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Abstract—Focal adhesions (FAs) are mechanosensory structures that transform physical stimuli into chemical
signals guiding cell migration. Comprehensive studies postulate correlation between the FA parameters and cell
motility metrics for individual migrating cells. However, which properties of the FAs are critical for epithelial cell
motility in a monolayer remains poorly elucidated. We used high-throughput microscopy to describe relationship
between the FA parameters and cell migration in immortalized epithelial keratinocytes (HaCaT) and lung carci-
noma cells (A549) with depleted or inhibited vinculin and focal adhesion kinase (FAK) FA proteins. To evaluate
relationship between the FA morphology and cell migration, we used substrates with varying stiffness in the model
of wound healing. Cells cultivated on fibronectin had the highest FA area values, migration rate, and upregulated
expression of FAK and vinculin mRNAs, while the smallest FA area and slower migration rate to the wound were
specific to cells cultivated on glass. Suppression of vinculin expression in both normal and tumor cells caused
decrease of the FA size and fluorescence intensity but did not affect cell migration into the wound. In contrast,
downregulation or inactivation of FAK did not affect the FA size but significantly slowed down the wound closure
rate by both HaCaT and A549 cell lines. We also showed that the FAK knockdown results in the FA lifetime decrease
for the cells cultivated both on glass and fibronectin. Our data indicate that the FA lifetime is the most important
parameter defining migration of epithelial cells in a monolayer. The observed change in the cell migration rate in a
monolayer caused by changes in expression/activation of FAK kinase makes FAK a promising target for anticancer
therapy of lung carcinoma.
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INTRODUCTION

Focal adhesions (FAs) are large multiprotein struc-
tures that transform physical cues from extracellular
matrix into chemical signals inside the cell and thus
regulate cell motility. Due to their key role in signal
transduction and force transmission, FAs are essential

for all types of cell motility, including 2D migration on
a substrate [1].

The structure of FAs ubiquitous among different
cell types includes three distinct layers: the bottom in-
tegrin signaling layer, the force transduction layer, and
the regulatory layer with actin binding proteins [2-4].
Focal adhesion kinase (FAK) is located at the bottom

Abbreviations: A549, human lung adenocarcinoma cells; ECM, extracellular matrix; FAs, focal adhesions; FAK, focal adhesion
kinase; HaCaT, immortalized human epithelial keratinocytes, RFP, red fluorescent protein.
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layer and serves as one of the key signaling proteins
both due to its kinase activity and scaffolding proper-
ties [5]. Upon recruitment and activation of paxillin to
FA site, FAK kinase interacts with paxillin and binds
talin [6, 7], after which these proteins begin to work
as an interactive platform for assembly of mature
FA [8]. In cancer cells FAK plays essential role in me-
tastases formation via promoting cell migration and
invasion. Overexpression of FAK as well as its func-
tional activation positively correlate with metastasis
rate, poor prognosis, and survival [9-11]. Numerous
reports indicate that FAK facilitates cancer cell sur-
vival and proliferation and regulates cancer cell me-
tabolism, thus enhancing not only cell migration and
invasion, but also other tumor-promoting process-
es [12-15].

Dynamics of FAs is also defined by the substrate
stiffness and composition. Cells on the stiff substrates
have larger FAs with increased expression of key regu-
latory and structural molecules like paxillin, vinculin,
or zyxin [16-19], whereas on the 2D substrates with re-
duced stiffness or in the soft 3D gels FAs are typically
smaller [20, 21]. Comprehensive studies confirm cor-
relation between the focal adhesion size and cell mo-
tility for several types of cells such as single fibroblasts
or myoblasts [22, 23]. However, whether the change in
the FA parameters that occurs in response to the sub-
strate cues from extracellular matrix (ECM) or altered
expression of the FA proteins affects migration of
normal and cancer cells, remains poorly understood.
Here we use high-throughput microscopy to describe
functional relationship between the focal adhesion
descriptors and cell migration parameters by chang-
ing the substrate stiffness and altering expression or
inhibiting the FA proteins in the immortalized human
epithelial keratinocytes (HaCaT) and lung carcinoma
cells (A549). In this study we for the first time show
that the FAK depletion in normal and cancer keratino-
cytes moving in a monolayer leads to the statistically
significant decrease in the FA lifetime and slows down
directed cell motility in a wound healing assay.

MATERIALS AND METHODS

Cell lines. A549 (lung carcinoma) and HaCaT (nor-
mal human keratinocytes) cells were obtained from
the American Type Culture Collection (USA) and cul-
tured in a DMEM/F12 medium (PanEco, Russia) supple-
mented with 10% of fetal bovine serum (PanEco) and
0.8 mg/ml gentamycin at 37°C under 5% CO..

Plastic coating. Coating of wells with fibronectin,
vitronectin, or poly-D-lysine (Sigma-Aldrich, USA) was
performed at concentration 5 ug/cm? the wells were
coated with 150 pl of solution for 1 h at 37°C, then the
wells were air-dried under sterile conditions.
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Wound healing assay. Cells were plated in 6-well
plates and grown to full confluence. The cell layer
was scratched by a tip of sterile 10-ul pipette (width
~350 pum). Cell debris was removed by washing twice
with a DMEM serum-free medium, and cells migrated
into the wound were imaged using time-lapse micros-
copy during the following 600 min. Live imaging was
carried out with an inverted Zeiss AxioObserver fluo-
rescence microscope with x20/1.6 objective (phase con-
trast) operating under control of the Zen 3.1 Blue Edi-
tion software at 36.5-37°C in CO:-independent medium
(Gibco, USA) using a Hamamatsu ORCA-Flash4.0 V2
camera (Hamamatsu Photonics, Japan) with 10-minute
intervals between the frames. Each well had 6 scratch-
es and the experiment was repeated three times. Each
measurement was made according to the method de-
scribed by Kauanova et al. [24] using Image] software.

RNA interference. A549 lung cancer cells were
transfected with the FAK siRNA, vinculin siRNA, or con-
trol non-specific siRNA (to GFP) using a TurboFect™
(Thermo Fisher Scientific, USA) transfection reagent
according to the manufacturer’s instructions. Briefly,
cells in 35-mm Petri dishes were grown to 65% con-
fluence and transfected with 100 pmol siRNA per well
(volume ratio of transfection reagent to siRNA 3: 1),
after 12 h of incubation the medium with transfection
complexes was replaced with a fresh one. All siRNA se-
quences were designed using free BLOCK-IT software
(https://rnaidesigner.thermofisher.com/rnaiexpress/)
and purchased from DNA-Synthesis (Russia). Sequenc-
es for each siRNA are provided in Table S1 in the On-
line Resource 1.

RNA isolation and reverse transcription. RNA
was extracted from cell suspensions using a RNeasy
Mini Kit (Qiagen, USA) according to the manufacturer’s
instructions. RNA concentration was measured using
a NanoPhotometer (Implen, Germany) and its purity
was assessed based on the A260/A280 and A260/A230
absorbance ratios. cDNA was transcribed using an
iScript Advanced cDNA synthesis kit (Bio-Rad, USA) ac-
cording to the manufacturer’s instructions, 500 ng of
total RNA was taken into reaction.

Real-time (PCR. Real-time qPCR was performed
with a CFX96 (Bio-Rad) cycler. Relative amounts of
mRNA were determined using an iTaq Universal SYBR
Green Supermix (Bio-Rad). The reaction protocol includ-
ed denaturation (95°C, 10 min), followed by 39 amplifica-
tion cycles (95°C, 15 s; X°C (exact annealing temperature
for each primer pair is provided in Table S2 in the On-
line Resource 1), 30 s; and 72°C, 60 s). All samples were
processed in triplicate. One sample of cDNA put into
each gPCR run served as an inter-run calibrator for
combining data into one experiment. Primer sequenc-
es are provided in Table S2 in the Online Resource 1.
Primers were purchased from DNA-Synthesis. Primer
specificity was confirmed by melting curve analysis.
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Ct values were determined for real-time qPCR curves
by setting threshold at 5 SD for each run. qPCR data
were normalized according to Vandesompele et al. [25]
using UBC and HPRT1 as reference genes.

Characterization of stable HaCaT and A549 cell
lines. To obtain HaCaT and A549 cell lines with stable
expression of RFP (red fluorescent protein)-conjugated
vinculin, we cloned vinculin ¢cDNA into pSLIK lentivi-
ral vector containing RFP gene as a reporter and puro-
mycin resistance gene as a selection marker (Evrogen,
Russia). The lentiviral vector was co-transfected into
HEK293 packaging cells (American Type Culture Col-
lection, ATCC #CRL-11268) with X-tremeGENE HP DNA
transfection reagent according to the manufacturer’s
protocol. Released viruses were harvested 24 and 48 h
after transfection and next used for transduction of
A549 and HaCaT cells. Virus titer was determined in
serial dilution experiments of viral particles added to
6x105 HEK293T cells seeded on a 12-well plate 24 h be-
fore transduction. Polybrene (Sigma-Aldrich) was add-
ed to the medium to a final concentration of 8 yg/ml.
Cells were analyzed using flow cytometry 48 h after
transduction, and percentage of the cells expressing
RFP was used to calculate the number of transduc-
ing units (TU) per ml. To infect A549 and HaCaT cells,
1 ml of viral particles with concentration of at least
107 TU/ml were added to 5x10° cells in 2 ml of culture
medium, and the medium was replaced with fresh
medium after 24 h. Infected cells were grown in the
presence of 0.1% (v/v) of puromycin (Thermo Fischer
Scientific, USA) followed by fluorescence-activated sort-
ing based on RFP fluorescence intensity (excitation
561 nm, emission 585/15 nm BP) using a FACSAria
SORP cell sorter (BD Biosciences, USA) with a 85 um
nozzle and corresponding pressure parameters. After
obtaining cell line with stable expression of vincu-
lin-RFP, HaCaT-RFP or A549-RFP cells with medium flu-
orescence level in the RFP-PE channel (27% of events
with MFI 1.68) were sorted out and cells with high RFP
fluorescence (15.5% of events with MFI 18.77) were ex-
cluded. We also compared the levels of expression of
vinculin mRNA in these cells with non-infected cells
and find no statistically significant differences, con-
firming that the RFP- expressing cells have physiolog-
ical level of vinculin expression (Fig. S1 in the Online
Resource 1).

Immunofluorescence. Cells with stable expression
of RFP-conjugated vinculin, A549-vin-RFP or HaCaT-
vin-RFP, were fixed in a 4% PFA (paraformaldehyde)
solution for 15 min at room temperature (RT). After
3 washes with PBS (phosphate buffered saline) and
permeabilization of cells with a mixture of 0.01% Tri-
ton-X100 and 0.01% Tween-20 (Amresco, USA) in PBS
for 60 min at RT, nonspecific antibody binding was
next blocked by incubating cells for 1 h in a 5% BSA
(Sigma-Aldrich) solution. Then cells were incubated
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with primary recombinant anti-paxillin antibodies
(produced in rabbit, clone Y113, Abcam, UK) at final
dilution of 1 : 200 at 37°C for 60 min followed by incu-
bation with secondary anti-rabbit antibodies conjugat-
ed with Alexa-633 (Abcam) at a final dilution of 1 : 200
and co-stained with DAPI (Sigma-Aldrich) for nuclei
visualization. Images were captured using a Zeiss
AxioObserver with a LED light source Colibry 7 and ob-
jective PlanApochromat 63x1.46 Oil. The following fil-
ter cube was used: GFP (excitation filter 450-490 nm, a
beam splitter 495 nm, emission 500-550 nm) and mKate
(excitation filter 540-580 nm, a beam splitter 585 nm,
emission 593-668 nm). Data were processed with the
Zeiss Zen Blue 3.1 software.

Inhibitory analysis. To inactivate FAK, A549-vin-
RFP or HaCaT-vin-RFP cells were treated with 1 pM of
selective FAK inhibitor PF-573228 (Selleck, USA) for 2 h
prior to analysis, inhibitor was not washed out before
microscopy.

Image analysis. Microscopy data were analyzed
using Image] program (NIH) [26]. FA area, aspect ratio,
and lifetime values were measured and calculated for
FAs as described in Gladkikh et al. [27]; a dataset of 200
to 500 focal adhesions was analyzed for each experi-
mental point. Mean fluorescence intensity (MFI) was
used as an indirect indicator of the amount of target
protein in FA. Fluorescence images were processed us-
ing Adobe Photoshop (Adobe Systems, USA) software.

Statistics. Statistical analysis was performed us-
ing the GraphPad Prism7 software (GraphPad Soft-
ware, USA). Mann-Whitney test was used to compare
differences between two independent groups, the
p-value < 0.05 was considered as significant. Data are
presented as a median with range for FA parameters
or as a mean + SD for mRNA expression and wound
healing assay.

RESULTS

FA size depends on the substrate and correlates
with the wound closure rate. In the control HaCaT
cells and A549 cells cultivated on the chemically clear
glass and located at the edge of the monolayer, FAs
were localized mostly at the cell edge for both model
cell lines (Fig. 1a). FAs in the A549 cell line on the glass
have the median area of 1.17 ym? (range 0.11-5.33,
n = 500) and typically are of ellipsoidal shape (median
aspect ratio is 1.73, range 1.0-5.54). FAs in the HaCaT
cells have similar median area (0.98 um? range 0.12-
8.36), but are much more elongated (median aspect ra-
tio is 2.46, range 1.02-7.09, n = 500).

To evaluate relationship between the FA descrip-
tors and cell motility we performed the wound heal-
ing assay as a gold standard for analysis of epitheli-
al cells migration. To modify the size of FAs we used
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Fig. 1. FA morphology correlates with the wound closure rate on substrates with different stiffness. a) Morphology of FAs in
A549 and HacCaT cells with stable expression of vinculin—-RFP; scale bar 10 um; designations: G, glass; FN, fibronectin; cells at
the edge of monolayer are visualized. b) Median FA area of A549 cells on substrates with different stiffness, central horizontal
line represents median. **** Difference from the control is statistically significant, p < 0.0001; ¢) Wound closure rate in % from
the initial area on the first frame for A549 cells on glass (1), poly-D-lysine (2), vitronectin (3), and fibronectin (4).

substrates of varying stiffness (glass, poly-D-lysine, vi-
tronectin, and fibronectin). For both cell lines the cells
on fibronectin had the largest FA median area: 2.44 um?
for A549 (range 0.29-6.05), 1.32 ym? for HaCaT (range
0.11-7.37) (Fig. 1b, Fig. S2 in the Online Resource 1),
while the median FA area for the cells on glass was
the smallest (median area 1.22 ym? for A549, 0.99 um?
for HaCaT) (p < 0.0001 for A549, p = 0.0002 for HaCaT,
Mann-Whitney test).
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Wound closure rate also varied in accordance with
the used substrate. For both cell lines the highest mi-
gration rate was observed on fibronectin, where FAs
were the largest. We obtained 100 + 11.75% of wound
closure within 600 min for the A549 cells and 61.74 +
+ 16.88% for the HaCaT cells on fibronectin. Cells on
glass had the lowest migration rate (81.70 + 15.54% of
wound closure for A549 cells, 43.95 + 13.31% for HaCaT
cells), cells on vitronectin and poly-L-lysine had inter-
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Fig. 2. Normalized mRNA expression of vinculin (a, ¢) and FAK (b, d) in the A549 cells and in the control HaCaT cells and after
depletion of vinculin or FAK. All measurements were made in 3 biological replicates, data were normalized to UBC and HPRT1
genes. Designations: 1) control cells on glass, 2) control cells on fibronectin, 3) cells with siRNA to vinculin on glass, 4) cells with
siRNA to vinculin on fibronectin, 5) cells with siRNA to FAK on glass, 6) cells with siRNA to FAK on fibronectin, 7) cells with
siRNA to GFP. ** Significant difference from the control, p < 0.01; *** significant difference from the control, p < 0.001

mediate migration rates (Fig. 1b, Fig. S3 in the Online
Resource 1).

Next, we assessed which FA components are re-
sponsible for the FA area increase on different sub-
strates. For that, we measured overall mRNA expres-
sion of vinculin (as a structural protein) and FAK (as
a regulatory protein) and found upregulated vinculin
expression in the A549 and HaCaT cells grown on fi-
bronectin for 72 h compared to the cells grown on glass.
Vinculin mean relative mRNA quantity in the A549
cells was 1.14 + 0.19 on fibronectin compared to 0.60 +
+ 0.10 on glass, for the HaCaT cells it was 0.83 + 0.01
on fibronectin vs 0.62 + 0.01 on glass, though the dif-
ferences were statistically insignificant (Fig. 2, a, ¢).

FAK mRNA expression was also upregulated in the cells
cultivated on fibronectin (mean relative mRNA quan-
tity 0.77 + 0.05 vs 1.18 + 0.03 for A549 cells and 0.95 +
+0.15 vs 1.23 + 0.21 for HaCaT cells) compared to the
cells cultivated on glass (Fig. 2, b, d) (differences were
statistically significant only for the A549 cells, p = 0.03,
nonparametric Mann-Whitney test). Since upregulated
expression of these proteins on fibronectin correlated
with the increased cell motility, we sought to define
whether altering expression of these proteins could
change the cell motility parameters.

Downregulation of vinculin expression decreas-
es the size of FAs, but does not affect cell motility
descriptors. To examine the role of altered vinculin

BIOCHEMISTRY (Moscow) Vol. 89 No. 3 2024
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Fig. 3. FA parameters and rate of wound healing by the A549 cells after suppression of FAK or vinculin mRNA expression.
a) Morphology of focal adhesions in the cells on glass and fibronectin in the control and after vinculin knockdown (KD vin);
scale bar: 10 um. b) Staining of the fixed A549 cells with stable vinculin RFP expression with antibodies to paxillin. Designations:
1) control, 2) cells with siRNA to vinculin, 3) cells with siRNA to FAK, I) staining with antibodies to vinculin, II) staining with anti-
bodies to paxillin, III) overlay. c¢) Lifetime of FAK in A549 cells, bold horizontal lines represent medians. Designations: 1) control
cells on fibronectin, 2) control cells on glass, 3) cells with siRNA to vinculin on fibronectin, 4) cells with siRNA to vinculin on
glass. ** Significant difference from the control, p < 0.01. d) Morphology of wound closure by the A549 cells on fibronectin and
on glass in the control (1) and after vinculin knockdown (2). e) Wound closure rate in % of area at the first frame for the A549
cells on fibronectin in the control (1), on fibronectin in the cells with siRNA to vinculin (2), on glass in the control (3) and on
glass in the cells with siRNA to vinculin (4). f) Wound closure rate in % of area at the first imaging frame for the A549 cells on
fibronectin in the control (1), on fibronectin in the cells with siRNA to FAK (2), on glass in the control (3) and on glass in the cells
with siRNA to FAK (4). g) Morphology of wound closure by the A549 cells on fibronectin and on glass in the control (1) and after
FAK knockdown (2). The number of experiments for each wound scratch assay is given in Table S3 in the Online Resource 1.
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Fig. 4. FA parameters and wound healing rate by the HaCaT cells after suppression of FAK or vinculin mRNA expression.
a) Morphology of focal adhesions on glass and fibronectin in the control cells and after vinculin knockdown (KD vin); scale
bar: 10 um. b) Staining of the fixed HaCaT cells with stable vinculin RFP expression with antibodies to paxillin, 1) control,
2) cells with siRNA to vinculin, 3) cells with siRNA to FAK, I) staining with antibodies to vinculin, II) staining with antibodies
to paxillin, III) overlay. c¢) Lifetime of FAK in the HaCaT cells, bold horizontal lines represent medians. Designations: 1) control
cells on fibronectin, 2) control cells on glass, 3) cells with siRNA to FAK on fibronectin, 4) cells with siRNA to FAK on glass; ** sig-
nificant difference from the control, p < 0.01; **** significant difference from the control, p < 0.0001. d) Morphology of wound
closure by the HaCaT cells on glass in the control (1), after vinculin knockdown (2), and after FAK knockdown (3). e) Wound
closure rate in % of area at the first imaging frame for the A549 cells on fibronectin in the control (1), on fibronectin in the
cells with siRNA to vinculin (2), on glass in the control (3) and on glass in the cells with siRNA to vinculin (4). f) Wound closure
rate in % of area on the first imaging frame for the HaCaT cells on fibronectin in the control (1), on fibronectin in the cells
with siRNA to FAK (2), on glass in the control (3) and on glass in the cells with siRNA to FAK (4). g) Morphology of experimental
wound overgrowth by the HaCaT cells on fibronectin and on glass in the control (1) after vinculin knockdown (2), and after
FAK knockdown (3). The number of experiments for each wound scratch assay is shown in Table S3 in the Online Resource 1.

BIOCHEMISTRY (Moscow) Vol. 89 No. 3 2024



EFFECT OF FAK KINASE AND VINCULIN EXPRESSION

expression in cell migration, we depleted vinculin by
siRNA treatment. We obtained 4 to 10-fold downreg-
ulation of the vinculin expression for the A549 cells
and 10 to 60-fold downregulation of the vinculin ex-
pression in the HaCaT cells (Fig. 2, a, c). Downregulat-
ed expression levels of vinculin in the experiments fell
within the physiological range for this protein, as cells
retained their ability to migrate on the substrate, were
capable of long-range movement (more than 10 nucle-
us diameters), and retained the overall normal mor-
phology (Figs. 3a and 4a).

Downregulation of vinculin expression in the
A549 cells cultivated on glass led to 2.6-fold decrease
in the area of FAs (median FA area 0.45 pm? compared
to 1.17 ym? in control) and to 4.8-fold decrease in the
median fluorescence intensity (from 417 a.u. in the
control to 87 a.u. in the vinculin-depleted cells), but
did not change the aspect ratio (median aspect ra-
tio (AR) 1.79 compared to 1.73 in the control). The FA
area decrease after vinculin depletion was statisti-
cally significant both for the A549 and HaCaT cells
(p < 0.0001, nonparametric Mann-Whitney test, Fig. S4
in the Online Resource 1). Downregulation of vincu-
lin expression in the HaCaT cells also led to 2-fold de-
crease in the FA area (median FA area from 0.98 pm?
to 0.55 pm?), the median fluorescence intensity also de-
creased from 372 a.u. in the control to 205 a.u. in the
vinculin-depleted cells. We have confirmed reduction
of the FA area by staining the vinculin-depleted cells
with the antibodies to paxillin as an alternative FA
reporter protein (Figs. 3b and 4b). FA lifetime did not
change after depletion of the vinculin mRNA expres-
sion (Figs. 3c and 4c).

To evaluate impact of the altered vinculin expres-
sion on cell migration, we used the wound healing
assay. In this assay downregulation of the vinculin ex-
pression in the HaCaT and A549 cells did not signifi-
cantly decrease the wound closure rate both on glass
and fibronectin (Figs. 3d and 4d). For the vinculin-
depleted A549 cells the wound closure in 600 min was
99.29 + 2.45% on fibronectin and 97.70 + 25.34% on
glass, which is similar to the control values (Fig. 3d).
For the HaCaT cells the wound closure in 600 min was
52.16 + 15.0% on fibronectin and 43.19 + 9.18% on
glass, which is also close to the control (Fig. 4d). In the
control, both on glass and fibronectin the cell front
(leading edge) was straight. After 3 h individual cells
detached from the cell front and began to migrate into
the wound. Direction of the individual cell migration
was in line with the direction of the cell front migra-
tion. After the vinculin expression reduction even at
the early stage of wound closure (within 3 h) the cell
front of the wound edge became rutted and uneven.
Movement of the cells in the layer became uncoordi-
nated. After 3 h the cells left the monolayer and con-
tinued to move chaotically along the border of the
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monolayer (lateral migration) (Fig. S5 in the Online
Resource 1).

FAK depletion dramatically alters motility of
the normal and cancer epitheliocytes in the wound
healing assay. To verify the effect of alteration in FAK
expression on FA parameters and cell motility, we also
used siRNA treatment. Using specific siRNA resulted
in 4-to 6-fold downregulation of FAK expression in the
A549 cells and 3- to 4-fold FAK depletion in the HaCaT
cells (Fig. 2, b, d). Depletion of FAK in the A549 cells
did not affect neither the area, nor the aspect ratio of
focal adhesions (median FA area was 1.11 pm?, median
AR was 1.84) (Fig. S4 in the Online Resource 1), deple-
tion of FAK in the HaCaT cells also did not affect the
FA morphology (median FA area 0.98, median AR 1.84)
(Fig. 4a).

To confirm absence of the changes in FA area, we
stained the FAK-depleted cells using the labeled an-
tibodies against paxillin as an alternate FA reporter
protein (Figs. 3b and 4b). The wound closure rate by
the cells with low FAK expression was dramatically re-
duced. The A549 cells with depleted FAK cultivated on
fibronectin closed the wound up to 65.84 + 5.25% in
600 minutes (compared to 100 + 11.75% in the control)
(Fig. 3e). The same effect was observed for the HaCaT
cells cultivated on fibronectin, as the wound closure
was only 43.52 + 16.06% compared to 61.74 + 16.88% in
the control (Fig. 4e). When the cells were cultivated on
glass, the wound closure was 77.65 + 19.68% in 600 min
for the FAK-depleted A549 cells and 26.88 + 13.04% for
the FAK-depleted HaCaT cells. There were no signifi-
cant differences in the cell morphology in the control
cells and in the cells with FAK mRNA depletion; the
overall wound edge remained flat throughout the time
of imaging (Figs. 3g and 4g). Notably, we found a sta-
tistically significant decrease of the FA lifetime for the
FAK-depleted cells of both cell lines. For the A549 cells
the median FA lifetime decreased from 45 to 32 min
on fibronectin and from 42 to 30 min on glass (Fig. 3c).
For the HaCaT cells the median FA lifetime decreased
fro m 20 to 12 min on fibronectin and from 30 to
20 min on glass (Fig. 4c).

To verify this finding, we used selective FAK ki-
nase inhibitor PF-573228 and assessed the effect of
FAK inhibition on the FA parameters and wound
closure rate. Incubation of the cells with 1 yM of
PF-573228 did not affect the median FA area of HaCaT
and A549 cells, as well as the aspect ratio and fluo-
rescence intensity (data not shown), but dramatically
decreased the wound closure rate. Wound closure on
glass for the A549 cells with inhibited FAK was only
59.42 + 5.69% and only 19.26 + 7.48% for the HaCaT
cells. The wound closure by the cells with inhibited
FAK cultivated on fibronectin was only 77.87 + 3.77%
for the A549 cells and 30.15 + 5.86% for the HaCaT cells
(Fig. 5).
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Fig. 5. a) Wound closure by the A549 cells cultivated on fibronectin and on glass in the control (1) and after incubation with
1 uM PF 573228 (2). b) Wound closure by the HaCaT cells cultivated on fibronectin and on glass in the control (1) and after
incubation with 1 yM PF 573228 (2). ¢) Wound closure rate in % of area in the first imaging frame for the A549 cells cultivated
on fibronectin in the control cells (1), cells cultivated on fibronectin after incubation with 1 pM PF 573228 (2), cells cultivated
on glass in the control (3), and cells cultivated on glass after incubation with 1 uM PF 573228 (4). d) Wound closure rate in % of
area at the first imaging frame for the HaCaT cells cultivated on fibronectin in the control cells (1), cells cultivated on fibronec-
tin after incubation with 1 uM PF 573228 (2), cells cultivated on glass in the control (3) and cultivated on glass after incubation
with 1 uM PF 573228 (4).

DISCUSSION al for cell migration and invasion [28, 29]; to date its

roles in cell survival, angiogenesis, and fine tuning of

FAK Kkinase, initially considered as a key regula- tumor environment are established [30-32]. Due to the
tory molecule of integrin signaling pathway, is pivot- critical impact of FAK signaling in cancer progression,
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this molecule is one of the most promising targets for
anti-cancer therapy.

Most FAK inhibitors are competitive or allosteric
molecules that block kinase catalytic activity of FAK [33-
35]. Inhibition of FAK signaling pathway reduced both
primary and secondary tumor growth in the mouse
breast cancer models [36], inhibited motility of the pan-
creatic adenocarcinoma cells [37], and suppressed cell
proliferation or even induced cell senescence in the
lung cancer cell lines [37]. Major mechanisms through
which FAK facilitates cancer cell motility and metastasis
are associated with formation of the dynamic FAs and
actin cytoskeleton remodeling [38, 39]. Critical steps of
cytoskeleton remodeling through FAK signaling include
cross-activation of Src kinases [40], recruitment of talin
and paxillin to FA sites [7, 41] together with activation
of small GTPases signaling pathway that finally results
in actin cytoskeleton reorganization and change of the
cell migration pattern [42, 43]. FAK also acts as an im-
portant part of mechanotransduction process adjusting
its activation level to the ECM stiffness [44, 45]. Both the
increased ECM stiffness and density of integrin ligands
promote B1 integrin-FAK signaling, which, in turn, acti-
vates the RhoA pathway, actin remodeling thus facilitat-
ing cell migration. Hence, ECM composition should be
considered as an additional risk factor of the FAK-de-
pendent tumor progression [46, 47].

Interrelation between the ECM composition, FAK
activation, and changes in the cancer cells migratory
potential was a subject of active research in recent de-
cades [48, 49]. For a long time, the size of FAs has been
considered as a key indicator of any extracellular or
intracellular stimulus (e.g., substrate elasticity or cyto-
skeleton rearrangement) that regulates the rate of cell
movement. Several studies have shown correlation be-
tween the FA size and cell migration parameters [22,
23, 50], however, the issue of FA dynamics in the cells
moving directionally as part of a monolayer is still
poorly understood.

Our current findings indicate that downregula-
tion of vinculin expression leads to the substantial
decrease in the size of FAs but does not significantly
affect movement of the epithelial cells in monolayer,
though a lot of chaotically migrating non-polarized
cells appear in the wound (Fig. S5 in the Online Re-
source 1). This is in line with the previous observa-
tions that vinculin plays a key role in polarization and
persistent cell movement, and its depletion results in
repeated reversal of migration direction [51]. It was
shown using the model of a subcofluent monolayer
of MDCK cells that translocation of vinculin between
the intercellular and focal contacts serves as a regu-
lator for switching between collective and single-cell
migration [52], which is consistent with our data that
the suppression of vinculin expression leads to its dis-
appearance first of all from the intercellular contacts,
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and, as a result, the mechanism of collective migration
is disrupted and individual migrating cells appear.

In contrast to vinculin, FAK depletion does not af-
fect the size of FAs, but significantly slows down move-
ment of the epithelial cell layer as observed for the
normal keratinocytes and lung cancer cells, which is in
agreement with other studies showing that FAK inacti-
vation significantly reduces the rate of cell movement
[8, 53]. Interestingly, the effect of FAK knockdown on
the rate of cell movement is much less dramatic when
evaluated in a random walk model [54, 55], that may
reflect a key difference between the migration of cells
in a layer and motility of individual cells.

Notably, we observed a statistically significant re-
duction of the FA lifetime in the FAK-depleted cells.
According to the literature, FAK kinase facilitates turn-
over of FAs [56, 57] through fine tuning of the dynam-
ics of other regulatory proteins [40, 58]. Cells with inac-
tivated or absent FAK were reported to have decreased
disassembly times and significantly longer FA lifetimes
[35, 50]. It is also known that in the cells with reduced
expression of FAK kinase, the number of stress fibrils
is reduced, and the network of actin filaments becomes
more homogeneous, resulting in a slower spreading
process [59].

However, most of these observations were made
on individual cells in a 2D random walk or a 3D mi-
gration model, whereas the model of collective cell
migration cannot be modeled by migration of a group
of isolated cells whose direction and speed of move-
ment coincided unpredictably [60]. Wound healing as-
say is based on coordinated interaction of cells within
a group, so that the speed and direction of movement
of each individual cell directly depends on the move-
ment of its neighbors [61]. For the normal keratino-
cyte cell line HaCaT and for the A549 adenocarcinoma
tumor cells, we have shown that the FAK knockdown
in the cells within a monolayer results in a significant
decrease in the FA lifetime for both cells cultivated on
glass and on fibronectin as substrate.

CONCLUSION

Our data indicate that the FA area is not as critical
as the FA lifetime for generation of the maximal cell
migration speed in a monolayer. The short-living FAs
apparently fail to adhere in due time and fail to create
effective tension to move the layer forward, though
this conclusion has to be proved in future in the assays
with direct measurement of traction forces for the cell
layers moving on flexible (wrinkling) substrates.

Supplementary information. The online version
contains supplementary material available at https://
doi.org/10.1134/S0006297924030088.
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