermo Fisher Sci-
entific) for 15 min. DTBP was quenched with 0.03 M
Tris-HCI (pH 8) and cells were lysed using modified RIPA
buffer (50 mM Tris-HCI, pH 7.6; 150 mM NaCl; 5 mM
disodium EDTA, pH 8; 1% (w/v) Triton X-100, 0.5% (w/v)
SDS, 1% (w/v) sodium deoxycholate). Cell bodies were
removed by high-pressure washing with tap water for 10
s and remaining adhesion complexes were collected by
scraping into adhesion recovery solution (125 mM Tris-
HCI, pH 6.8; 1% (w/v) SDS; 150 mM dithiothreitol). Sam-
ples containing isolated IACs were acetone-precipitated
and further processed for Mass Spectrometry (MS) or
WB [35].

Sample preparation for mass spectrometry and data
analysis

Samples (prepared in triplicates) were processed as pre-
viously described [33, 34] and analysed using an Ulti-
Mate R 3000 Rapid Separation LC (RSLC, United States)
coupled to an Orbitrap Elite mass detector (Thermo
Fisher Scientific, United States) with electrospray ion-
ization. Peptide mixtures were eluted over 44 min
using a gradient of 92% of solution A (0.1% formic acid
in water) and 8% up to 33% of solution B (0.1% formic
acid in acetonitrile). Solvent flow was set to 300 nL per
minute. Protein identification was performed by search-
ing data against the human SwissProt database (version
2018_01) using Mascot (Matrix science, version 2.5.1).
Fragment ion tolerance was set to 0.50 Da, while parent
ion tolerance was 5 PPM. Scaffold (Proteome software)
was used to further refine protein identification. Protein
(99.9%) and peptide (95%) probabilities were assigned
using the Protein Prophet algorithm [36] as incorpo-
rated by Scaffold including a minimum of four unique
peptides per each protein. Data have been deposited in
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the ProteomeXchange Consortium [37] (dataset ID:
PXD064756) via the PRIDE repository [38].

Protein-protein interaction network formation, functional
enrichment, gene ontology analysis, and MS data
visualization

Human protein—protein interactions (PPIs) were loaded
from STRING database, using stringApp (confidence
score cut-off = 0.40, maximum additional interactors =
0) [39] for Cytoscape software (version 3.7.1) [40]. Func-
tional annotation was performed using the Database
for annotation, visualization and integrated discovery
(DAVID), version 6.8 [41, 42] and Panther GO database
[43]. Functional enrichment analysis was carried out
using the DAVID_CC subontology list (Benjamini—
Hochberg corrected P-value < 0.05, EASE score < 0.1, at
least four identified proteins). To summarize gene ontol-
ogy (GO) terms and visualize them in a similarity-based
space, the REVIGO tool was used with the following
parameters: comparison of corrected P-values related to
GO terms, allowed similarity set to small (0.5), and the
Resnik-normalized semantic similarity measure [44]. Dif-
ferential protein expression analysis between RPMI-7951
si(-) and RPMI-7951 si(aV) datasets was performed using
the QSpec spectral counter tool [45]. A volcano plot was
generated in GraphPad Prism to visualize differentially
expressed proteins, using a fold-change threshold of > 1.5
(RPMI-7951 si(-) vs. RPMI-7951 si(aV)) and a -log(FDR)
> 1. Fold changes were calculated based on QSpec output
values.

Cell survival analysis

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazo-
lium bromide) (Millipore) assay was used to determine
sensitivity of cells to paclitaxel (PTX, Sigma-Aldrich).
Briefly, 24 h after seeding in 96-well tissue culture plates
(1-1.2x 10* cells/well) cells were treated with differ-
ent concentrations of PTX. Seventy-two hours later,
the absorbance of MTT-formazan product dissolved in
DMSO was measured with a microplate reader (Aware-
ness Technology, Inc.) at 600 nm. Absorbance is propor-
tional to the number of viable cells.

Cell migration

Serum-starved (24 h) cells (8 x 10%) were placed in Tran-
swell Cell Culture Inserts (pore size, 8 um) (Corning) in
DMEM containing 0.1% (w/v) BSA and left to migrate
toward 10% (v/v) FBS in DMEM as a chemoattractant.
After 22 h, cells that remained on the upper side of the
inserts were removed with cotton-tipped swabs. Inserts
were fixed in 4% paraformaldehyde for 15 min followed
by staining with 1% (w/v) crystal violet in PBS for 90 min.
Cells on the underside of the inserts were photographed
using Olympus BX51TF microscope (five images/
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sample). The number of cells was determined using
Image] software (Multi-point tool).

Cell proliferation assay

Cell proliferation was analysed using the Click-iT assay
according to the manufacturer’s instructions (Thermo
Fisher Scientific, United States). Cells were seeded in
a 6-well plate (4.5x 10° cells/well) and upon 24 h trans-
fected with either control siRNA or specific siRNA. After
24 h, cells were trypsinised and seeded back in the same
well to mimic steps during MTT assay. Next day, two
hours before harvesting, modified thymidine analogue
EdU (5-ethynyl-2’-deoxyuridine, final concentration 10
uM) was added. Cells were collected, fixed with 4% (w/v)
paraformaldehyde, permeabilized with saponin, stained
with Alexa-Fluor 488 azide (in the presence of CuSO,)
and analysed by flow cytometry. Flow cytometry was per-
formed using BD FACSCalibur (BD Biosciences, United
States). Data were analysed using FCS Express (De Novo
Software, United States). To determine the proliferation
rate, the frequencies of the proliferative (EdU+) cells
were compared.

Confocal microscopy

For IF analysis, cells were plated on coverslips in a 24-well
plate (3.7x10* cells/well). After 48 h, cells were fixed
using ice-cold methanol for 10 min or 2% (v/v) parafor-
maldehyde for 12 min followed by permeabilization with
0.1% (v/v) Triton X-100 for 2 min, and incubated with
specific primary antibodies for 1 h, followed by conju-
gated secondary antibodies for 1 h (See Supplementary
Table S1, Supplementary Material 1). Actin stress fibers
were stained with rhodamine phalloidin (Cell Signaling
Technology). Cells were mounted with DAPI Fluoro-
mount-G (SouthernBiotech). Fluorescence and respec-
tive Interference Reflection Microscopy (IRM) images
were acquired using an inverted confocal microscope
Leica TCS SP8 X (Leica Microsystems) with the HC PL
APOCS2 63x/1.40 oil-immersion objective, zoom set
at 2x. Images were analysed using LAS X software 3.1.1
(Leica Microsystems) and Image] (NIH, USA).

All images were acquired with the focal plane set at the
adhesion sites of cells on the upper surface of the glass
coverslip. Identical imaging and analysis parameters were
applied across all experimental conditions. For actin
stress fiber quantification, only filamentous actin bundles
terminating at FAs were classified as stress fibers. FAs
were identified based on IF staining of established FA
markers (analysed but not shown). For MT quantifica-
tion, only MTs located within 5 pm of the cell edge were
analysed. The cell boundary was defined using interfer-
ence reflection microscopy (IRM) images. In Image], cell
outlines were manually traced, and a 5 pm inward region
from the cell edge was defined as the region of interest.
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All images were imported into Image] and scaled accord-
ing to microscope calibration. Background subtraction
was performed, and an identical intensity threshold was
applied to all images. Signals within the defined region

102 10

p-value

were analysed using the Analyze Particles function, with
only particles larger than 0.2 um® assessed to minimize
contributions from potentially non-specific signals. The
intracellular area corresponding to stress fiber or MT
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Fig. 1 Mass spectrometry analysis of IACs isolated from RPMI-7951 cells. A Protein—protein interaction network of proteins identified by MS in IACs iso-
lated from RPMI-7951 cells. Shapes represent identified proteins and are labelled with gene symbols, arranged and coloured according to their functional
group as indicated. B IACs isolated from RPMI-7951 are enriched with proteins connected to the ECM, extracellular exosome and FA. Proteins from (A)
(number of spectral counts >4, FDR < 5%, probability for protein identification > 99.9%) were annotated using the DAVID GO database and visualized
using the REVIGO tool, where p-values related to GO terms of cellular components (GOTERM_CC_DIRECT), represented by the colour bar and size of
the circle. Statistically significant GO terms (p <0.05) are presented. C Volcano plot analysis of proteins detected in IACs isolated from RPMI-7951 cells
transiently transfected with non-specific siRNA (si(-)) versus integrin aV-specific siRNA (si(aV)). IAC proteins are visualized as volcano plot after the analysis
with QSpec/QProt. To determine the significantly changed proteins—log (FDR) > 1 (red horizontal dotted line) corresponding to FDR<0.05 and —Log
(FDR) > 1.3 (black horizontal dotted line) corresponding to FDR<0.1; and fold change > 1.5 (black vertical dotted line) or 2 (red vertical dotted line) were
used. Upper left quadrant - proteins detected with lower levels of spectra, upper right quadrant — proteins detected with higher levels of spectra. Only
proteins identified with a minimal number of spectral counts >4 in at least one biological replicate, FDR < 5%, probability for protein identification > 99.9%
were visualized. D DAVID GO analysis of significant proteins from (C). Statistically significant GO terms were presented in reverse x-axis of Benjamini cor-
rected p-value (the smaller the p-value - the bigger the length of the bar), with higher (green arrow) and lower (red arrow) abundances in si(aV) than

si(-).J, decreased abundance, 1, increased abundance

signal was also measured. Specifically, within each cell,
the area occupied by thresholded actin stress fiber or MT
signal was quantified as coverage within the cell.

Proximity ligation assay

Proximity ligation assay (PLA), using Duolink® PLA
technology [46], was done according to manufacturer’s
instructions. Briefly, cells seeded on coverslips for 48
h were fixed, blocked and incubated with selected pri-
mary antibodies for 1 h at 37 °C in a preheated humidity
chamber (See Supplementary Table S1, Supplementary
Material 1). Following washing, coverslips are incubated
in secondary antibodies conjugated to proprietary oligo-
nucleotide arms (Navenibodies) for 1 h. Incubation with
specific enzymes enables the formation and amplifica-
tion of a DNA circle in the spots of protein proximity.
Fluorescent dots, generated by binding of fluorescently
labelled probes, were visualized using an inverted confo-
cal microscope (Leica TCS SP8 X, Leica Microsystems)
with the HC PL APOCS2 63x/1.40 oil-immersion objec-
tive, zoom set at 2x. Images were analysed using LAS X
software 3.1.1 (Leica Microsystems) and Image] (NIH,
USA). The cell edge was defined as the region extending
5 um inward from the cell perimeter, while the remaining
intracellular area was considered the cell centre.

Live Cell Imaging

For time-lapse live cell microscopy, RPMI-7951-EB3 cells
were plated in 4-chamber 35 mm Cellvis glass bottom
dishes (4.5 x 10* cells/chamber). Twenty-four hours later,
cells were transfected with either control siRNA or spe-
cific siRNA and imaged 48 h after transfection. Images
were taken every 33 s for five min per cell using HC PL
APO CS2 63x/1.40 oil-immersion objective on the Leica
TCS SP8 X microscope (Leica Microsystems), 3.5x zoom.
The obtained movies were analysed with Image] software
(Manual tracking plugin).

Statistical Analysis
GraphPad Prism version 9.0.0 (GraphPad Software) was
used to analyse data. Data obtained from IF, PLA and

migration assay were analysed by one-way analysis of
variance (ANOVA) with Dunnett’s multiple comparison
or by unpaired Welch’s t-test, and expressed as histo-
grams depicting mean +standard deviation (SD); violin
plots or scatter plots with marked median. Data obtained
from MTT experiments were analysed by two-way
ANOVA with Sidik’s multiple comparisons test, with
a single pooled variance and expressed as mean+ SD.
ns denotes not significant; * denotes p <0.05; ** denotes
p<0.01; *** denotes p <0.001; **** denotes p <0.0001.

Results

Melanoma cell line RPMI-7951 primarily utilizes integrin
heterodimer aVf5 for adhesion

IACs, together with secreted ECM proteins, were iso-
lated from RPMI-7951 melanoma cells grown for 72 h
as described previously [28, 33]. The optimal crosslink-
ing duration was determined based on intracellular IAC
components (liprin f1, FAK and paxillin) (See Supple-
mentary Fig. S1-S8, Supplementary Material 2, Supple-
mentary Fig. S9, Supplementary Material 3). MS analysis
identified 624 proteins, of which 45 are components of
the consensus adhesome and 388 of the meta adhesome
[47, 48] (See Supplementary Table S2.1, Supplementary
Material 4).

The adhesome of RPMI-7951 cells contained three
integrin receptor subunits: aV, p5 and 1. The most
abundant integrin subunits were aV and 5, suggesting
that these cells primarily use aVp5 and possibly aVp1
for adhesion in long-term 2D culture. a5 was detected,
but at very low levels, suggesting that these cells may also
express a5P1 (See Supplementary Table S2.1, Supple-
mentary Material 4).

PPI network of the identified proteins indicated that
the majority of identified proteins were ECM proteins
and actin-binding proteins (Fig. 1A; See Supplementary
Table S2.2, Supplementary Material 4). Proteins reported
to bind MTs, intermediate filament-related proteins,
enzymes, HSP proteins and nuclear proteins were also
identified. GO enrichment analysis was performed using
DAVID [41, 42], and proteins were assigned to functional
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groups and visualized using REVIGO [44]. Analysis indi-
cated a significant enrichment of GO terms related to
ECM, extracellular exosome and FA (Fig. 1B).

Integrin aVB5-induced interaction networks

To determine which proteins were found in aVp5-
containing adhesions, transient knockdown of integrin
subunit aV was performed and IAC composition was
compared to control siRNA treatment using QSpec/
QProt [45]. The efficiency of integrin aV knockdown
was demonstrated by flow cytometry (Supplementary
Fig. S2A, Supplementary Material 2) and by IF (Supple-
mentary Material 2) using integrin aV-specific antibod-
ies. Differences were visualized using a volcano plot (Fig.
1C). Integrin aV knockdown did not alter B1 levels in MS
(See Supplementary Table S2.3, Supplementary Material
4) or flow cytometry analysis (Supplementary Fig. S2A,
Supplementary Material 2), indicating that RPMI-7951
cells use other o subunit(s), possibly a5, to pair with p1.
Indeed, IF analysis showed integrin o5 signal is still pres-
ent in the cells following integrin aV knockdown (see
Supplementary Fig. S2E, Supplementary Material 2). A
volcano plot, displaying proteins whose abundance was
different in RPMI-7951 cells transfected with integrin
aV-specific siRNA compared to control siRNA (Fig. 1C),
identified key components of integrin aV5 IACs depen-
dent on V. The expression of 164 proteins was decreased
by aV knockdown (See Supplementary Table S2.3, Sup-
plementary Material 4).

Proteins that were elevated following integrin oV
knockdown included slit homolog 2 protein (SLIT2), per-
oxidasin homolog (PXDN), tenascin C (TNC) and trans-
forming growth factor-p-induced protein ig-h3 (TGFBI).
DAVID analysis connected most of the proteins with
extracellular space, ECM, extracellular exosome, protein-
aceous extracellular matrix and membrane (Fig. 1D, See
Supplementary Table S2.3, Supplementary Material 4).

Proteins detected at lower levels upon integrin oV
knockdown and detected by high number of spectra (See
Supplementary Table S2.3, Supplementary Material 4)
were actin-binding adhesome proteins (plectin, vincu-
lin, talins 1 and 2, a-actinins 1 and 4, filamin A and B,
PDLIM7 and PDLIM5), non-muscle myosins 9 and 10
(MYH9 and MYH10), zyxin (ZYX), ezrin (EZR), moe-
sin (MSN), tensin 3 (TNS3), tropomyosin 3 isoform 1
(TPM3), palladin (PALLD) and caldesmon 1 (CALD1).
Actin (ACTB), which was identified with a very high
number of spectra, was also greatly reduced upon inte-
grin aV knockdown. Furthermore, the levels of Ras
GTPase-activating-like protein 1 (IQGAP1) and integrin
linked kinase (ILK), which have been identified in consen-
sus adhesome, were reduced [47]. DAVID analysis con-
nected most of the proteins with FAs, cell-cell adherens
junctions, extracellular exosome, stress fibers and actin
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cytoskeleton (Fig. 1D, See Supplementary Table S2.3,
Supplementary Material 4). Selected MS results were
confirmed by WB and/or IF (for plectin, talinl, talin2,
vinculin, filamin A and B, a-actinins 1 and 4, IQGAP1)
(See Supplementary Fig. S2B, E, Supplementary Material
2, Supplementary Fig. S10, Supplementary Material 3).
It has to be noted that in the adhesome we found TNS3.
TNS3, together with TNS1 and TNS2, are found in FAs
and FBs in fibroblasts, although to different degrees.
TNS2 is localized mainly in FAs, while TNS3 is mostly
found in FBs, and TNSI is found in both [49]. Our data,
which show the presence of integrin a5 and (1, albeit in
a small number of spectra, and TNS3, support the possi-
bility that RPMI-7951 cells, under long-term growth con-
ditions, may contain FBs. To confirm that these cells use
integrin o5B1 for adhesion, we isolated IACs from cells
transfected with either control or a5-specific siRNA and
analysed the presence of integrin a5. Since integrin a5
pairs only with the p1 subunit to form the o581 integrin
heterodimer, this data not only confirms RPMI-7951 cells
utilize a5p1 for adhesion but also demonstrates the effec-
tiveness of a5 knockdown (Supplementary Fig. S2D, S12,
Supplementary Material 2).

Finally, a reduced abundance of a few proteins that are
not recognized as adhesome proteins was found. These
included the chloride intracellular channel 1 (CLIC1),
which was recently identified to recruit PIP5K1A/C to
the leading edge of the plasma membrane, to generate a
PIP2-rich microdomain and to activate talin [50].

Differential role of KANK2 in PTX sensitivity and migration
in two melanoma cell lines, MDA-MB-435S and RPMI-7951
The CMSC proteins MACF], liprin p1 and KANK2 were
detected in RPMI-7951 cell IACs (See Supplementary
Table S2.2, Supplementary Material 4), and were reduced
upon transient integrin aV knockdown (See Supplemen-
tary Table S2.3, Supplementary Material 4). Interestingly,
no KANKI1 was detected. Other CMSC proteins, liprin
al and ELKS were represented at a lower abundance,
while CLASPs (CLIP-associating proteins), kinesin
family member 21 A (KIF21A), plus-end tracking pro-
tein EB1 and LL5p were not found in RPMI-7951 cells,
either transfected with control or integrin oV siRNA
(See Supplementary Table S2.3, Supplementary Material
4). The reduced abundance of liprin 1 and KANK2 was
confirmed in RPMI-7951 cells transfected with integrin
aV-specific siRNA using WB (See Supplementary Fig.
S2B, Supplementary Material 2, Supplementary Fig. S11,
Supplementary Material 3).

Since we previously demonstrated that RPMI-7951
cells, similar to MDA-MB-435S cells, can be sensitized
to MT poison PTX through integrin aV or p5 knock-
down [51], we investigated whether talin2 and KANK2
similarly influence actin-MT crosstalk and thereby
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regulate PTX sensitivity [28, 33]. Before addressing this,
we confirmed that talin2 or KANK2 knockdown does
not affect cell proliferation (Fig. 2A) which is similar to
results previously obtained in MDA-MB-435S cells [28].
Talin2 knockdown in RPMI-7951 cells increased PTX
sensitivity, as indicated by the greater survival differ-
ence between control and talin2 knockdown cells in the
presence of PTX (Fig. 2B), mimicking integrin aV or 5
knockdown [51]. Surprisingly, transient KANK2 knock-
down in RPMI-7951 cells had no effect on PTX sensi-
tivity (Fig. 2C). This differs from the effect observed in
MDA-MB-435S cells, where talin2 and KANK2 function-
ally interact within integrin aVB5 FAs and knockdown of
either protein sensitized the cells to MT poison PTX [28].
The differential roles of KANK2 between these cell mod-
els was also evident in cell migration. In MDA-MB-435S
cells, knockdown of either talin2 or KANK2 reduced
cell migration, thus mimicking the effect of integrin aV
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or B5 knockdown [28]. However, in RPMI-7951 cells,
talin2 knockdown mimicked the effect of integrin aV or
B5 knockdown and reduced cell migration, while KANK2
knockdown enhanced cell migration (Fig. 2D). We con-
clude that KANK2 plays distinct roles in regulating PTX
sensitivity and cell migration between two melanoma
cell lines, MDA-MB-435S and RPMI-7951. Therefore, we
decided to further investigate KANK2-containing adhe-
sions in the RPMI-7951 cell line.

In RPMI-7951 cells talin1 is required for maintenance of
integrin aVB5 FAs while talin2 regulates FAs dynamics

The MS-proteomic data above demonstrate that integ-
rin aV knockdown leads to the loss of talinl, talin2 and
KANK2. To determine the localization of talin isoforms
within integrin aVB5 IACs, IF was employed. Figure 3A
shows that both talinl and talin2 colocalize with integrin
B5. Talinl colocalizes with integrin 5 at the cell edge in
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Fig. 2 Talin2 and KANK2 differentially affect cell sensitivity to PTX and cell migration. (A) Neither talin2 nor KANK2 knockdown influences cell prolifera-
tion. Cell proliferation was measured using ClicklT EdU assay upon transfection with either control, talin2 or KANK2-specific siRNA. Histogram represents
measurements of percentage of EdU + cells of si(talin2) or si(KANK2) relative to si(-), plotted as mean+SD (n=2, > 1000 cells per experiment). Data were
analysed by one-way ANOVA with Dunnett’s multiple comparison. ns, not significant; *P <0.05; **P<0.01; ***P<0.001; ****P <0.0001. In RPMI-7951 cells
(B) talin2 knockdown increases sensitivity to PTX, while (C) KANK2 knockdown decreases it. Twenty-four hours upon transfection, cells were seeded
in 96-well plates and 24 h later treated with different concentrations of PTX. Cytotoxicity was measured by MTT assay. Data were analysed by two-way
analysis of variance (ANOVA) with Sidék’s multiple comparisons test, with a single pooled variance. ns, not significant; *P<0.05; **P<0.01; **P<0.001;
P <0.0001. (n=3). (D) Talin2 knockdown decreases, and KANK2 knockdown increases migration in RPMI-7951 cells. Serum starved (24 h) cells, trans-
fected previously with either control with, talin2-specific or KANK2-specific siRNA were seeded in Transwell cell culture inserts and left to migrate for 22 h
toward serum. Cells on the underside of the inserts were stained with crystal violet, photographed, and counted. Scale bar =100 um. Histogram data
represents averages of five microscope fields of three independently performed experiments, plotted as mean+SD. Data were analysed by unpaired
Student’s t-test. ns, not significant; *P < 0.05; **P < 0.01; ***P<0.001; ****P < 0.0001
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Fig. 3 (See legend on next page.)

structures that resemble FAs. Integrin 5 colocalizes with ~ Proximity of integrin B5 and talin2 was further confirmed
talin2 both at the cell edge in FAs and in the centre of the  using PLA (Fig. 3B). This is in line with our MS data that
cell in structures which are talinl-negative, and accord-  both talins are part of integrin aV5 IACs.

ing to localization and appearance represent RAs [4, 33].
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(See figure on previous page.)

Fig. 3 Talin1 is necessary for maintenance of integrin aVB5 FAs, while talin2 influences their dynamics. (A) Talin1 and talin2 are localized within integrin
aVB5 FAs. Forty-eight hours after seeding, RPMI-7951 cells were methanol fixed, and stained with anti-talin1 antibody followed by Alexa-Fluor IgG1
555-conjugated antibody (red), anti-talin2 antibody followed by Alexa-Fluor IgG2b 488-conjugated antibody (green) and anti-integrin 35 antibody fol-
lowed by Alexa-Fluor 647-conjugated antibody (magenta) and IRM images were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 um.
(B) Integrin 35 and talin2 are in close proximity. Forty-eight hours after seeding RPMI-7951 cells were methanol fixed, and a PLA assay with anti-integrin 35
and anti-talin2 primary antibodies was performed. Generated fluorescent dots were visualized and IRM images were taken. Analysis was performed using
TCS SP8 Leica. Scale bar =10 um. (C) Talin1 knockdown, disrupts aVB5 FAs and reduces cell size, while talin2 knockdown only increased size of talin1-
positive structures and reduced the number of integrin 35-positive structures. Forty-eight hours after transfection with either control siRNA, talin1 or
talin2-specific SIRNA, RPMI-7951 cells were methanol fixed, and stained with anti-talin1 antibody followed by Alexa-Fluor IgG1 555-conjugated antibody
(red), anti-talin2 antibody followed by Alexa-Fluor IgG2b 488-conjugated antibody (green) and anti-5 antibody followed by Alexa-Fluor 647-conjugated
antibody (magenta) and IRM images were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 pym. (D, E) Quantification of data presented
in (C). Violin plots (number of structures/cell) and scatter plots with median marked in size (cell spreading, size of structures/cell) represent measure-
ments of >45 cells. Data were analysed by one-way ANOVA with Dunnett’s multiple comparison. ns, not significant; * P<0.05; ** P<0.01; *** P<0.001;

*x P<0.0001

It has been shown that talin2 also localizes to FBs [52].
Although RPMI-7951 cells were not seeded on the o581
ligand fibronectin, the MS analysis showed that cells
secrete their own fibronectin and contain a low number
of spectra specific for integrin heterodimers o5 and p1
in IACs isolates (See Supplementary Table S2.1, Supple-
mentary Material 4). Talin2 was found in rod-shaped
aVp5-negative structures (Fig. 3A, second row magnified
images), which are likely FBs. In addition, in RPMI-7951
cells, the presence of a5-positive IACs that did not over-
lap with vinculin or integrin 35 was confirmed, indicating
a structure different from FAs, i.e. FBs (See Supplemen-
tary Fig. S3, Supplementary Material 2).

Next, RPMI-7951 cells were transfected with con-
trol, talinl- or talin2-specific siRNA and the location of
both talins and integrin p5 was analysed. Knockdown
of talinl was successful (Supplementary Fig. S5, Supple-
mentary Material 2, Supplementary Fig. S13, Supplemen-
tary Material 3) and led to disruption of aVB5 FAs and
a reduction in cell spreading (Fig. 3C), supporting a key
role for talinl in maintaining FAs, as previously described
by others [26]. Upon talinl knockdown, a simultaneous
reduction of talin2-positive structures was observed.
The remaining talin2 signal, which still colocalized with
integrin 5, was found in the centre of the cells and likely
represents RAs (Fig. 3C, middle row), which are reported
to be more stable and contain talin2 [4, 16]. In addition,
after talinl knockdown, talin2-positive and p5-negative
rod-shaped structures reminiscent of FBs were observed
(Fig. 3C, middle row, magnified images). Atherton et al.
[53] reported that the formation of FBs depends on force,
but their maintenance is largely independent of intracel-
lular tension. Therefore, it is possible that FBs remain
upon talinl knockdown. This conclusion was confirmed
by analysing vinculin/talinl/talin2 expression in cells
after talinl knockdown where only RAs and FBs remain
(See Supplementary Fig. S4, Supplementary Material 2).
After talin2 knockdown which was successful (Supple-
mentary Fig. S5, Supplementary Material 2, Supplemen-
tary Fig. S13, Supplementary Material 3), talinl-positive
and integrin B5-positive FAs were still present, mostly

at the cell edge and there was no visible effect on cell
spreading (Fig. 3C, last row).

A quantitative assessment following talinl knockdown,
which notably reduced cell spreading (Fig. 3D), demon-
strated a significant reduction of number of talin2- or
integrin B5-positive structures (Fig. 3E, first row), indi-
cating the significant loss of integrin aVB5 FAs. Simul-
taneously, the size of talin2-positive structures did not
change (FBs and RAs) but the size of integrin f5-positive
structures was greatly reduced (RAs) (Fig. 3E, second
row). As stated above, talin2 knockdown did not affect
cell spreading (Fig. 3D) nor the number of talinl-positive
structures, however, their size increased (Fig. 3E), which
indicates altered FAs dynamics. These FAs are unlikely
to be aVB5 FAs, as talin2 knockdown did not change the
size of integrin B5-positive structures (Fig. 3E), suggest-
ing that the enlarged structures may be integrin a5p1
FAs, whose presence was indicated by MS analysis. Addi-
tionally, talin2 knockdown reduced the number of inte-
grin B5-positive structures without changing their size,
which could indicate the reduction of number of struc-
tures other than integrin aVp5 FAs, likely RAs (Fig. 3E).
Indeed, analysis of the levels of RA components Numb
and AP2 in IAC samples following talin2 knockdown and
cytochalasin D treatment revealed their reduced levels
[54].

In RPMI-7951 cells talin1 localizes with KANK2
predominantly at the cell edge while talin2 and KANK2
localize predominantly in the cell centre

A key question was which talin isoform colocalizes with
KANK?2 in RPMI-7951 cells. Therefore, IF and PLA anal-
ysis of talinl, talin2 and KANK2 was performed. KANK2
was present in talinl- and talin2-positive structures at the
cell edge (FAs) (Fig. 4A). The analysis of KANK2 prox-
imity to talinl also showed that they are predominantly
located at the cell edge (Fig. 4B, C). KANK2 was also
found in the central part of the cell where it colocalized
mostly with talin2 but not with talinl, thus indicating
structures different from FAs (Fig. 4A). Talin2-KANK2
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proximity analysis showed the majority of positive signals
located in the cell centre (Fig. 4B, C).

RPMI-7951 cells were then transfected with control,
talinl- or talin2-specific siRNA and the location of both
talins and KANK2 was analysed. Knockdown of talinl
reduced the number and size of KANK2-positive struc-
tures (Fig. 4D, E). Since the knockdown of talinl disrupts
FAs and reduces the number of talin2-positive structures
(Fig. 3C, E), the remaining KANK2-structures which
colocalize with talin2 (Fig. 4D) are either RAs [54] or FBs
[53].

As before (Fig. 3C, E), the talin2 knockdown did not
affect the number of talinl-positive structures but
enhanced their size, indicating alteration of FA dynamics.
The knockdown of talin2 does not exhibit the same effect
on KANK2-positive structures, as it does not alter their
number or size (Fig. 4D, E). This does not imply that the
knockdown of talin2 has no effect on KANK2 function.
In fact, we previously demonstrated in MDA-MB-435S
cells that disruption of talin2-KANK?2 interaction upon
talin2 knockdown disconnects FAs from CMSCs but this
disruption does not impact the localization of KANK2
[28].

In RPMI-7951 cells KANK2 is part of all three adhesions:
FAs, RAs and FBs

As previously emphasized, KANK?2 is localized in talinl-
positive adhesions at the cell edge, but the majority of
KKANK?2 is localized in the central region of the cell,
where it colocalizes only with talin2 (Fig. 4). We hypoth-
esized that these central structures are a5p1 FBs and
aVP5 RAs. Our new data identified KANK2 within aV5
RAs [54]. Next, to determine whether KANK2 localizes
to FBs, the colocalization of integrin a5 and KANK2
was analysed. The results demonstrated that they indeed
predominantly colocalize in the central part of the cell
within rod-shaped structures i.e. FBs (Fig. 5A). The prox-
imity between integrin a5 and KANK2 was further con-
firmed through PLA (Fig. 5B), and quantification of PLA
signals demonstrated that they are more localized in the
central region of the cell than at the cell edge (Fig. 5C).
Therefore, in addition to being in FAs and RAs, KANK2
is also part of FBs.

To analyse how a reduction of FBs affects other IACs,
RPMI-7951 cells were transfected with control- or integ-
rin a5-specific siRNA and the localization of talinl, talin2
and KANK2 was analysed. The knockdown of integrin o5
was successful (Supplementary Fig. S2D, S6, Supplemen-
tary Material 2, Supplementary Fig. S12, Supplementary
Material 3) and did not affect cell spreading (Fig. 5D,
F), the number of talinl, talin2-, or KANK2-positive
structures, or the size of talinl-positive structures (FAs)
(Fig. 5D, E). However, the size of talin2-positive struc-
tures increased, while size of KANK2-positive structures
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decreased (Fig. 5D, E), indicating a change in the dynam-
ics of talin2- and KANK2-positive adhesions. Never-
theless, these altered dynamics should be confirmed by
additional experiments in the future. The fact that FAs,
FBs and RAs contain talin2 and KANK2 suggest that
there is a crosstalk between FBs, FAs and/or RAs.

In RPMI-7951 cells KANK2-talin1 functional interaction

is required for FA maintenance while KANK2-talin2
functional interaction regulates FA dynamics

Published studies [4, 28, 53], our new data [54] combined
with our own findings presented here (Figs. 3A-C, 4A
and B and 5A and B) demonstrate that KANK2 and talin2
are part of FAs, RAs and FBs. Since we have shown above
that talinl regulates FA maintenance while talin2 affects
FA dynamics, we aimed to determine the role of KANK2
in these events.

The knockdown of KANK2 reduced cell spreading
(Fig. 5D, F), and the number of talinl-positive structures,
but increased their size indicating change in the dynam-
ics of FAs formed by either integrins aVB5 or a5p1 (Fig.
5D, E). KANK2 knockdown also increased the size of
a5-positive, but not B5-positive, structures (Fig. 6A-E),
implying altered dynamics of a5p1 FAs and/or FBs. How-
ever, this does not rule out the possibility that KANK2
knockdown influences aVB5-positive adhesion dynam-
ics, as aVB5 forms FAs and RAs which are very differ-
ent in size, therefore overall changes in size may not be
easily detected. We also monitored the number and size
of a5-positive structures after talin2 knockdown, which
did not change (Fig. 6B). It would be expected that talin2
knockdown, as an integral component of FBs along with
KANK?2, would also affect at least the size of FBs and
KANK?2, as has been shown for FAs in MDA-MB-435S
cells [28]. However, we still do not know whether talin2
and KANK?2 are in direct contact within FBs, or what
their precise function in FBs is.

The reduction in the number of FAs after KANK2
knockdown (according to decreased number of talinl-
positive structures) aligns with the observed reduction
in cell spreading (Fig. 5D, F), which was previously also
noted after talinl knockdown (Fig. 3D). Since talinl
knockdown reduces talin2-positive structures (Fig. 3C,
E), it was expected that KANK2 knockdown, which
reduces talinl-positive structures, would also reduce the
number of talin2-positive structures; indeed, this was
the case (Fig. 5D, E). In conclusion, KANK2 knockdown
mimics the effect of talinl knockdown which indicates
that the functional interaction between KANK2 and
talinl is necessary for FA maintenance. The knockdown
of KANK2 mimics the effect of talin2 knockdown on the
size of talinl-positive structures (increased size), sug-
gesting that KANK2-talin2 functional interaction affects
FA dynamics. Since talin2 knockdown only increases the



Stojanovic et al. Cell Communication and Signaling (2026) 24:224 Page 12 of 22

talin1 talin2 KANK2

talin1/talin2  talin1/KANK2 talin2/KANK2 talin1/talin2/KANK2

talin1+KANK2

© s % %k %k %k
S 100, *EX* £ 100
-
Z = 50 Z = 50
. []
{alin2+KANK2 __IRM g 8 $3
- X (+\l
£ 0 £ o0
L] Y
s F& " & ¢
eabdz}‘ oboe“

talin2 KANK2

si(talin1)

si(talin2)
CUNWM/LUIEY ZMNWM/cullel

ns
ns
— 3007 kxkx* 1007 xx
u-g n =
°% \ 558 .
o o 200 2=10 .
o= | &DoN :
2 NSE
g‘G »nE 3
Zg 100 o= 1{_
0 -
0 .
N\ N 9
\,b\“\\& e\,b\\"‘ﬂ\&
\\ \\ 9\'\“9\\

Fig. 4 (See legend on next page.)

size of talinl-positive structures (Fig. 3C, E) and doesn’t  Talin2-KANK2 are in proximity in FAs, RAs and FBs

affect either number or size of a5- (data not shown) or Next, PLA was employed to analyse talin2-KANK2

5-positive structures (Fig. 3C, E), we cannot conclude in  colocalization following integrin a5 or 5 knockdown.

which FAs KANK2-talin2 functionally interact. We hypothesized that we would observe a difference in
distribution (cell edge vs. cell centre) as a consequence
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(See figure on previous page.)

Fig. 4 KANK2 localizes with talin1 at the cell edge, and with talin2 in the cell centre. A KANK2 localizes in talin1 and talin2-positive adhesions. Forty-eight
hours after seeding RPMI-7951 cells were methanol fixed, and stained with anti-talin1 antibody followed by Alexa-Fluor IgG1 555-conjugated antibody
(red), anti-talin2 antibody followed by Alexa-Fluor IgG2b 488-conjugated antibody (green) and anti-KANK2 antibody followed by Alexa-Fluor 647-con-
jugated antibody (magenta) and IRM images were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 um. B KANK2 is in close proximity
to talin1 and talin2. Forty-eight hours after seeding cells were methanol fixed, and a PLA assay using anti-KANK2 combined with either anti-talin1 or
anti-talin2 primary antibody performed. Generated fluorescent dots were visualized and IRM images were taken. Analysis was performed using TCS SP8
Leica. Scale bar =10 um. C Quantification of data presented in (B). The cell edge was defined as the region extending 5 pm inward from the cell perimeter,
while the remaining intracellular area was considered the cell centre. Violin plots (percentage of positive signal/cell) represents measurements of >30
cells. Data were analysed by one-way ANOVA with Dunnett’s multiple comparison. ns, not significant; * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.
D Knockdown of talin1, unlike talin2, leads to changes in KANK2 localization. Forty-eight hours after transfection with either control siRNA, talin1 or
talin2-specific siRNA, RPMI-7951 cells were methanol fixed and stained with anti-talin1 antibody followed by Alexa-Fluor IgG1 555-conjugated antibody
(red), anti-talin2 antibody followed by Alexa-Fluor IgG2b 488-conjugated antibody (green), anti-KANK2 antibody followed by Alexa-Fluor 647-conjugated
antibody (magenta) and IRM images were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 um. E Quantification of data presented in (D).
Violin plot (number of structures/cell) and scatter plot with marked median (cell size, size of structures/cell) represents measurements of >45 cells. Data

were analysed by one-way ANOVA with Dunnett’s multiple comparison. ns, not significant; * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001

of loss of either FAs and RAs (integrin 5 knockdown)
or integrin a5 FAs and FBs (integrin a5 knockdown).
The distribution (percentage of talin2-KANK2-positive
PLA signals at the cell edge or cell centre) in cells trans-
fected with control siRNA showed preferential location
of talin2-KANK2-positive PLA signals in the cell centre.
After integrin a5 knockdown a small reduction in talin2-
KANK2-positive PLA signals was observed in the cell
centre and a slight increase at the cell edge (Fig. 6E, F).
This is in line with a reduction of FBs. After 35 knock-
down, the percentage of talin2-KANK2-positive PLA sig-
nals at the cell edge and cell centre changed even more,
i.e. a strong reduction of signal in the cell centre and
increase at the cell edge were observed (Fig. 6E, F). This is
in line with a reduction of aVP5 FA and RA, leaving only
a5-positive FAs and FBs. In summary, talin2 and KANK2
are in proximity to each other in FAs, RAs and FBs.

Loss of integrin a5 mimics the effect of KANK2 and
increases cell migration

Since we found that KANK2 is located in FBs and that
KANK2 knockdown increases migration, we hypoth-
esized that o5 knockdown could mimic the effect of
KANK?2. Indeed, integrin o5 knockdown increased
cell migration (Fig. 7A, B). To support the conclusion
that increased migration is the consequence of reduced
KANK?2 from FBs and not aVB5 FAs or RAs, migration
was also analysed after p5 knockdown and showed that
it had the opposite effect, i.e. reduction of migration (See
Supplementary Fig. S7A, B, Additional file 2). Migration
depends on the cytoskeleton, especially actin and MTs
[55]. Therefore, actin and MT distribution was analysed
after talinl, talin2, integrin a5 or KANK2 knockdown
using IF (Fig. 7C). The only change in actin was fol-
lowing talinl knockdown which disrupted actin stress
fibers (Fig. 7C, D); however, analysis of MTs showed that
KANK?2 and integrin a5 knockdown led to a more com-
pact appearance of the MT network at the cell edge (Fig.
7C, E). Talin2 knockdown, which reduces cell migration
(Fig. 2C), led to a lower amount of MTs at the cell edge,

which is the opposite effect of KANK2 or o5 knockdown
(Fig. 7C, E). The observed changes in MT organization,
as well as the changes in adhesion size following talin2
or KANK2 knockdown (Figs. 3E and 5C and D), indicate
altered MT dynamics. Therefore, we isolated an RPMI-
7951 cell population transfected with fluorescent EB3
(RPMI-7951-EB3), which enabled us to follow growing
MTs during time-lapse live cell microscopy, since fluo-
rescent EB3 (EB3-Dendra2) binds to the growing tips
of MTs [56]. By measuring the velocity of MT growth
upon talin2, integrin o5 and KANK2 knockdown using
live cell imaging of fluorescent EB3, we showed that the
velocity of MT plus end growth upon o5 knockdown was
approximately 2 times faster than in EB3 cells transfected
with control siRNA (Fig. 7F; See Supplementary Fig. S8,
Supplementary Material 2; Supplementary Movie S1,
Supplementary Material 5; Supplementary Movie S3,
Supplementary Material 7). While knockdown of talin2
and KANK2 had the same effect as a5 knockdown, the
difference in the velocity of MT growth was more pro-
nounced upon KANK2 knockdown than upon talin2
knockdown (1.46 and 1.23 times faster than the con-
trol, respectively) (Fig. 7F; See Supplementary Fig. S8,
Supplementary Material 2; Supplementary Movie S1,
Supplementary Material 5; Supplementary Movie S4,
Supplementary Material 8; Supplementary Movie S2,
Supplementary Material 6). Since integrin a5 knockdown
decreased the size of KANK2-positive structures (Fig.
5C, D), we hypothesize that this loss of KANK2 results
in fewer MTs in the cell centre and more MTs at the cell
edge. Because integrin a5 knockdown did not affect the
number or size of talinl-positive structures (FAs) (Fig.
5E), it is more likely that the enhanced motility is due to
the loss of FBs rather than changes in FAs dynamics. Nev-
ertheless, our results clearly show that KANK2 is a com-
ponent of FBs, acting as a link to MTs and contributing
to their stabilisation. The loss of integrin a5 or KANK2
from FBs, which increases cell migration, involves the
action of MT cytoskeleton.
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Fig. 5 In RPMI-7951 cells KANK2 is part of FAs, FBs and RAs. A KANK2 localizes in integrin a5-positive structures. Forty-eight hours after seeding RPMI-
7951 cells were fixed and permeabilised, and stained with anti-integrin a5 antibody followed by Alexa-Fluor 546-conjugated antibody (red), anti-KANK2
antibody followed by Alexa-Fluor 488-conjugated antibody (green) and IRM images were taken. Analysis was performed using TCS SP8 Leica. Scale bar
=10 um. B KANK2 is in close proximity with integrin a5. Forty-eight hours after seeding cells were PFA fixed and permeabilised, and a PLA assay using
anti-KANK2 combined with anti-integrin a5 primary antibody was performed. Generated fluorescent dots were visualized and IRM images were taken.
Analysis was performed using TCS SP8 Leica. Scale bar =10 um. C Quantification of data presented in (B). The cell edge was defined as the region extend-
ing 5 um inward from the cell perimeter, while the remaining intracellular area was considered the cell centre. Violin plots (percentage of positive signal/
cell) represents measurements of > 30 cells. Data were analysed by one-way ANOVA with Dunnett’s multiple comparison. ns, not significant; * P<0.05;
** P<0.01; ** P<0.001; **** P<0.0001. D Effect of knockdown of integrin a5 or KANK2 on cell size, the number and size of talin1 and talin2 structures.
Forty-eight hours after transfection with either control siRNA, integrin a5 or KANK2-specific siRNA, RPMI-7951 cells were methanol fixed and stained with
anti-talin1 antibody followed by Alexa-Fluor IgG1 555-conjugated antibody (red), anti-talin2 antibody followed by Alexa-Fluor IgG2b 488-conjugated
antibody (green), anti-KANK2 antibody followed by Alexa-Fluor 647-conjugated antibody (magenta) and IRM images were taken. Analysis was performed
using TCS SP8 Leica. Scale bar =10 um. E, F Quantification of data presented in (D). Violin plots (number of structures/cell) and scatter plots with median
marked in size (cell spreading, size of structures/cell) represent measurements of >45 cells. Data were analysed by one-way ANOVA with Dunnett's mul-

tiple comparison. ns, not significant; * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001

Discussion

Metastasis remains the primary cause of mortality in
melanoma patients [57]. Current treatment options,
including targeted drug therapy and immunotherapy, are
not universally effective, with some patients exhibiting
resistance. Therefore, better understanding of metastatic
melanoma is required for the development of effective
treatments. Integrins aVB5 and a5B1 have been identi-
fied as potential therapeutic targets [5, 57-59]. How-
ever, clinical trials targeting integrins have thus far been
unsuccessful [57, 60, 61] due to several possible reasons:
(i) variable integrin expression, (ii) redundancy in inte-
grin function, (iii) distinct roles of integrins at various
disease stages, and (iv) sequestering of therapeutics by
integrin-containing tumor-derived extracellular vesicles
[5-7]. We hypothesize that targeting IACs, which act
downstream of integrins, may provide a more consistent
therapeutic outcome, as described for some components
of IACs [62, 63].

In two melanoma cell lines, MDA-MB-435S and RPMI-
7951, we showed that integrin aV or p5 knockdown
increases sensitivity to the MT poison PTX and reduces
cell migration [51], this work. Analysis of the MDA-MB-
435S adhesome revealed that integrin aV knockdown
reduces the abundance of its downstream effectors,
KKANK2 and talin2 [33]. These proteins functionally
interact, and their individual knockdown mimics integrin
aV or 5 knockdown [28].

Here we analysed the adhesome of RPMI-7951 cells
maintained, in long-term culture on uncoated culture
plates and found, similarly to MDA-MB-435S cells, that
these cells preferentially use integrin aVB5 for adhesion.
However, we also found integrin subunits a5 and p1,
which form a5p1 FAs and FBs. While previous studies
have shown that melanoma cells, including MDA-MB-
435S, can form FBs only when seeded on fibronectin
[52] our data demonstrate that RPMI-7951 cells secrete
sufficient fibronectin to generate FBs even on uncoated
surfaces.

Integrin aV knockdown in RPMI-7951 cells reduced
the abundance of KANK2 and talin2 in IACs. However,
only talin2 knockdown mimicked the effects of integrin
aV or 5 knockdown on PTX sensitivity and migration,
whereas KANK2 knockdown unexpectedly increased cell
migration. This led us to further investigate the localiza-
tion and functional role of KANK2 in RPMI-7951 cell
adhesions.

We demonstrate that differential localization of
KANK2 underlies the distinct effects of its knockdown
on PTX sensitivity in MDA-MB-435S and RPMI-7951
cells. In MDA-MB-435S cells, increased PTX sensitiv-
ity after talin2 or KANK2 knockdown arises from dis-
rupted actin-MT crosstalk and/or altered signaling from
integrin aVB5 FAs. This phenotype is accompanied by
increased adhesion size, indicating altered adhesion
dynamics. In RPMI-7951 cells, KANK2 and talin2 local-
ize to both FBs and FAs. Our results show that either
talin2 or KANK2 knockdown does not affect the organi-
zation of actin filaments, but alters microtubule dynam-
ics. Furthermore, talin2 knockdown selectively influences
integrin PB5-containing adhesions, confirmed by our
unpublished data [54], whereas KANK2 affects integrin
a5—containing adhesions, with no reciprocal effect. More
specifically, the increased sensitivity to PTX following
talin2 knockdown is a consequence of reduced amount
of aVP5 adhesions, while the lack of PTX sensitivity after
KANK2 knockdown reflects the fact that MT alterations
affect only a5p1 adhesions, where KANK?2 is localized.
Additionally, KANK2 knockdown increased the size of
a5-positive FBs and mimicked integrin o5 knockdown
by inducing a more compact MT network at the cell
edge, increasing MT growth velocity, and increasing cell
migration.

It is also important to consider that the function of
KANK?2 in FBs may be mediated through its interaction
with MTs via the CMSC complex, as previously shown
for aVB5 FAs in MDA-MB-435S cells [28]. Although
this was not directly addressed in the present study, indi-
rect support comes from our proteomic analysis of RAs
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Fig. 6 In RPMI-7951 cells KANK2 is in close proximity to talin2 in FAs, FBs and RAs. A-D KANK2 knockdown increases integrin a5-positive structures, but
has no effect on integrin B5-positive structures while talin2 knockdown does not change either number or size of integrin a5-positive structures. Forty-
eight hours after transfection with either control siRNA, talin2- or KANK2-specific siRNA. RPMI-7951 cells were fixed and permeabilised, and stained with
(A) anti-integrin a5 antibody followed by Alexa-Fluor 546-conjugated antibody (red) and anti-KANK2 antibody followed by Alexa-Fluor 488-conjugated
antibody (green) or (C) anti-talin2 antibody followed by Alexa-Fluor IgG2b 488-conjugated antibody (green) and anti-KANK2 antibody followed by Alexa-
Fluor 647-conjugated antibody (magenta). IRM images were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 um. B, D Quantification
of data presented in (A, C respectively). Violin plots (number of structures/cell) and scatter plots with median marked in size (cell size, size of structures/
cell) represents measurements of >45 cells. Data were analysed by one-way ANOVA with Dunnett's multiple comparison. ns, not significant; * P < 0.05; **
P<0.01; *** P<0.001; **** P<0.0001. E, F Knockdown of integrin a5 or integrin 35 influences the distribution of talin2-KANK2 proximity signal in RPMI-
7951 cells. E Forty-eight hours after transfection with either control siRNA, integrin a5- or integrin 35-specific siRNA RPMI-7951 cells were methanol fixed
and a PLA assay using anti-KANK2 combined with anti-talin2 primary antibody was performed. Generated fluorescent dots were visualized and IRM im-
ages were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 um. F Quantification of data presented in (E). The cell edge was defined as
the region extending 5 um inward from the cell perimeter, while the remaining intracellular area was considered the cell centre. Violin plots (percentage
of positive signal/cell) represent measurements of > 20 cells. Data were analysed by one-way ANOVA with Dunnett’s multiple comparison. ns, not signifi-

cant; * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001

following KANK?2 and talin2 knockdown in the mela-
noma cell line RPMI-7951, which identified multiple
CMSC components. RAs were isolated after actin cyto-
skeleton disruption using cytochalasin D and therefore,
samples lack FAs, while retaining FBs [54]. Previous
study has demonstrated that actin is required for FB for-
mation but not for their maintenance [64]. Future stud-
ies should be performed to experimentally demonstrate
whether KANK?2 acts as a molecular linker between FBs
and the CMSC complex.

Another difference between MDA-MB-435S and
RPMI-7951 cells was the impact of integrin oV knock-
down on the expression of ECM proteins, specifically
TNC and TGFB1. In MDA-MB-435S cells, integrin aV
knockdown slightly reduced the abundance of these
proteins [33]. In RPMI-7951 cells, however, integrin aV
knockdown increased the abundance of both proteins.
These data suggest a differential feedback loop where
cells secrete more of the ECM components necessary to
ensure a homeostatic adhesion when some key adhesion
molecules are missing. Given that TNC and TGFB1 are
linked to melanoma invasion and metastasis [65, 66], this
differential response highlights the complexity of integ-
rin-mediated regulation in melanoma progression. This
may be one of the possible explanations for why integrin-
targeted therapies have not produced consistent results
in patients.

The reasons for the different localization of talinl
and talin2 in cells remain unknown. Both talins bind to
B-integrin cytoplasmic tails via their N-terminal FERM
domains, but the talin2 has a slightly higher binding
affinity than talinl [67, 68]. In RPMI-7951 cells, talin1 is
essential for FA formation, as its knockdown leads to FA
disassembly, and a subsequent loss of talin2. In contrast,
talin2 knockdown does not affect FA number (talinl-
positive adhesions) but reduces the number of integrin
B5-positive adhesions, later identified as RAs [54]. While
talin2 is a component of RAs, it is not essential for their
formation [4, 54]. Integrin aVB5 and talin2 found in
RAs can also be recruited to FAs, a process enhanced

by increased cellular tension [19]. Since in RPMI-7951
cells talin2 knockdown increases the size of talinl-pos-
itive adhesions without affecting actin stress fibers, it is
unclear whether the reduction of RAs is due to talin2
exiting RAs or from changes in cell tension, as indicated
by FA increased size.

In RPMI-7951, as in MDA-MB-435S cells [28], there
was no compensation between talinl and talin2. A simi-
lar lack of compensation between talins was observed in
early embryonic development [69, 70]. However, in fibro-
blasts, talin2 can compensate for the loss of talinl [71],
and in endothelial cells, which express only talinl, intro-
duced talin2 can compensate for talin1 loss [72].

Current evidence regarding KANK2 and talinl/talin2
does not yet clearly distinguish between direct binding
and indirect association within larger adhesion com-
plexes. Our PLA analysis primarily supports close spatial
proximity rather than direct interaction, which is why we
describe this relationship in terms of functional interac-
tion rather than molecular binding. However, others have
shown that KANK2 can bind talins in vitro [73], and the
KANK?2-binding site in the R7 domain of both talins is
well documented in the literature [27]. Although these
data suggest a direct interaction between KANK2 and
talinl/talin2, it should be emphasized that such an inter-
action was not directly demonstrated either by others or
in our experiments.

The factors that determine why KANK proteins func-
tionally interact with talinl or talin2 remain unknown.
In HeLa cells and the HaCaT keratinocyte cell line, talinl
binds to KANKI1, triggering the formation of CMSC,
which surrounds adhesion sites and regulates their for-
mation and dynamics via MT-dependent signalling and
trafficking [25]. In fibroblasts, KANK2 localizes to both
FAs and in central sliding adhesions, where it interacts
with talinl, dynein light chain isoforms (Dynlll and
Dynll2) and liprin-f1 [27]. Recently, the proximity of
TNS3 (enriched in FBs) to both talinl and 2 and KANK2
was demonstrated [53]. In MDA-MB-435S cells, KANK2
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functionally interacts with talin2 within integrin aV5
FAs, playing a role in actin-MT dynamics [28].

PLA analysis in RPMI-7951 cells revealed that KANK2-
talinl positive signals are predominantly located at the
cell edge, where FAs are positioned. In contrast, KANK2-
talin2 signals are located predominantly in the cell centre,
corresponding to the location of FBs and RAs. We tried
to obtain additional evidence of which talin functionally
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interact with KANK2 using WB analysis of isolated IACs
after talinl or 2 knockdowns, as was previously done in
MDA-MB-435S cells where talin2 knockdown signifi-
cantly reduced cross-linked KANK2 levels, confirming
its binding to talin2 [28]. However, in RPMI-7951 cells,
cross-linked KANK2 levels after talin2 knockdown
remained inconclusive (data not shown). The results
obtained in MDA-MB-435S cells [28] were informative
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Fig. 7 Loss of integrin a5 or KANK2 from FBs increases cell migration through changes in microtubules. A Integrin a5 knockdown increases migration
in RPMI-7951 cells. Serum starved (24 h) cells, transfected previously with control or integrin a5-specific siRNA, were seeded in Transwell cell culture
inserts and left to migrate for 22 h toward serum. Cells on the insert underside were stained with crystal violet, photographed, and counted. Scale bar
=100 um. B Histogram data represents averages of five microscope fields of three independently performed experiments, plotted as mean+SD. Data
were analysed by unpaired Student’s t-test. ns, not significant; *P < 0.05; **P <0.01; ***P <0.001; ****P<0.0001. C Upon KANK2 or integrin a5 knockdown
MTs are denser at the cell edge. Forty-eight hours after transfection with control, talin1, talin2, integrin a5 or KANK2-specific siRNA cells were fixed with
methanol (a-tubulin visualization) or PFA followed by permeabilization with Triton X-100 (F-actin visualization), stained with anti-a-tubulin antibody fol-
lowed by Alexa-Flour 647-conjugated antibody (magenta) or incubated with Alexa-Flour-488 conjugated phalloidin (shown in gold) and IRM images
were taken. Analysis was performed using TCS SP8 Leica. Scale bar =10 um. D, E Quantification of data from (C). The cell edge was defined as the region
extending 5 um inward from the cell perimeter. Violin plots represents measurements of >40 cells. Data were analysed by unpaired Student’s t-test. ns,
not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. F MT growth velocity increased upon talin2, integrin a5, or KANK2 knockdown. Violin
plot represents quantification of time-lapse live cell microscopy measurements of >450 analysed MTs, (n=3) relative to velocity of MT growth in cells
transfected with control siRNA (set as 1). Data were analysed by one-way ANOVA with Dunnett’s multiple comparison test. ns, not significant; *P < 0.05;

**P<0.01;***P<0.001; ***P<0.0001. Still images represent tracking of one MT tip in 132 s through five frames

as these cells form FAs and RAs and do not contain FBs
[54]. However, in RPMI-7951 cells talin2 and KANK?2 are
present in all three types of adhesions, FAs, FBs and RAs,
thus adding complexity to the analysis.

It is possible that KANK?2 protein generally localizes to
the periphery of FAs [25, 27]. This suggests that FAs may
initially form with talinl, while talin2 is later recruited
to the outer rim, allowing KANK2 from CMSC to estab-
lish actin-MT crosstalk [74]. In MDA-MB-435S cells,
we hypothesized that talinl is phosphorylated by CDK1
[75] and therefore has a low KANK?2 binding affinity. It
is unclear whether the situation is reversed in RPMI-
7951 cells, where talin2 might be phosphorylated, leading
KANK?2 to favour talinl.

We found in RPMI-7951 cells that KANK2 knock-
down unexpectedly increases cell migration. This finding
aligns with studies in fibroblasts, where adhesion sliding
and formation of FBs containing KANK2 was linked to
reduced migration speed [27]. It also supports our obser-
vation that KANK2 knockdown mimics the integrin o5
knockdown, leading to increased migration.

In RPMI-7951 cells KANK2 knockdown increased
the size of a5- and talinl-positive structures indicat-
ing altered a5B1 FA and/or FBs dynamics. It also mim-
icked integrin a5 knockdown by increasing cell migration
and altering MTs, specifically increasing the percentage
of MTs at the cell edge. This contrasts with findings in
MDA-MB-435S cells, where talin2 or KANK2 knock-
down from oaVB5 FAs disrupted actin-MT crosstalk,
leading to decreased MT presence at the cell edge [28].
Talin2 knockdown in RPMI-7951 cells, despite colocal-
izing with KANK2 and integrin o5 FBs, decreased the
percentage of MTs at the cell edge and mimicked integrin
aV or 5 knockdown by reducing cell migration. It has
been shown that MT destabilization promotes the relo-
calization of integrin 5 from flat clathrin lattices, which
are interspersed within RAs [76], to FAs through ten-
sion modulation [19]. Therefore, our study highlights the
fact that in RPMI-7951 cells talin2, KANK2 and integrin
a5 knockdown influence MTs. Confirmation of altered
MT dynamics was obtained by observing an increase in

velocity of MT growth. It remains unclear whether these
effects are a result of direct connection between FBs and
MTs (e.g. through CMSCs) or crosstalk between differ-
ent adhesion structures. Further investigation is needed
to clarify how FBs interact with MTs.

After integrin a5 knockdown, talin2-positive structures
increased in size, while size of KANK2-positive struc-
tures decreased. Since talinl- and B5-positive structures
remained unaffected, it is difficult to hypothesize which
adhesions were impacted. However, since talin2 and
KANK?2 are present in all three adhesion structures FA,
FB and RA, we conclude there is crosstalk between them.
Indeed, it has been recently demonstrated that RAs are
opposed by active integrin a5p1 [77].

It is worth noting that adhesion complexes display con-
siderable plasticity, and hybrid or transitional states are
increasingly recognized. However, FAs, FBs and RAs
can arise independently and are distinguished by spe-
cific molecular markers and morphological features. For
this reason, they are treated here as functionally distinct,
operational classes, while acknowledging that hybrid or
transitional states may occur in some contexts.

In conclusion, the functional interactions between
talinl, talin2 and KANK?2 appear to be cell type-specific.
However, our findings reveal that these interactions are
influenced by their location within a specific adhesion
structure. The factors guiding talinl/talin2 and KANK2
to particular adhesions remain unknown. To unlock the
potential of integrins to be targets in metastatic mela-
noma, particularly for limiting metastasis, it is important
to understand IAC composition and the role of indi-
vidual components in different adhesions. An important
next step will be to verify the presence of FAs and FBs
in primary melanoma cells that have not yet adapted
their adhesion repertoire as a consequence of long-
term culture in the presence of serum and the effect of
their knockdown on cell migration. Our study shows
that KANK2 is present in distinct adhesion structures
and likely has different binding partners. Future studies
should focus on identifying interactors both in vitro and
in vivo to uncover new avenues for cancer treatment.
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ELKS Protein Rich in Glutamate (E), Leucine (L),
Lysine (K), and Serine (S)
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