ISSN 0006-3509, Biophysics, 2018, Vol. 63, No. 6, pp. 931—939. © Pleiades Publishing, Inc., 2018.
Original Russian Text © A.V. Snigireva, V.V. Vrublevskaya, M.A. Zhmurina, Y.Y. Skarga, O.S. Morenkov, 2018, published in Biofizika, 2018, Vol. 63, No. 6, pp. 1154—1163.

CELL BIOPHYSICS

The Mechanisms of Stimulation of Migration and Invasion of Tumor
Cells by Extracellular Heat Shock Protein 90 (eHsp90) in vitro

A.V. Snigireva?, V. V. Vrublevskaya®, M. A. Zhmurina®, Y. Y. Skarga“, and O. S. Morenkov* *

4 [nstitute of Cell Biophysics, Russian Academy of Sciences, Pushchino, Moscow oblast, 142290 Russia
*e-mail: morenkov_o@mail.ru
Received August 17, 2018

Abstract—Extracellular heat shock protein 90 (eHsp90) plays an important role in cell motility, invasion, and
metastasis of tumor cells. e Hsp90 stimulates migration and invasion of cells via interaction with surface recep-
tors, which is accompanied by the activation of multiple cell motility-related signaling pathways. In addition,
eHsp90 promotes cell invasion by the activation of extracellular matrix metalloproteinases. The role of differ-
ent receptors, intracellular signaling pathways, and matrix metalloproteinases in the eHsp90-dependent
migration and invasion of different types of cells has been investigated insufficiently. In this study, we demon-
strated that HER?2 is involved in the e Hsp90-mediated stimulation of migration and invasion of human glio-
blastoma A-172 and fibrosarcoma HT 1080 cells in vitro. eHsp90-induced migration and invasion of cells are
accompanied by the activation of ERK1/2-, IKK/NF-kB-, FAK-, ROCKI1- and Src-mediated signaling
pathways and by the limited activation of JNK, while the p38-mediated signaling cascade is not activated.
eHsp90 also stimulates PI3K-Akt signaling pathway in A-172 cells, while in HT1080 cells Akt is activated
regardless of PI3K. It has been established that matrix metalloproteinases are involved in the eHsp90-depen-
dent stimulation of invasion of A-172 and HT1080 cells in vitro.

Keywords: extracellular Hsp90, migration and invasion of cells in vitro, cellular receptors, signaling pathways,

matrix metalloproteinases
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Heat shock protein 90 (Hsp90) is an intracellular
molecular chaperone, which is present in the cytosol
both under normal conditions and under stress effects
on the cell. It participates in the folding of newly syn-
thesized proteins, the refolding of proteins that have
lost their native conformation, the prevention of pro-
tein aggregation, as well as their maintenance in a
native reactive state [1]. There are two Hsp90 iso-
forms: Hsp90a (inducible form) and Hsp90p (consti-
tutive form) [2]. More than 200 intracellular protein
clients have been found for Hsp90, many of which are
involved in cell signaling, cell-cycle regulation, and
cell proliferation [1, 2]. The diversity of Hsp90 client
proteins and their role in key cellular processes (signal
transduction, intracellular signaling, transcription,
gene expression regulation, etc.) make Hsp90 one of
the most important proteins involved in the processes

Abbreviations: Hsp90, heat shock protein 90; eHsp90, extracel-
lular Hsp90; LRP1, low density lipoprotein receptor-related
protein 1; HER2, human epidermal growth factor receptor 2;
PET, polyethylene terephthalate, PBS, phosphate-buffered
saline; EGFR, Epidermal growth factor receptor; FBS, fetal
bovine serum; BSA, bovine serum albumin; OD, optical den-
sity; PI3K, phosphoinositide 3-kinase, MAPK, mitogen-acti-
vated protein kinases; ERK, extracellular signal-regulated
kinases; JNK, c-Jun N-terminal kinases; IKK, IxB kinase;
FAK, Focal adhesion kinase.
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of proliferation and differentiation of cells, cell motil-
ity, morphogenesis, development of organisms, and
other fundamental biological processes [1—3].

In addition to its intracellular localization, Hsp90
is also secreted by tumor cells; it is also found the sur-
face of normal and tumor cells [4—6]. Membrane-
associated and secreted extracellular Hsp90 (eHsp90)
activates cellular motility, as well as invasion and
metastasis of tumor cells [7—15]. The mechanisms of
action of eHsp90 on migration and cell invasion are
very diverse. eHsp90 may act as a ligand of cell surface
receptors. The identified eHsp90 receptors are LRP1
(protein 1, associated with a low density lipoprotein
receptor), which can be detected in almost all cell
types [7—13, 16], and HER2 (human epidermal
growth factor receptor 2) [17]. The interaction of
Hsp90 with cell receptors activates various intracellu-
lar signaling pathways, which regulate migration and
cell invasion [8, 10, 11, 13—15]. Hsp90-dependent sig-
naling is sometimes complicated by the appearance of
feedback loops. As an example, Hsp90-dependent Src
activation may potentiate receptor activation. This was
shown for integrins [14] and epidermal growth factor
receptor (EGFR) [15]. On the other hand, Hsp90-
dependent Src activation in glioma cells stimulates
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Table 1. Inhibitors used in the study

SNIGIREVA et al.

Concentration The molecular target of an inhibitor
Inhibitor .
of the inhibitor, UM name target description

Mubritinib (TAK 165) 10.0 HER2 Tyrosine protein kinase family of the receptor
of the epidermal growth factor (e Hsp90 receptor)

LY294002 20.0 PI3K0,/6/B Phosphatidylinositol-3-kinase

MK-2206 1.0 Akt1/2/3 (PKB) Serine-threonine specific protein kinase (protein
kinase B)

SCH772984 2.0 ERK1/2 Protein kinases regulated by extracellular signals

SB203580 5.0 p380,/p MAPK Mitogen-activated protein kinase p38

SB202190 5.0

SP600125 20.0 JNK1/2/3 c-Jun-NH2-terminal protein kinases 1, 2, and 3
(mitogen-activated pro-kinases 8, 9, and 10)

PP2 10.0 Src Non-receptor tyrosine kinase of the Src-family

IKK-16 10.0 IKK IkB kinase (NF-«kB signaling pathway)

PF-573228 5.0; 10.0 FAK Focal adhesion kinase

Y-27632 20.0 ROCK1 Rho-associated protein kinase

Batimastat 0.1 MMP1/2/3/7/9 Matrix metalloproteinases 1/2/3/7/9

Akt-mediated formation of the invasive complex
between EphA2 and LRP1 [10].

In addition to functioning as a ligand of cell surface
receptors, eHsp90 can act as an extracellular chaper-
one that regulates several extracellular proteins. By
interacting with extracellular proteases, eHsp90
affects migration and invasion by sequentially regulat-
ing the proteolytic microenvironment of cells. eHsp90
regulates the activities of metalloproteinases: MMP2
[18—23], MMP-9 [18, 24], and MMP3 [25]. eHsp90
also binds to fibronectin and participates in the assem-
bly and/or maintenance of its structure in the extracel-
lular matrix [26]. It also participates in the regulation
of the expression of MMP-3 [27] and integrin [8], in
the induction of myofibroblasts and tumor-associated
myofibroblast-like cells [27, 28].

Thus, the complex pattern of Hsp90 functioning
includes the direct interaction of Hsp90 with various
surface cellular receptors and proteolytic enzymes,
signal transduction using different signaling pathways,
interaction of the participants of these signaling path-
ways between themselves, with receptors, and adapter
molecules. The roles of individual receptors, signaling
pathways, and matrix metalloproteinases in Hsp90-
induced migration and invasion of various cell types
have not been adequately studied. In this work, we
have demonstrated the participation of the HER2
receptor, as well as Akt-, ERK1/2-, IKK/NF-xB,
FAK-, ROCKI1- and Src-dependent signaling path-
ways and matrix metalloproteinases in Hsp90-
induced migration and invasion of human tumor cells
of fibrosarcoma (HT1080) and glioblastoma (A-172)
cell lines in vitro.

MATERIALS AND METHODS

Materials, reagents, and antibodies. DMEM and
fetal bovine serum (FBS) manufactured by HyClone
(United States) were used in this research. Versene
and trypsin solutions manufactured by Biolot (Russia)
were also used. Antibodies to beta-actin, Akt, JNK,
p38, and their phosphorylated forms, as well as perox-
idase conjugates against mouse and rabbit IgG manu-
factured by Abcam (United States), Enzo (United
States), Millipore (United States), SantaCruz (United
States), and Serotec (United States) were used in the
study. Rat collagen VI was were purchased from Trev-
igen (United States). General laboratory plastic plastic
labware and plastic labware for cell culture (culture
flasks, 24-well plates, Petri dishes, pipettes) were
manufactured by Greiner (Austria) and Corning
(United States). The 24-well plate inserts with poly-
ethylene terephthalate (PET, 8§ um) membrane were
produced by Greiner (Austria). The polyvinylidenflu-
orid (PVDF) immunoblotting membrane (0.45 pum)
was manufactured by Millipore (United States). The
Lab-Tek II chambers for confocal microscopy were
produced by ThermoFisher (United States). The
inhibitors of protein kinases and matrix metallopro-
teinases used in the work (Table 1) were purchased
from Sellekchem (United States). All other chemical
reagents were purchased from Sigma (United States).

Cell lines. The human fibrosarcoma (HT1080) and
glioblastoma (A-172) cell lines from the cell culture
collection of the Institute of Cytology of the Russian
Academy of Sciences were used in the work. Cells were
grown in DMEM containing 10% FBS and antibiotics
(penicillin, streptomycin, and gentamicin, 40 units of
each) (DMEM-—10% FBS).
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Purification of Hsp90 from the brain of mice. Puri-
fication of native Hsp90 from the mouse brain was
carried out using a previously developed protocol,
including differential precipitation with ammonium
sulfate, chromatography on a thiophilic gel, and ion-
exchange chromatography on DEAE-sepharose [29].

The determination of migration and cell invasion in
vitro. The experiments were performed using 24-well
plate PET membrane inserts (pore size 8 um, Geriner,
Austria). To assess cell invasion, PET membrane
inserts were treated with collagen VI in accordance
with the manufacturer’s recommendations (Trevigen,
United States). Prior to the experiment, the cells were
kept in DMEM containing 0.2% bovine serum albu-
min (BSA) for 20 h at 37°C. Cells were removed from
the substrate with trypsin and washed in DMEM—
BSA. To conduct analysis of basal (non-stimulated)
migration/invasion, the cells were placed in inserts in
DMEM—BSA in the presence or in the absence of
various inhibitors in the concentrations shown in
Table 1. As chemoattractant, DMEM—5% FBS was
used in the lower chamber. Migration and cell invasion
were estimated after 6 and 24 h, respectively. The cells
that passed through the PET membrane were fixed
with methanol, stained with crystal violet, lysed,
transferred to the wells of a 96-well plate, and the opti-
cal density was measured at a wavelength of 595 nm
(ODysys). Basal migration/invasion was assessed using
the ODsyys of cells that migrated through the mem-
brane, with the substraction of ODsqs cells that passed
through the membrane in the absence of a chemotac-
tic gradient (spontaneous migration/invasion). The
effect of inhibitors was evaluated relative to the control
cells and expressed in percentages. Basal migration of
control cells was taken as 100%.

To analyze Hsp90-stimulated migration/invasion,
cells were prepared as described above. Cells were
placed in prepared inserts into the DM EM-BSA, con-
taining purified Hsp90 (50 pg/mL) to stimulate
migration/invasion in the presence or absence of
inhibitors. Cell migration and invasion were assessed
after 6 and 24 h respectively. The ODsys of cells that
passed through the membrane was determined as
described above. To calculate the Hsp90-induced
migration stimulation/invasion, the ODsqs values of
the spontaneously migrated cells were subtracted from
the values of the ODsy5 of the cells that passed through
the membrane along the chemotactic gradient. After
this, ODsy5 values of non-stimulated cells was sub-
tracted from ODsqs values of Hsp90-stimulated cells;
the difference was expressed in percentages relative to
ODsy5 of non-stimulated cells. The estimation of the
effect of inhibitors on Hsp90-dependent stimulation
of migration/invasion was calculated in comparison
with control cells without inhibitors. Hsp90-depen-
dent stimulation of migration/invasion of control cells
was taken as 100%.
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Western-blot analysis. Cells were grown to 50—70%
of confluency and were treated with inhibitors of
intracellular signaling pathways for 2 h at 37°C. Cells
were washed with phosphate-buffered saline (PBS,
150 mM NacCl, 12 mM Na-phosphate buffer solution,
pH 7.2). Cells were then lysed in PBS, containing 1%
Triton X-100, 0.3% sodium dodecyl sulfate, protease
inhibitors (1 mM phenylmethylsulfonyl fluoride,
50 uM leupeptin, 200 nM aprotinin, and 10 uM pep-
statin A), and phosphatase inhibitors (a cocktail of
phosphatase inhibitors 3, Sigma, United States). Elec-
trophoresis was carried out according to Laemmli pro-
tocol in polyacrylamide gels of various concentrations
(7.5 and 10% acrylamide) in the presence of sodium
dodecyl sulfate [30]. Proteins from polyacrylamide
gels were transferred to polyvinylidene fluoride mem-
branes. Nonspecific sorption of membranes was
blocked by incubation in PBS containing 0.05%
Tween-20 and 1% BSA (PBS—Tween—BSA). The
membranes were incubated for 2 h at room tempera-
ture with primary antibodies to native and phosphory-
lated forms of proteins of the intracellular signaling
pathways. After washing the membranes in PBS con-
taining 0.05% Tween-20, the membranes were incu-
bated for 1 h at room temperature with peroxidase
conjugates specific to mouse or rabbit IgG, which
were diluted in PBS—Tween—BSA. The visualization
of membrane bands was performed with a diamino-
benzidine solution (0.7 mg/mL, 0.02% H,0,, 0.05 M
tris-HCI buffer, pH 7.5). Samples were standardized
relative to beta-actin. After antibody staining, the
membranes were scanned and processed with Total
Lab v. 2.01 software for the quantitative assessment of
the cell content of specific proteins or their phosphor-
ylated forms.

Confocal microscopy. Cells were grown in Lab-Tek
II chambers for confocal microcopy (ThermoFisher,
United States) until they reached 50—70% confluency.
Cells were washed with cold PBS—0.01% NaN; and
incubated with mouse antibodies to LRP1, rabbit anti-
bodies to HER2, negative control mouse antibodies
(34/2), or with immunoglobulins from non-immune
rabbits (rIgG). After washing, the cells were incubated
with Alexa 488-labeled secondary antibodies against
the IgG of mice or rabbits. All incubations with the
antibodies were carried out for 1 h at 4°C in PBS—
NaN;—1% BSA. After washing, the cells were fixed
with 0.5% formaldehyde for 15 min at 4°C and ana-
lyzed using a Leica TCS SP5 laser microscope (Leica
Microsystems, Germany) with x63 objective.

Statistical analysis. Each cell migration/invasion
experiment was performed at least five times. Each
point represents an arithmetic mean of three to five
repetitions + standard deviation. The statistical pro-
cessing of the obtained results was performed using the
Student’s #-test (significance level P < 0.05).
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Fig. 1. Expression of LRP1 and HER2 on the plasma membrane of HT 1080 cells (top row) and A-172 (bottom row): a-LRP1,
mouse monoclonal LRP1-antibody (sc-57353); 34/2, negative mouse antibody to glycoprotein gB of the Auecki disease virus;
a-HER2, a rabbit polyclonal polyclonal antibody to HER?2 (sc-284); rlgG, antibodies from non-immune rabbits. Scale: 20 um.

RESULTS AND DISCUSSION

This study evaluated the mechanisms of activation
of the migration and invasion of human glioblastoma
A-172 and fibrosarcoma HT1080 cells in vitro in
response to stimulation with extracellular Hsp90.
Native Hsp90 purified from the mouse brain was used
to stimulate the cell migration/invasion. The purity of
the Hsp90 preparations was 95—97%. Hsp90 at con-
centrations of up to 1.0 mg/mL was not cytotoxic and
did not affect the proliferation of A-172 and HT1080
cells. The effect of various inhibitors on basal (non-
induced) and Hsp90-induced migration and cell inva-
sion was determined in the study. Basal migra-
tion/invasion was considered as the cell migration in
vitro through a semi-permeable PET membrane (in
the case of an invasion, through a collagen barrier
membrane) along the chemotactic gradient in the
absence of growth factors (in DMEM-BSA). Hsp90-
induced migration/invasion was considered as the
migration of cells stimulated with eHsp90 along the
chemotatic gradient through the semi-permeable PET
membrane.

It is generally accepted that the main eHsp90 cellu-
lar receptor is the LRP1 protein [7—13]; however, in
some works, the HER2 protein was identified as a
receptor for eHsp90 [17]. The participation of HER2
in eHsp90-dependent migration stimulation is less
studied in comparison with LRP1. HER-2 is a mem-
brane tyrosine protein kinase of the EGFR family, a
ligand-free receptor that generates heterodimers with
other members of the EGFR family, HER-1, HER-3,
and HER-4, bound with ligands [31]. Dimerization
leads to autophosphorylation of HER proteins and
initiates multiple signaling pathways, including

MAPK and PI3K/Akt signaling pathways, which leads
to various biological effects [32]. As was shown in var-
ious studies, A-172 and HT1080 cells used in our
experiments, express on the surface HER2 along with
LRPI1 [31—35]. Using the immunofluorescent stain-
ing with LRPI1- and HER2-specific antibodies we
confirmed that A-172 and HT1080 cells expressed
both eHsp90 receptors on the surface (Fig. 1). We next
assessed whether HER?2 is involved in Hsp90-depen-
dent activation of migration and invasion of A-172 and
HT1080 cells. The HER?2 inhibitor mubritinib (TAK
165) did not affect the basal migration and invasion of
A-172 cells, as well as the basal migration of HT 1080
cells, and slightly reduced the basal invasion of latter
(Table 2). In contrast, HER?2 inhibition led to a two-
fold decrease in Hsp90-induced migration and to
three to ten-fold reduction in eHsp90-induced inva-
sion of A-172 and HT1080 cells (Table 3). This indi-
cated that HER?2 takes part in Hsp90-induced migra-
tion and invasion of HT1080 and A-172 cells. The rel-
ative contribution of HER2 and LRP1 to eHsp90-
stimulated migration/invasion is difficult to determine
based on the obtained data. However, it appears that
the contribution of HER?2 to these processes is essen-
tial, especially for A-172 cells.

It is known that the interaction of LRP1 with dif-
ferent ligands leads to the activation of different signal-
ing pathways, including ERK- and JNK-mediated
cascades [36—38], FAK-mediated signal pathway [39,
40], as well as to the Src-mediated activation of cyto-
plasmic kinases Akt and ERK [41]. HER2-dependent
signaling also initiates multiple signal pathways, the
main ones of which are PI3K/Akt-, MAPK-, and
STAT-kinase pathways [42]. It is not surprising that

BIOPHYSICS  Vol. 63
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Table 2. Inhibitor analysis of basal migration and invasion of HT1080 and A-172 cells

Molecular target of the inhibitor| Cell culture
HER2 HT1080
A-172
Akt1/2/3 (PKB) HT1080
A-172
PI3K0,/8/B HT1080
A-172
ERK1/2 HT1080
A-172
JNK1/2/3 HT1080
A-172
p380,/p MAPK (SB203580) HT1080
A-172
p380/p MAPK (SB202190) HT1080
A-172
IKK HT1080
A-172
FAK HT1080
A-172
Src kinase HT1080
A-172
MMP1/2/3/7/9 HT1080
A-172
ROCKI1 HT1080
A-172

Basal migration, % Basal invasion, %
92+ 14 54+t9
93+ 13 92 £ 11
97 £ 12 97 £ 13
99 + 8 77 £ 13
97 £ 15 97 + 14
70 £ 11 78 £ 12
96 £ 12 68 £ 10
87+ 13 73+ 10
78 + 12 83+ 12
58t9 60x9
92+ 14 100 = 10
90 £ 11 85=*9
92+ 12 100 + 12
93t 11 88 + 14

100 £ 14 66 + 11
86 £ 13 100 + 14
79 £ 14 6719
47+ 9 37+7
74+ 10 95t 12
63*9 84 + 13

100 £ 14 77 £ 11
88 + 13 70 £ 10
85+ 12 100 + 13
79+ 12 86 £ 13

Basal migration/invasion of cells in the presence of inhibitors was assessed relative to basal migration/invasion of control cells, which

was taken as 100%.

the interaction of eHsp90 with cellular receptors acti-
vates a multitude of signaling pathways in various cell
types that regulate the migration and invasion of cells
[8, 10, 11, 13—15]. The role of the Akt-mediated sig-
naling pathway in eHsp90-dependent activation of
cellular motility was demonstrated earlier in different
cell types [10, 11, 13]. We showed that during the treat-
ment of A-172 and HT 1080 cells with eHsp90 for 2 h,
the level of phosphorylated Akt (pAkt) increased by
two to four times (Fig. 2). The protein kinases B inhib-
itor (Aktl/2/3) slightly affected the basal migration
and cell invasion, but dramatically inhibited Hsp90-
induced migration and cell invasion (Tables 2 and 3).
The data indicate that eHsp90 activated Akt-mediated
signaling in A-172 and HT1080 cells.

Phosphatidylinositol-3-kinase (PI3K), the most
important regulator protein located at the convergence
of various signaling pathways and controlling the key
functions of the cell, is the main Akt activator. It
turned out that PI3Ko,/3/p inhibitor LY294002 acted
differently for different cell cultures. LY294002 inhib-
ited the basal and, in particular, Hsp90-induced

BIOPHYSICS Vol. 63
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migration and invasion of A-172 cells (Tables 2 and 3),
thus indicating the activation of the PI3K-Akt signal-
ing pathway in these cells in response to eHsp90 treat-
ment. This agrees with the earlier published data [8],
where the PI3K role in the Hsp90-dependent activa-
tion of the signaling via Akt was established. On the
other hand, .'Y294002 did not actually affect the basal
and Hsp90-induced migration and invasion of
HT1080 cells, testifying against PI3K-dependent acti-
vation of Akt in this cell culture (Tables 2 and 3). It is
possible that in HT1080, the previously described
PI3K-independent activation of Akt is observed, for
example, through the non-receptor tyrosine kinases of
the Scr family [43, 44].

Mitogen-activated protein kinases (MAPK) repre-
sent a family of conserved serine/threonine-specific
protein kinases involved in various fundamental cellu-
lar processes, including proliferation, motility, differ-
entiation, the stress response, apoptosis, and other
processes. MAPK include kinases regulated by extra-
cellular signals (ERK1/2), c-Jun-NH2-terminal pro-
tein kinases 1, 2, and 3 (JNK), p38 (p38a, B, v, and
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Table 3. Inhibitor analysis of Hsp90-induced migration and invasion of HT 1080 and A-172 cells

Molecular target of the inhibitor| Cell culture Hsp90-induced migration, % Hsp90-induced invasion, %
HER2 HT1080 45 45
A-172 10 34
Aktl/2/3 (PKB) HT1080 9 15
A-172 25 14
PI3K0,/8/B HT1080 95—-100 80—100
A-172 42 65
ERK1/2 HT1080 0 11
A-172 0 11
JNK1/2/3 HT1080 70 45
A-172 44 69
p380,/p MAPK (SB203580) HT1080 91 91
A-172 91 78
p380/p MAPK (SB202190) HT1080 100 100
A-172 100 86
IKK HT1080 0 13
A-172 15 0
FAK HT1080 34 43
A-172 9 9
Src kinase HT1080 0-5 15
A-172 0-5 17
ROCKI1 HT1080 29 25
A-172 40 69
MMP1/2/3/7/9 HT1080 89 52
A-172 79 9

Hsp90-induced stimulation of cell migration/invasion in the presence of inhibitors was evaluated against Hsp90-induced stimulation

of control cell migration/invasion, which was taken as 100%.

isoforms) and some other kinases. ERK-mediated sig-
naling is a key cascade of the MAPK-dependent signal
pathway [45] and is the most important component in
cell motility [46]. The activation of the ERKI1/2-
mediated signaling pathway in response to cell stimu-
lation by eHsp90 has been shown for cell cultures of
colorectal cancer, primary dermal fibroblasts, prostate
cancer, and glioblastoma cells [8, 10, 11, 13]. We also
found that the inhibition of ERKI1/2 effectively
blocked eHsp90-dependent activation of A-172 and
HT1080 cells but had little effect on basal migration
and cell invasion (Tables 2 and 3). This demonstrates
the key role of the ERK-mediated signaling pathway
in eHsp90-dependent stimulation of migration and
invasion of various cell types.

The JNK signaling pathway is another path of
MAPK-dependent signaling associated with the cell
stress response to external influences and stimuli [47].
The JNKI1/2/3 inhibitor moderately reduced both
basal and Hsp90-induced migration and cell invasion
(Tables 1 and 2). We did not observe an increase in the
phosphorylated form of JNK after 2-h activation of

cells by eHsp90 (Fig. 2). Summarizing these data, one
could suggest a definite, but not essential, participa-
tion of a JNK-mediated signaling pathway in the
eHsp90-dependent activation of cells of both cell cul-
tures. In a few studies performed on the colorectal
cancer cell lines it was also demonstrated that JNK
signaling probably did not play an important role in
Hsp90-dependent cell stimulation [48].

p38-Mediated signaling is another MAPK-depen-
dent signaling cascade, activated by cell treatment
with cytokines and in response to many stress stimuli
(ultraviolet light, heat and osmotic shock, etc.) [49].
We found that two p38c/B MAPK inhibitors,
SB203580 and SB202190, did not affect the basal and
Hsp90-induced cell migration and invasion (Tables 2
and 3). The quantity of the p38 phosphorylated form
did not increase in the cells during their treatment with
eHsp90 as well (Fig. 2). This indicates that in A-172
and HT1080 cells p38-dependent signaling did not
participate in Hsp90-induced stimulation of cell
motility, which is consistent with data obtained on

colorectal cancer cell lines [48].
BIOPHYSICS  Vol. 63
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The NF-xB signal pathway is associated with the
activation of the NF-kB transcription factor by cyto-
kines, T- and B-cell mitogens, TLR ligands (for exam-
ple, lipopolysaccharides), and stress effects. IKK (IxkB
kinase) integrates numerous pathways activated by the
NF-kB pathway [50]. When cells are activated, IKK
phosphorylates the inhibitory protein 1KB and forms a
complex with NF-xB in the cytoplasm. IkB phos-
phorylation causes its degradation and the release of
NF-xB, which is translocated into the nucleus and
activates the transcription of many genes. The block of
IKK activation leads to the inhibition of the NF-xB
signaling pathway. It was previously shown that
eHSP90 causes the association of LRP1 with IKKa
and IKKp and activates the LRP1/IKK/NF-kB-sig-
naling cascade in some colorectal cancer cell lines
[48]. We also demonstrated that inhibition of IKK
did not actually affect basal migration and invasion of
A-172 and HT1080 cells; however, it dramatically
decreased the eHsp90-dependent activation of cells
(Tables 2 and 3). This suggests an important role for
the NF-xB-based signaling pathway in eHsp90-
dependent stimulation of cell migration and invasion.

Focal adhesion kinase (FAK) is a cytosolic tyrosine
kinase. It is one of the components of cell adhesive
contacts with the extracellular matrix (focal contacts)
[51]. In the area of the focal contacts FAK is associ-
ated with the Src tyrosine kinase. They function in
conjunction, launching several FAK/Src-controlled
signal pathways involved, among other processes, in
cell motility [52]. FAK inhibitor reduced the basal
migration and invasion of HT1080 cells and to a
slightly higher degree, of A-172 cells, confirming the
role of FAK in cell motility. FAK inhibitor signifi-
cantly reduced Hsp90-induced migration and inva-
sion of HT1080 cells and almost completely blocked
Hsp90-induced migration of A-172 cells (Tables 1 and
2). The results show the important role of the FAK-
dependent signaling in eHsp90-dependent stimula-
tion of A-172 and HT1080 cells, which agrees with the
data of others [11], where the critical, in which the
crucial role of FAK in the motogenic eHsp90 activity
in prostate cancer cells was established.

Many signal transduction pathways are initiated
and modulated by non-receptor tyrosine kinases of the
Src family. We showed that PP2, a Src inhibitor,
slightly reduced basal cell migration and invasion, but
almost completely blocked the stimulation of cell
migration and invasion induced by eHsp90. This indi-
cates the important role of the tyrosine kinases of the
Src family in eHsp90-induced stimulation of A-172
and HT1080 cells (Tables 2 and 3). It was also shown
earlier for multiform glioblastoma cells that e Hsp90-
LRPI1-mediated activation of Src is necessary for the
subsequent phosphorylation and activation of Akt
[10]. The important role of Src in the phosphorylation
and activation of Akt and, therefore, in the activation
of the Akt-dependent signaling pathway was demon-
strated when the cells are activated by other stimuli
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Fig. 2. The effects of cell stimulation with extracellular
Hsp90 on the phosphorylation of Akt, p38, and JNK. Cells
were treated with eHsp90 (50 pg/mL) and lysed. Cell
lysates were analyzed by Western blotting with antibodies
to Akt, p38, and JNK, and their phosphoryaltes forms, as
well as with antibodies to beta-actin (control sample load-
ing).

[44]. The involvement of the Src family of tyrosine
kinases in the eHsp90-dependent activation of cell
migration and invasion may also be associated with
their role in FAK/Src-mediated signaling necessary
for cell motility [11, 52]. In addition, Src can partici-
pate in Src-Rho-signaling. Rho is a Src-signaling
effector [53]. In turn, the Rho effectors stimulate the
assembly of myosin filaments and the stabilization of
actin—myosin interactions [54]. In particular, the
Rho-associated serine-threonine kinase ROCKI1 is a
small GTPase effector. It also regulates the actomyo-
sin cytokeleton of cells, thereby participating in cell
motility and metastasis [55]. It was shown earlier that
the treatment of cells with eHSP90 led to the activa-
tion of Src—Rho signaling in human glioma cells [56].
We also showed that inhibition of ROCKI1 had little
effect on basal cell migration and invasion, while
eHsp90-induced cell invasion was significantly inhib-
ited, especially in HT 1080 cells (Tables 2 and 3). This
proves the essential role of ROCKI1 in eHsp90-
induced stimulation of cell motility.

Matrix metalloproteinases are regulatory mole-
cules that participate in ECM remodeling and in pro-
cessing cytokine and growth factors, which, in turn,
modulate the activity of ligands [57]. We found that
inhibition of a wide range of matrix metalloproteinases
(MMP1/2/3/7/9) with blatimastat had little effect on
basal cell migration and invasion, as well as Hsp90-
induced cell migration. At the same time Hsp90-
induced cell invasion was substantially reduced, which
was particularly obvious for A-172 cells (Tables 2 and
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3). This is consistent with the data obtained from ear-
lier studies indicating the essential role of matrix
metalloproteinases in cell invasion stimulated by
eHsp90 [18—25].

Our data indicate that the stimulation of cells by
eHsp90 is a complex coordinated process that involves
many components. eHsp90, acting as a motogenic
ligand, interacts with various surface cellular receptors
(LRPI1 and HER2) and activates several pathways of
intracellular signaling, which is accompanied by the
activation of signaling pathways that provide cellular
motility (FAK—Src, Src—Rho—ROCKI1). eHsp90
also activates cell invasion by interacting with extracel-
lular proteolytic enzymes. There are significant differ-
ences in the pathways and mechanisms of activation of
individual components associated with eHsp90-
dependent stimulation of migration and invasion of
cells in vitro for different cell types.

CONCLUSIONS

HER?2 is involved in eHsp90-induced stimulation
of cell migration and invasion of human glioblastoma
A-172 and fibrosarcoma HT1080 cell lines in vitro.
eHsp90-induced migration and invasion of A-172 and
HT1080 cells is accompanied by the activation of
ERK1/2-, IKK/NF-xB-, FAK-, ROCKI1- and Src-
dependent signal pathways, and weak activation of
JNK, while the p38-dependent signal cascade is not
activated. The eHsp90 activates the PI3K-Akt signal-
ing pathway in A-172 cells, while in HT1080 cells Akt
is activated independently of PI3K. Matrix metallo-
proteinases are also involved in eHsp90-induced inva-
sion of A-172 and HT1080 cells in vitro.
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