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CHANGES IN THE CELL MOTILITY PROTEINS PROFILE
IN THE HaCaT KERATINOCYTES RESPONSE TO THE UVA EXPOSURE
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A comparative analysis of HaCaT keratinocyte proteins has been performed after cell exposure to subtoxic doses
(5 J/em? and 25 J/cm?) of ultraviolet A (UVA) radiation. 930 proteins were identified by two or more unique peptides.
More than half of all identified proteins (54.5%) demonstrated at least 2-fold increase in their relative content
after HaCaT keratinocyte irradiation with a cumulative dose of 5 J/em* while a decrease in the relative content
was found only for 4 proteins. Irradiation of keratinocytes with a cumulative dose of 25 J/cm’ resulted in a decrease
in the proportion of up-regulated proteins (43.0%) and an increase in the number of down-regulated proteins (84).
Among the proteins with increased relative content in HaCaT keratinocytes the most proteins were associated
with “cell motility” (GO: 0048870), as well as regulation of cell shape and size, cell morphogenesis, and

skin remodeling.
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INTRODUCTION

Human HaCaT keratinocytes are spontaneously
immortalized cells from histologically normal human
epithelium. They are capable of unlimited division and
this determines the feasibility of their use as an in vitro
epidermal cell model for cytotoxicity studies [1].
Keratinocytes are the main cells of human skin
epidermis. They form a protective barrier against
skin damage such as mechanical trauma, thermal injury,
chemical exposure and ultraviolet (UV) radiation.
UV radiation is one of the main initiators of cellular
stress, causing responses such as inflammation induction
and cell cycle dysregulation [2]. The ultraviolet spectrum
is divided into three components: UVA (320—400 nm),
UVB (280-320 nm), and UVC (200-280 nm).
UVC is extremely harmful to the skin, but is completely
absorbed by the stratospheric ozone layer and
does not reach the ground. UVB, the main wavelength
that causes skin cancer, has the widest range
of negative effects. UVA (95% of UV radiation reaches
the Earth's surface) is less harmful, but is associated
with skin aging, particularly changes in proteins and
dermal elasticity [2]. UVA-induced development
of oxidative stress in the skin stimulates specific defense
mechanisms, such as thickening of the stratum corneum
of the epidermis, pigmentation, and keratinocyte
remodeling due to intensification of intracellular
regeneration [3]. UV therapy of the far long-wave
range (wavelength 320—400 nm, UVA) is used
in dermatologic practice. UVA dosimetry is classified
into low (<40 J/cm?), medium (40-80 J/cm?), and

high (80—130 J/cm?) dose regimens [4]. UV therapy
has shown good results in the treatment of atopic
dermatitis and sclerotic skin diseases [5].

In recent years, the mechanisms involved
in UVA-induced damage to skin cells, including
HaCaT keratinocytes, have been widely studied [6—10].
Since UV is known to induce oxidative and
genotoxic stress [6], it was important for us to test
whether a low UV dose (5 J/cm?) could contribute
to changes in stress protein levels. The results
of other authors show that even a low dose (6 J/cm?)
of UVA radiation is able to induce mitochondrial
fragmentation, nucleocytoplasmic translocation
triggered by DNA damage [7]. Low-dose UV radiation
has a significant impact on the proteomic architecture
of skin cells, provoking reorganization of subcellular
structures due to genotoxic and metabolic stress [7].
The expression of genes related to cell death and
apoptosis was insignificantly altered in HaCaT cells
exposed to UVA [8]. Although the effects of UVA
on DNA modification [9], gene expression [10],
protein expression [11], and post-translational
modifications [12, 13] have already been studied,
information on the UVA effects on the organization
of motility proteins in epidermal cells is still lacking.

The development of the adaptive response
of skin cells (mast cells, Langerhans cells, keratinocytes)
is realized through activation of numerous mechanisms
responsible for cell survival, one of which is cell
motility. Intracellular motility is necessary to return
cells to homeostasis in response to UVA exposure.

© 2025 by the authors. Licensee IBMC, Moscow, Russia. This article is an open access and distributed under the terms and
conditions of the Creative Commons Attribution (CC BY-SA 4.0) license (http://creativecommons.org/licenses/by-sa/4.0/).
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In addition, cell motility mediates tissue regeneration
and plays an important role in many physiological and
pathological processes such as wound healing,
migration of tumor metastatic cells. It is known that
the reorganization of actin filaments, which are involved
in the maintenance of cell shape, transport of various
molecules, cell division, and signal transduction,
is crucial for enhancing the motility of epithelium-like
cancer cells [14]. All forms of skin cancer develop
from epidermal cells, mainly keratinocytes [15].
Cell motility is an extreme case of large-scale
remodeling of the actin cytoskeleton. Cell motility
is provided mainly by controlled assembly and
disassembly of the actin cytoskeleton. In the field
of cell motility, importance of studying molecular
mechanisms in vitro or cell behavior in an environment
far removed from the tissue is a subject of open debate.
A better characterization of the proteins involved
in these processes should contribute to a deeper
understanding of the skin's response to UVA radiation.
It is known that a low dose of UVA radiation
equivalent to 20 min of midday sun exposure [16]
leads to remodeling of the skin cell proteome.

The study of changes in the abundance
of cell motility proteins in response to low-dose
UVA irradiation of HaCaT keratinocytes may become
a promising direction for further investigation
of molecular mechanisms underlying UV-induced
cell damage and skin-specific defense mechanisms.

An effective strategy to study cellular proteome
changes is comparative proteomics, an informative
method for relative label-free quantification
of the protein composition of biological samples [17].

The aim of this work was to perform a comparative
proteomic analysis of proteins associated with
cell motility in HaCaT keratinocytes in response
to exposure to subtoxic doses of UVA for skin.

MATERIALS AND METHODS

Reagents

The following reagents were used in this work:
sodium dodecyl sulfate (SDS), bovine serum
albumin (BSA; Merck, Germany); trypsin from
pig pancreas, modified lyophilized (Promega, USA);
trifluoroacetic acid (TFA; Fluka, Germany); acetonitrile,
dithiothreitol (DTT), deionized water (Acros, USA);
methanol, 2,2-bicinchoninic acid (Pierce, USA),
0.25% trypsin-EDTA solution (PanEco, Russia)
as well as reagents of the chemically pure grade
from local suppliers.

Cell Cultivation and Processing

Cells of the immortalized HaCaT cell line
(CLS Cell Lines Service, Germany) were seeded
in 75 cm? flasks (Corning, USA) and cultured
in DMEM/F12 1:1 medium (PanEco) containing
10% FBS (fetal bovine serum; Dia-M, Russia)

and antibiotics (100 U/ml penicillin and
100 mg/ml streptomycin) in a CO, incubator (at 37+1°C,
humidity 90+10%, and CO, content 5.0£1.0%).
The incubation medium was changed every other day.
After reaching 60-70% confluency, the culture medium
was removed and the cells were divided into three
groups: control and experimental (three Petri dishes
for each group). Keratinocytes (3x10° cells per dish)
were seeded in 100 mm Petri dishes 48 h before
irradiation and cultured under standard conditions.
The cells were washed with DPBS solution
(Dulbecco's phosphate-buffered saline, PanEco) and
placed in the chamber of the Vilber BIO-LINK dosed
irradiation system (5x8 W, 365 nm; Vilber, Germany)
under a thin layer of DPBS solution. The exposure time
to the UVA source was selected to achieve the cumulative
doses of absorbed radiation of 5 J/cm® and 25 J/em®.
After the UV exposure, the DPBS solution
was replaced with the culture medium and the cells
were incubated for 24 h in a CO, incubator (at 37+1°C,
humidity 90+£10%, and CO, content 5.0+1.0%).
The medium was then removed, the cells were
washed with PBS, detached with 0.25% trypsin-EDTA
(3 ml per Petri dish), and incubated for 2—3 min at 37°C.
Before transferring the cells to a centrifuge tube,
the Petri dishes were placed under a microscope
to ensure that the cells were completely detached from
the adherent surface of the Petri dishes. Keratinocytes
were centrifuged at 10,000 g for 5 min and then
washed three times with ice-cold potassium phosphate
buffer (pH 7.4). The buffer was removed from
the tubes, and the cells from three culture flasks
for each group were pooled into one tube (3 biological
replicates/culture flasks). As a result, 3 samples/tubes
with control (Control-HaCaT) and UVA-treated
(UVA1-HaCaT and UVA2-HaCaT) cells were obtained.
The keratinocyte pellet was dissolved in the lysis buffer
(500 ul 0.2% SDS in 100 mM Tris-HCI (pH 7.4),
120 mM NaCl, 5 mM EDTA, and 1% PMSF)
and the lysates were homogenized as described
previously [18]. The protein content of the homogenates
was determined using 2,2-bicinchoninic acid at 562 nm
using BSA as a standard [19].

The MTT assay

The cells were plated in wells of a 96-well plate
(6 wells/technical replicate for each sample) at a density
of 2500 cells/well. After 24 h, the culture medium
was replaced with 100 pul DPBS solution and cells
were irradiated with UVA (365 nm). After irradiation,
the DPBS solution was replaced with fresh culture
medium. After 24 h, the medium was replaced with
a medium containing 1 mg/ml MTT (tetrazolium dye
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and incubated under standard conditions
(37°C in a humidified atmosphere with 5% CO,) for 4 h.
Upon completion of the incubation period, the medium
was removed from the plate wells and cells were
lysed in DMSO. Optical density was measured using
an iMark plate reader (Bio-rad, USA) at 560 nm [20].
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Statistical processing of differences in the relative
increase in the number of cells during cultivation
was performed in GraphPad Prism 7.0 using
one-way ANOVA. Differences between groups
were determined using the Student's ¢-test with
the Benjamini-Hochberg correction for multiple
comparisons. The level of statistical significance
was set at p<0.05.

In-Gel Electrophoresis Procedure Followed
by In-Gel Trypsin Digestion

HaCaT cell extracts were subjected to the 1DE-gel
concentration procedure in a polyacrylamide gel
as described previously [18]. A single protein band
(a piece of gel about 2 mm wide) was then excised with
a hand microtome, transferred to an Eppendorf tube
and subjected to in-gel trypsin digestion as described
by Shevchenko et al. [21]. The over-gel solution
of the tryptic peptide mixture from the gel band
was used for liquid chromatography with tandem
mass spectrometry (LC-MS/MS).

LC-MS/MS Proteomic Profiling

Proteomic profiling was performed using
an Ultimate 3000 nano-flow HPLC chromatography
system (Dionex, USA) integrated  with
an Orbitrap Q Exactive HF mass spectrometer
(Thermo Scientific, USA) with a Nanospray
Flex Ion Source electrostatic ionization source
(Thermo Scientific) of the Orbitrap Q Exactive HF
mass spectrometer (Thermo Scientific), as described
previously [18].

For protein identification raw files from
the mass spectrometer were analyzed using
the Andromeda search algorithm [22] integrated
into the MaxQuant software platform (v1.6.3.4) [23].
The following search parameters were used:
SwissProt database (v.1.4.2019, FASTA format)
for the Homo sapiens species, cleaving enzyme —
trypsin/P; the permissible error in measuring
the monoisotopic mass of the peptide was £0.01 Da,
the permissible error in measuring the fragment ion
was #0.05 Da, the number of possible missed
trypsin cleavage sites was 1; fixed modification
was set to cysteine carbamidomethylation; variable
modification was set to methionine oxidation. Label-free
quantification (LFQ) was used as the quantitative
analysis mode. The search was performed in a database
of inverted and random (decoy) amino acid
sequences; the percentage of false positive results
(false discovery rate, FDR) was set to 0.01. Proteomic
analysis was performed in three technical replicates.
The values of the LFQ intensity for the identified
proteins were further used as quantitative parameters
of protein abundance in the samples. Proteins
identified by two or more unique peptides with
fold change (FC) >2 in intensity values were considered
as differentially altered in response to UVA. Statistical
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significance of differences between compared
parameters was determined using the Student's #-test
for independent samples. For control HaCaT cells,
the sample consisted of 6 technical replicates
(mass spectra), and for HaCaT keratinocytes
exposed to UVA1 and UVA2, 12 technical replicates.
The results were assessed as statistically significant
at a threshold significance level (alpha level) of 0.05.
The Gene Ontology (GO) Database [24] and
the PANTHER tool [25] were used to analyze
the biological pathways (species — Homo sapiens,
test type — binomial, ontology — GO-Slim Biological
Process, p-value <0.05). Construction of Venn diagram
and GO analysis of stress proteins was performed
using the Functional Enrichment analysis tool
(FunRich v. 3.1.3) [26]. Proteome enrichment analysis
of protein-protein interactions was performed
using the online resource STRING (v. 12.0),
the results for proteins with a minimum interaction
reliability of 0.7 were considered. The dataset
is available in Mendeley Data [27].

RESULTS AND DISCUSSION

The results of the MTT test have shown that
the HaCaT cells exposed to UVA 1 are characterized
by a dose-dependent decrease in viability. Figure 1
shows, that a UVA dose of 5 J/cm? did not cause
a decrease in the viability of keratinocytes, while
adose of 25 J/cm’ resulted in 50% death of keratinocytes.
Thus, according to the results of the MTT test,
in accordance with ISO 10993-5, the UVA dose of 5 Jicm?
was considered non-toxic, and the dose 25 J/cm?
was considered toxic [28].

In order to identify specific proteins/pathways
involved in cell motility processes in human epidermis,
a comparative analysis of HaCaT cell proteomes
was performed before and after UVA irradiation
of the cells with two cumulative doses of absorbed
radiation: 5 J/cm* (UVAIl) and 25 J/cm® (UVA2).

100

Viability (%)
a

UVA (J/cm?)

Figure 1. Dose-dependent decrease in HaCaT keratinocyte
viability in response to ultraviolet A (UVA) exposure.
Cell viability was measured as a percentage of untreated
control cultures (n=6). Statistical significance:
**p<0.0015 for 5 J/em? and ***p<0.0001 for 25 J/cm?.
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A total of 930 proteins were identified in immortalized
HaCaT keratinocytes by two or more unique peptides;
these included 662 proteins in the control samples,
873 proteins in UVA1 and 602 in UVA2 samples.
The list of identified proteins in HaCaT cells is given
in Table S1 (Supplementary Materials). Figure 2 shows
the Venn diagram reflecting the number of identified
proteins and their distribution in the control and
experimental samples of HaCaT cells.

514 common proteins found for all three cell
groups, indicate similarity of the proteomes.
Nevertheless, relative proteome quantification
revealed changes in LFQ intensity values for more
than half (54.5%) of all identified proteins, despite
the low absorbed doses investigated in this study.
In UVA1-HaCaT, 476 proteins were up-regulated and
only 4 proteins were down-regulated compared

Control-HaCaT
26

26
UVA2-HaCaT

185
UVAl-HaCaT

Figure 2. Venn diagram showing the number of identified
proteins and their distribution in control and experimental
samples of HaCaT keratinocyte cells. Control-HaCaT:
untreated HaCaT cells, UVA1-HaCaT: cells irradiated
with the dose 5 J/cm? UVA2-HaCaT: cells irradiated
with the dose 25 J/cm®.

to the control. In UVA2-HaCaT, 260 proteins were
up-regulated and 84 proteins were down-regulated
compared to the control.

Among the proteins showing the greatest
up-regulation (average FC = 4.4) in UVAIl-HaCaT,
30 proteins belonged to the “cell response to stress”
biological process (GO: 0033554) according
to the GO classification [29]. Increase in the cumulative
UVA dose to 25 J/em® resulted in a decrease
in the number of stress-induced proteins.
In UVA2-HaCaT samples, only 15 such proteins were
detected, characterized by an average 3.7-fold increase
in relative abundance. We performed a comparative
analysis of the functional enrichment of stress proteins
with increased regulation in HaCaT keratinocytes after
exposure to UVA1 and UVA2 using FunRich (Fig. 3).

The comparative analysis has shown that
in UVA2-HaCaT samples, compared to UVA1-HaCaT,
there was an increase in the proportion of proteins
associated with such biological processes as cellular
response to UV, cellular response to oxidative stress,
and inflammatory response. At the same time,
the proportion of proteins associated with stabilization
decreased in UVA2-HaCaT cells compared
to UVAIl-HaCaT (Fig. 3). The obtained results
may indicate that the UVA dose can have a significant
impact of the effect of stress (enhance or suppress
a particular biological process); this is consistent
with the literature data [7, 30, 31].

The proteins identified in UVA-HaCaT cells
involved in the stress response and changes in their
regulation levels compared to the control are listed
in Table S2 (Supplementary Materials). In accordance
with previously reported results by Valerio et al. [7],
we detected up-regulation of stress proteins
such as XRCC6, PRDX1, and heat shock proteins.
However, in the case of the PRDX3 protein, which

Biological process

protein stabilization —

cellular response to oxidative stress _—\

B uvat
cellular response to UV
UVA2
inflammatory response _—‘
innate immune response — |
[
0 5 10 15 20 25 30

Percentage of proteins

Figure 3. GO enrichment analysis of stress proteins with increased relative abundance in HaCaT keratinocytes
in response to UVA exposure (UVA1 — 5 J/em?, UVA2 — 25 J/em?). The total number of proteins for this process

from the UniProt database was defined as 100%.
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was down-regulated in the cited work, we recorded
its 4- and 3-fold increase in the UVA1l and UVA2
samples, respectively (Table S2). The difference
in the results of the low dose UVA on HaCaT found
in our study and in [7] may be due to the fact
that the shotgun proteomics method has a number
of limitations related to the fact that the molecular ion
is not always registered in the mass spectrum
and with different fragmentation of the sample.
In our work, we used trypsinolysis in gel, while
Valerio et al. used trypsinolysis in solution; in addition,
the difference in the results could also be due to different
conditions of cell lysis [7].

We used the STRING database (v.12.0) [32]
to generate a protein-protein interaction (PPI) network
for proteins up-regulated in UVA-HaCaT (442 proteins).
The PPI network (PPI enrichment p-value: <1.0x10')

MYL1

TAGLN2 7z

was constructed with the required (high confidence)
interaction score of 0.7. As a result, two main clusters
were identified, each with a major functional enrichment
according to GO. In terms of biological function,
proteins of the first cluster are involved in the cellular
response to stress (358 proteins); proteins of the second
cluster are associated with the process of binding
to cadherin (39 proteins). Proteins of the cadherin family
are an important component of adhesive junctions
that control the beginning and end of cell migration
and participate in the formation of the epithelial layer.
Analysis of the PPI network proteins related to cadherin
binding (GO: 0045296, cluster 2, Fig. 4) revealed
11 proteins associated with the biological process
of cell migration (GO: 0016477). This has not been
previously described for UVA-HaCaT keratinocytes
at the proteome level.

TMOD3

TES

LASP1

SLCI9A3R1

@

96006

PPP2R1A

Figure 4. The protein-protein interaction network for proteins (PPI enrichment p-value: <1.0x107%) with elevated
levels in UVA-HaCaT obtained using the STRING tool (version 12.0, minimum required interaction score 0.7).
Proteins associated with the biological process “cell migration” (cell migration, GO: 0016477) are indicated in gray.
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Cell survival in response to toxic -effects
(UVA radiation) is realized through the activation
of numerous mechanisms, one of which is cell motility
(including cell migration). According to the GO hierarchy,
cell migration is a child termin relation to the broader
GO term “cell motility”(GO: 0048870).

In order to identify proteins involved in the cell
motility of HaCaT keratinocytes before and after
UVA exposure, a corresponding list of human
proteins containing 355 annotations was retrieved
from the Human Protein Atlas (HPA) database [33].
For human keratinocytes this list included 31 annotations.
Comparison of these two lists of HPA-specific cell
motility proteins with the proteomes of HaCaT cells
before and after UVA exposure revealed 23 proteins
(Table 1). This number of identifications corresponded
to 6.5% of the total number of HPA proteins regulating
cell motility and 74.2% of the number of human
keratinocyte-specific motility proteins.

The data in Table 1 show that we have registered
significant changes in the relative level of proteins even
after irradiation with a very low dose of UV (5 J/cm?).
The LFQ intensity value significantly increased
for 17 proteins in UVA1-HaCaT compared to the control
keratinocyte samples; the intensity of 6 proteins
remained virtually unchanged. At the same time,
in UVA2-HaCaT samples, only 8 proteins were
characterized by higher LFQ intensity values,
the relative content of 9 proteins did not change, and
6 decreased compared to the control samples.

Most of the cell motility proteins are involved
in the formation of actin microfilaments. We registered
a 2-fold wup-regulation of the Fascin protein
(FSCN1_HUMAN), important for cell motility and
migration, in the experimental cells compared
to the control ones. This actin-binding protein plays
a role in the organization of actin filament bundles.
Another identified protein is transforming protein RhoA
(RHOA_HUMAN); it promotes reorganization
of the actin cytoskeleton and regulates cell motility
by stimulating Rho-associated kinase (ROCK);
the latter activates LIM kinase thus Ileading
to inactivation of cofilin, thereby stabilizing actin
filaments [34, 35]. In our study, the level of RHOA
remained virtually unchanged in UVA-HaCaT,
indicating minor to keratinocyte damage after
irradiation. This is consistent with the literature data
that UVA radiation does not cause significant
disturbances in the directionality of HaCaT cells [36].
However, according to our data, out of 31 proteins
that were annotated as involved in the process
of cell motility, the level of 20 proteins changed
significantly (Table 1). These included cytoskeletal
actin-binding proteins, the main group regulating
UVA-stimulated keratinocyte cell motility. Comparison
with data obtained at higher radiation doses
is not revealing, since the expression of genes associated
with cell death and apoptosis did not undergo significant
changes in HaCaT cells exposed to UVA [8].

It is known that in motile cells the RAC1 protein
controls formation of the actin polymerization
network [37]. The relative level of this protein
insignificantly increased in HaCat cells exposed
to UVAI1 conditions, while in the case of cells
treated with UVA2 the relative level of its content
was 3-fold higher compared to the control.
This may indicate a more significant development
of the adaptive response to UVA exposure
in UVA2-HaCaT cells to return the cells to a state
of homeostasis. In this regard, it should be noted
that HaCaT cells only slightly reduce proliferation
upon irradiation, restoring their proliferative capacity
in the long term [38].

From the data in Table 1 it is evident that
the change in the level of some of HaCaT keratinocyte
proteins (increase or decrease) depended on the radiation
dose. For example, in UVA1-HaCaT the relative level
of PLEC, MYH9, SRC8, PHP14, BICD2, and KTNI1
proteins increased, while in UVA2-HaCaT it decreased.

Multidirectional regulation has been also
observed for the Plectin protein (PLEC_HUMAN),
which is involved in keratinocyte development,
cell morphogenesis, and cell response to stimuli [39].
In UVA1-HaCaT cells, we found a 2-fold increase, while
in UVA2-HaCaT cells, a 2-fold decrease in the relative
content of this protein. For the Src substrate
cortactin protein (SRC8 HUMAN), we also found
a 2-fold increase in UVA1-HaCaT and a 3-fold decrease
in UVA2-HaCaT. The SRC8 protein is involved
in the actin cytoskeleton organization and cell shape
formation; it plays a role in intracellular protein
transport and cell motility [40]. A decrease in the content
of this protein upon exposure of HaCaT keratinocytes
to a cumulative UVA dose of 25 J/cm® may indicate
a decrease in microtubule-associated motility
of UVA2-HaCaT. At the same time, it is known
that SRC8 overexpression is associated with a poor
prognosis in various types of cancer and promotes
migration and invasion of SGC-7901 gastric cancer
cells in vitro [41].

Four proteins demonstrated a significant
decrease in LFQ intensity values in response
to UVA exposure of 25 J/cm’. The most pronounced
decrease (30-fold) in the relative level in UVA2-HaCaT
has been found in the case of the Kinectin protein
(KTN1_HUMAN), which is involved in vesicle
movement and protein transport [42]. The relative
level of MYH9 and BICD2 proteins, involved
in the regulation of cell shape and restoration
of the plasma membrane and promoting
cell motility [43, 44], demonstrated a 8-fold decrease
in UVA2-HaCaT. The level of phosphatase PHP14,

involved in the regulation of cell motility
in UVA2-HaCaT decreased 6-fold [45].
Using comparative  proteome analysis

of HaCaT keratinocytes, we have identified proteins
whose relative levels (versus control samples) increased
in UVAI-HaCaT (4.4-fold on average) and changed

151



CELL MOTILITY PROTEINS OF IRRADIATED HaCaT CELLS

UOJEZIUIEIOY PUB UOLIRIUAISNIP 9}K00uneloy

(NVINNH 9VvoIS)

sojowold ‘uononpsuen [eudts ‘uonersjijoid| 0 0F60°C OV 0FI8Y | 6HCL TFOHCEY | 6461 TF6dC6°6 | 8BHCI ¥F6490°C| YL'T1 11V-001S UIJ01] 6voled | 11
uonendod (90  jo uonen3dar  2AnesoN :
A1quasse erpodifjowe| Jo uonengax (NVINAH Zd8V)
oanisod pue ‘Arejod [[eo “rodsuen orjosolkd| 08°0FCI'E 09°0FS9C | LAOTCFBIETC | LALT'CFBAIS T | LACE CTFLAE’ 9| 9LVY Z waj01d pajefRI-UNOY 09119d |01
‘SISOUIUAS  unoe pajerpaw-x9idwos  ¢/zdry : :
uonezuowA|od juswey
unoe  jo uopendar eanisod ‘uoneziuesio e e ) ) ) . ) ) ) (NVINNH 8DY¥S)
wnipodijowe]  ‘A[qUISSSE  UOISAYPE  [890] 0°0F0€°0 SO'0F66°1 [ 8HOS T+8HER'S | 8BS LFO6HER'S | 8HO8'EF6HE6GT| 6519 UIORII0D 2JENSQNS AIS LYTV1O | 6
‘Apmour 199 ‘UoneZIue3I0 UOJI[ANSOIAD UNOY
uoryeziuegio o[purds onorow ‘uone[n3ar (NVINNE 6HAINY
odeys [[90 ‘UONEZIUBZIO UOR[AYSOIAD UMDE| Z0'0FCI'0 0€0FBI'C | LAYI'TFLAIT € | LAOY TFEAE09 | LAO SFBHLLT| €5°9CC 6-UISOAN 6L5S¢d | 8
‘YV001S M xodwos ur AIrout [[99 s9)owold :
Kyrejod 1199 Jo ( AHTVNLD)
OOUBUSUIBWI 10 JUSWYSI[RISD “AN[NOW [[20 JO | (0T 0FLY' 0L 0FPLY | 8HOSVFOHOE ] | 8HLI €EF6HCS C [ 8HOL TF8HTY'L| L0001 Z<H~>.~m Mm_wﬁo,ulm 1CCSed | L
uone[ngar oAneSou  ‘UOISOype  IB[N[[OdIIU] AP WUeD
(s1soyewopouad ‘esoq[ng sisAjourtoprde jo woy) (NVINOH YLD
sisoudgoydiows unys ‘Surpunom 01 €0°0F€ESO 8I°0F68'T | LHST €F8UCY T | LHOS 8F8HBS 8 | LHO9'8FBHES | 91°COT p-e10q ULISIU] P¥191d | 9
osuodsar  ‘Aypowr (90  ‘uoIsaype  [[dD :
uorjeziuegio sueiquow ewseld ‘ozis pue adeys (NVINNH T2IHN)
1100 jo uonen3ai ‘uoyeiojijoid uonemndod [[90 J0 | 90°0F8S 0 0€°0FEYT | LACL EFBIST Y | 8H0S TF6HES'T | 8HIC TFBIST'L| L8'8E [44-dHN 10108j00 A1ole[n3ar| ¢y/#10 | S
uone[ngar aanedou ‘sisousfoydiowr [eroyndyg o3ueyoxo (+)H/(+)eN
(esoqnq sisAjowraprdo) Surjesay punom (NYINOE STTD)
‘stsouagoydiow Jen{[oo ‘snnuuys Ke[n[eoenxo 0} [ S0'0FHY 0 0T0FOI'C | 9HS8L TFLAGL'T | LACO TFLHAOL'S | 9HO8 9FLHATL'T| 8L'IES v unodlg 6¥1510 | ¥
osuodsar [[00 ‘quowdo[oAdp  91ko0urIRIOY Hodl
K1quasse erpodijjowrey jo
uone[mgar oaptsod pue ‘Aueod (2 go| . N : . : : . . . (NVINNH INDSA)
QOUBUOIUIEW 10 JUSWYSI[QRISS ‘A[now [[99 SI'0F80°C 0TOFIST |8HOL €FO6HS'T|8HOIVFOHSY € | BHYLTFOHLE | €S¥S uose | 859910 | €
‘uoneZIue3IO UO0JQ[AS0JAD UNOR JO UONEB[NIIY
UOISOYpE [[99 ( - )
‘Alquuasse erpodiowe] jo uonengor ‘osuodsar . . . . . . . . . . . Z<M>~WWW :WO:MM
Sutpunom  ‘Apow (90 ‘uoneiSiw  [[od 07" 0FLO€C 0C0F8S'T | LASS LFBIET T | LAOL YFBAST'T | LAOY TFLASTL| SY'1C N oﬁ ) Honm . 11 000€9d | ¢
‘uoneziue3Io UOJOANSOIAD UNoR Jo uonenday Moq € porel el
(e1se[dsAp [eu10p030?) Aemyped
Ayrejod (190 reuerd ‘Aemyyed Sureudis jupy (NVINNE VO
‘UONBZIUBZIO UOI[ONSOILO UNdR JO UONENSAL| 1'0F98°0 COOFLTT | LHIE€F8HBI € | 8HOCT [F8H6E'S | 8HLO [F8HICY | LL'IT 98G19d | 1
. . vouy utojord Surwiojsuer],
XLIJeW 0} UOISAYPe [[90 ‘uopeIdru [[oo :
‘uoneziuesdio J[ngnioIoIWw orwse[doif)
VAN IVAN [onuo) ‘
(aseasip) ssadoad [eardojorg [0QU03/ZAN | 10DUOD/TAN BQ1 Sseit JWIRU U101 foquint #
J3ueyd ploy | d3ueyd pjog JTE[NII[OIA UOISSIINY

Ksudgur OA'1

uonerpes YA 03 pasodxo s[[e0 [ eDeH ur surdjold Anow [[90 se pazLiogayes suoold 7 2jquJ

~
Vo
~



Kisrieva et al.

(NVINNH ddI7TS)

s103dodar . . . . . . . . . ) ] [RLIPUOYO0) I

Teoponu jo Jossorde1od e se spe Jeyr urjord| SIOFLLO 80°0F0F'L | 9HI99FLHIY'Y | 8dYY IF8HST¥ | LHOO TFLHEL'S | SETI ‘urojod SUIPUIQ-V N €LZD60 | €T
Suipuiq-yNY U ‘Uoneziuedio [eLIPUOYIOIA m:ﬁoﬁ.o - Qoo_..E&m VS

podsuex urajoid “So[nqmoI0NL SUOe JUSWOAOW | [0°0FE0°0 | 0€'0FELT | LASTIFLALTE | 8H0S SF6HI6'T | $AVT IF6AEIT| LTSI Az<zbmaww%ww 2dn9sd |z

smeredde 13[0D ay) ur

UONEZI[E00] Ud)0Id ‘UONEZIUESIO UOJO[ONSOIAD ) . ) ) ) ) . ) ) ) . (NVINNH zad1dg)

sngmomdm  jo  uonenSer  “odsuen 10°0+C1°0 0T0F9TT | LAOT TFLHO8'Y | BHET TFRHTO'8 | LHTE 9FRISO'E | €5°€6 Z Sojowoy (] [epnEAlq UINOIg 91aL80 | 1T

urejord  ‘sonqmiororwt  SUO[E  JUSWIOAOIA

uonduosuen VNY! ‘U0HaI0ds 00" e . . . . . . . (NVINNH INAVD)

worord “Apmow {99 Jo uonenIol ANISOq 0€°0F99'1 0T TFCO'y | 8HS6 TFEI8Y'8 | 8HIE LFOHEI T | LHOI TFRISE'S | 8Y'Eh [ uraj01d PaJRINOSSE-E[09AT) TIZN9O |0t
Armour [[99 Jo (NVINNH ¥1dHd)

uonenger  oapisod  pue  ‘uoneziuedio| 0°0FSI'0 01°0FOT'T | 9dE0 TFLAYL'T | LASL YFRHSO'T | LAY CFLHIS'L| €8°¢1 asereydsoyd [ $XAN6O | 61
erpodi[[owe] ‘UoneZIULIIO UOIQ[ONSOIAD UNOY -ourpusiyoydsoyd ey ¢1
ssao01d onoydode ‘uoneziuedio (NVINNH SOYVIN)

Jowely  unoe  ‘esuodsal  ssoxs  wWIN[NONAI - €r'oFce’l pu LAL TFLAIS Y | LAOT TFLASY €| SS'IE Sjensqns aseuly-j | 9966¢d | 81
orwsejdopuo  ‘uoneziueSio  [BLIPUOYOOIIA [OLI-oUIUEe PJB[AOISLIAIN
wn[nonax orwse[dopud ) ut (NVINNH VdVA)

sisoyjus oueiquidw pue jodsuen pidiy jo| 0z00FHI'L | OI'0FCCE | LAOY EFSACT T | LAYO 6FSASY € | LACT EFRAB0[ | 68'LT v urejoxd pajeroosse-urjord | 070460 | LI
uone[ngal ‘yyeap [[99 ‘sisoyjuisorq prdijoSurydg QURIQUIOW PIJBIOOSSE-[OISIA
asuodsal (NVINNH 1d9D)

ounwIW! [eI10Wny ‘UONBISIW [[99 [BIAYIOPUDS JO|  (Z'0F96'] OT°0FSY'T | 8H60CFOHET T | 8HT] TFRHEL'6 | 8HEY TFRIBCT9 | S1'€9 oserowosiajeydsoyd | #4.90d |91
uonjengor  oAnpIsod  ‘SISBISOOWOY  9S0ON[D) -9-9s00N[D)
uopezuwijodop 10| SN . : : : : . . (NVINNH DdVD)

uonezuowAjod unoe ‘sjusuely unoe jo amdny 0V 0FrL T CEOFITE | 8HSOTF8HEOY | 8HYE 1F8HSY'L | LHIB' TFRATET| 05°8€ weyoxd Surddea-aFeydosoey 1210¥d | ST
uonezLowA[od Juswey unoe Jo uonen3al . . . . . . . . . . . AZN“MAMWMHO m%mw\/m

oamisod  ‘uoneziueSio  UOR[EYSOIKD  UNOY CI'0F90°1 80°0FCOC | LAST'IFLATS'S | LHTS VF8HALE'T | LHTO TFLALT' S| €8°6¢ 19j01doydsoy 75s0sd | v
s AN : Paje[NWINS-I0)B[IPOSEA
Ajquuasse erpodijjowef jo uonensar aanisod (NVINNH TOd¥V)

‘uoneajonu  unoe pajerpaw-xa[dwos ¢/gdry| 00’ 1F9¢’€ 0S°0FCS'9 | LAOTTFRIOL'T | LAYT 6F8HOE'E | LHLL TFLHI0'S | €€V€E ¢ nungns xo[dwod | $H1G10 | €1
‘Amowr 199 juspuddop-uoneziowAod unoy ¢/ u1jo1d pajefoI-unoy
uonesoyioxd [0 eyyndago| . . . . . . o (NVIANH ZdOvI)

uonenSa1 Know [[99 Jo uonenSal SANESN 90°0FLL0 0S'0F¥9'y | LHE] 9FRICOY | 8HP8 ¥FOHIY T | LHOT SFRITT'S | 1L'SE (4 psuer} [eus! 85L60d | T1
: s : : Wnio[ed pajeIoosse-10wn]y,

IVAN TVAN [onuo) ¢
(aseasip) ssadoad [edSojorg [0.QU0Y/TAN | 10HU0Y/TAN By “ssew JuiBu U1N0IJ foquunu #
Adueyd pioj | aSueyd prog JIR[NII[OIAI UoISSANY

Aysuayur QA1

(penunuoos) uoryeIpel YA ) 01 pasodxa s[[eo Je)eH ul surejoxd AI[row [[09 se pazLio§eies suldlold 7 2/qn]

153



CELL MOTILITY PROTEINS OF IRRADIATED HaCaT CELLS

insignificantly in UVA2-HaCaT: CTNAIl, TACD?2,
VASP, CAPG, VAPA, CAVNI, and SLIRP (Table 1).
CTNA1 and TACD2 proteins are involved
in the negative regulation of cell motility [46].
According to the UniProt database, CTNA1 provides
intercellular adhesion and maintains cell polarity,
and TACD2 regulates proliferation in response
to a stimulus. CAPG protein, a component of the actin
cytoskeleton, plays a role in actin polymerization or
depolymerization, while VASP promotes the elongation
of actin filaments and the organization of the actin
cytoskeleton [47].

CAVNI plays an important role in the formation
and organization of caveolae and is involved
in the positive regulation of cell motility [48].
We have registered a significant increase in the level
of regulation of the ARP2 and ARPC2 proteins in both
UVA1-HaCaT and UVA2-HaCaT. These proteins
are components of the Arp2/3 complex, which mediates
actin polymerization and provides cell motility [49].
The relative levels of some HaCaT proteins
changed in opposite directions after cell exposure
to the non-toxic and toxic dose of UVA. A decrease
in the protein content in HaCaT keratinocytes
exposed to the cumulative UVA dose of 25 J/em?
may indicate a decrease in cellular motility along
microtubules in UVA2-HaCaT

Thus, our results have shown that UVA stimulates
cell motility of human keratinocytes, and we recorded
the proteins involved in this process. Taken together,
the data obtained data indicate that the change
in the relative level of proteins involved in intracellular
motility (RAC1, CTNAI1, PLEC, TACD2, SRCS,
MYH9, PHP14, BICD2, KTN1) is obviously associated
with the adaptive response of cells to the effect
of subtoxic doses of UVA to return the cells to a state
of homeostasis [50-52].

CONCLUSIONS

Using shotgun proteomic profiling
of HaCaT keratinocytes exposed to UVA irradiation
with cumulative doses of absorbed radiation
of 5 J/em? (UVA1-HaCaT) and 25 J/cm? (UVA2-HaCaT),
proteins associated with the biological process
“cell motility” (GO: 0048870) were identified.
The main group of proteins regulating keratinocyte
cell motility in response to UVA radiation included
cytoskeletal actin-binding proteins (RAC1, CTNALI,
PLEC, TACD2, SRC8,MYH9, PHP14, BICD2, KTNT1).
It is suggested that changes in the content
of these proteins are associated with manifestation
of the adaptive response of cells to the effect of subtoxic
doses of UVA to return the cells to homeostasis.
The changes in the level of regulation of cell motility
proteins that we registered have not been previously
described for HaCaT keratinocytes in response to UVA.
Thus, the study of changes in the content of these
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proteins in the HaCaT cells can apparently become
a promising direction for further study of the molecular
mechanisms of UVA-induced cell damage and
can be used to study physiological and pathological
processes, in particular, in wounds and wound healing.
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W3MEHEHHUE ITPO® WIS BEJKOB KJIETOYHOM MOJBAXKHOCTH
B OTBET HA 3KCHO3UIINIO UVA KEPATUHOLUTOB HaCaT

10.C. Kucpuesa*, H.®. Camenkosa, H.A. bonouenkos, A.JI. Pycanos, /1./1. Pomawiun,
H.A. Conosvesa, U.H. Kapyzuna, A.B. Jlucuua, H.A. Ilemywikosea

HayuHo-nccnenoBaresbCkuii MHCTUTYT OnomenuuuHckor xumun umenu B.H. Opexosuua,
119121, Mocksa, [Toromunckas yi., 10; *am. moura: juliaks@bk.ru

[TpoBenéH cpaBHUTENBHBIN aHaMN3 OenKkoB keparnHonnToB HaCaT B oTBeT Ha Bo3AeHCTBHE CYOTOKCHYECKHX /103
(5 x/em® m 25 Jx/cm?) ynsrpaduoneroBoro uzmydenus tuna A (UVA). [lo aBym u Gonee yHUKaJbHBIM HENTHIAM
oputo maeHTUUIEpoBaHo 930 GemkoB. Ha momio OenmkoB, OTHOCHTEIBHOE COICpIKaHHWE KOTOPHIX YBEIHMUHBAIOCH
B keparnHonuTax HaCaT B oTBeT Ha oOdydeHHe KyMynsSTHBHON mo3oif 5 JDx/cM® He MeHee, 4yeM B 2 pa3sa,
MpUIUIOCH Oonee monoBHHEI (54,5%) Beex MASHTHGHUINPOBAHHBIX OenkoB. CHIM)KEHHE OTHOCHTENBHOTO COACPKAHUS
orMmedeHo Bcero Juis 4 OenkoB. OOnyueHHe KepaTHHOLUTOB KyMYJSITUBHOM 10301 25 JIK/CM? IPUBENO K CHHKEHHIO
nomn GenkoB (43,0%) ¢ MOBBIIICHHBIM YPOBHEM PETYJSIIMHU M YBEIMUYCHUIO KONMn4ecTBa OeskoB (84) ¢ MOHMKEHHBIM
ypoBHeM perymsinud. Cpean OEnKOB, OTHOCHTEIBHOE CO/AEp)KaHHWE KOTOphIX B KeparmHomurax HaCaT
YBEJIMYHMBAJIOCH HamboJiee CHIIBHO, OBUIM OENKH, aCCOLMHUPOBAHHBIE C MPOIECCOM “KIETOYHOH IOABHKHOCTH
(GO: 0048870 — Cell motility), BOBI€UEHHBIE B IIPOIIECC PETYISAIIH (GOPMEI B pa3MepOB KIETOK, MOP(OTreHe3a KIETOK
U PEMOJICTUPOBAHHS KOXKH.

Tonnwlii mexem cmamou Ha pycckom sA3vike 00CmyneH Ha catime Jcyprana (http://pbmc.ibme.msk.ru).

KarwueBbie caoBa: keparunouutsl HaCaT; UVA; 1DE-rens kxouunentrpupoBanue; LC-MS/MS; MaxQuant; Oenku
KJIE€TOYHOM ITOABUKHOCTH

dunancupoBanue. Pabora BeimonHeHa B pamkax lIporpamMmbl (pyHIAMEHTANbHBIX HAYYHBIX HCCIIEIOBAHUIMA
B Poccniickoit @eneparnmu Ha monrocpounsrit meprox (2021-2030 rogsr) (Ne 122030100170-5).

[Mocrynuna B penakuuto: 29.05.2024; nocne nopadorku: 05.03.2025; npunsra k nedaru: 31.03.2025.
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