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Aim. To investigate the involvement of mTOR/S6K1 cell signaling network, with focus on
S6K, in response of tumor cells to regulatory impact of fibroblasts. Methods. Cell culture,
including co-cultivation of fibroblasts and tumor cells, immunofluorescence analysis, Western
blot analysis, assessment of cell migration by scratch test, and transformation of multicellular
spheroid in monolayer cell colony. Results. The present work showed the positive effect of
stromal cells on the phosphorylation level of the components of mMTOR/S6K 1 signaling cascade:
p85S6K1, p70S6K1 and mTOR in human breast adenocarcinoma MCF-7 cells. To determine,
which of the S6K1 isoforms, p85S6K1, p70S6K1 or p60S6K1, is the most sensitive to the
extracellular environment, the stable MCF-7 cell lines with edited expression of S6K1 isoforms
were used. It was found that selective expression of p60S6K1 led to the changes in morpho-
logical features of tumor cells under both two- and three-dimensional culture conditions. These
cells also exhibited high levels of focal adhesion kinase (FAK) phosphorylation and large
protein content of Zo-1, CD29, CD44 compatible with their high migration potential in the
scratch test. Besides, the cells, selectively expressing p60S6K 1, were resistant to fibroblast-
producing factors and rapamycin. It was also demonstrated that fibroblasts increased tumor
cell motility in scratch test and spheroid outspreading assay under co-cultivation conditions in
paracrine manner, whereas the direct contact of tumor spheroids with the fibroblast mon-
olayer significantly reduced the velocity of spheroid outspreading. Conclusions. The data
obtained indicate that not only the differential expression of S6K1 isoforms in MCF-7 cells
but also their ratio are important signaling parameters determining cell survival and response
to microenvironment factors.
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Introduction

Numerous studies have shed light on the role
of tumor microenvironment in carcinogenesis
[1]. It has been found that, depending on the
stage of tumor progression and other physio-
logical conditions, tumor stroma may act as a
suppressor or activator of the tumor develop-
ment [2]. Tumor stroma includes fibroblasts,
macrophages, histiocytes, pericytes, vascular
endothelium (mainly microvessels), cells of
the immune system, nerve endings, extracel-
lular matrix. These cells exert a direct as well
as indirect predominantly humoral effects on
the tumor cells. Heterotypic interactions be-
tween fibroblasts and malignant cells are con-
sidered as the most studied tumor-stroma in-
terplay [3]. Thus, it has been shown that the
co-culture of fibroblasts and myofibroblasts
derived from benign prostatic hyperplasia tis-
sue has a significant antitumor effect on the
cells originating from prostate cancer. This
effect is realized through the paracrine effects,
first of all, the production of IL-6 [4]. On the
other hand, cancer-associated fibroblasts
(CAFs) promote breast carcinogenesis through
the enhanced GREM1 (gremlinl, bone mor-
phogenic protein antagonist) production, which
resulted in the intensification of tumor invasion
and extravasation processes [5]. Besides, it has
been found that CAFs induce epithelial-mes-
enchymal plasticity of tumor cell clusters in
breast cancer [6]. Noteworthy also significant
interest paid to the study of the influence of
macrophages / histiocytes on the development
of tissue malignancy [7].

The signal transduction from extracellular
factors into the cells is mediated through in-
tracellular signaling networks. One of the net-

works undergoing significant changes in ma-
lignant transformation is the mTOR/S6K sig-
naling pathway [8,9]. The ribosomal protein
S6 kinases - SO6K is among the key components
in this signaling cascade. S6K belongs to the
family of serine/threonine protein kinases,
including protein kinase C, protein kinase B,
SGK, and p90S6K. It is involved in the regu-
lation of protein synthesis and G1/S cell cycle
transition. There are two forms of S6K, S6K 1
and S6K2 (S6Ka, S6Kp) that share high level
of homology. S6K activation has been shown
to be regulated by phosphorylation/dephos-
phorylation in response to various extracel-
lular stimuli, including growth factors, cyto-
kines and hormones [10]. There are several
S6K1 and S6K2 isoforms formed through al-
ternative splicing and alternative translation
start processes. To date, the most studied iso-
forms are alternatively translated p70S6K1 and
p85S6K1, which have N-terminal extension
(23 a.a.) where NLS (nuclear localization sig-
nal) is located. Additionally, a new 31 kDa
S6K1 isoform (p31S6K1) was also discovered,
which is an mRNA splicing variant. Although
p31S6K1 protein has been shown to lose the
kinase domain, it has oncogenic properties
[11]. Recently, a novel p60 isoform of S6K1
was found that has the potential of oncogenic
properties [12-14].

The content of phosphorylated S6K1
(Thr389) has been shown to be inversely pro-
portional to the response to irradiation therapy
in patients with breast cancer. So, the phospho
S6K1(Thr389) level was regarded as a possible
factor for prediction of the ovarian irradiation
therapy efficacy [15, 16]. Phosphorylated
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S6K1 is shown to bind directly to F-actin in
ovarian cancer cells, suggesting a role for
S6K1 in actin reorganization [17]. However,
the effects of S6K1 may be cell type depen-
dent. For example, in fibroblasts Racl (Ras-
related C3 botulinum toxin substrate 1) and
Cdc42 (CDC42 small effector protein 1), two
GTPases of Rho family that regulate cytoskel-
etal reorganization, acted as the activators of
S6K1. In ovarian cancer cells, this effect was
not observed [17].

The important role of S6K 1 in malignancies
was confirmed by a study showing that inhibi-
tion of S6K 1 impeded the migration of breast
cancer cells. This fact indicates the role of
S6K1 in the processes of breast cancer metas-
tasis [18]. There is another evidence that S6K 1
may be involved in the regulation of normal
and malignant cell motility, as knockdown of
p70S6K1 or inhibition of S6K1 kinase activ-
ity caused a significant decrease in the rate of
migration of prostate, breast, and ovarian can-
cer cells in vitro [17, 19]. Moreover, the activa-
tion of p70S6K 1 in human ovarian cancer cells
in response to stimulation with hepatocyte
growth factor (HGF) led to an increased ex-
pression of matrix metalloproteinase 9 (MMP9)
and elevated migration activity of these
cells [20].

So, the question is: whether there is a direct
relationship between the influence of tumor
microenvironment and the functioning of the
mTOR/S6K signaling network within the tu-
mor cells. A number of studies indicate that
such a link exists. For example, it has been
shown that, unlike normal fibroblasts, CAFs
produce an increased amount of interleukin
22, which leads to the activation of the mTOR/
S6K signaling cascade in lung cancer cells,
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and thus to a significant increase in the level
of proliferation, migration and invasion of
these cells [21]. Besides, it has been found that
pre-operative irradiation in rectal cancer leads
to the activation of CAFs, which in paracrine
manner through IGF1/IGF1R, trigger mTOR/
S6K signaling and increase tumor progression
[22]. It has also been found that CAFs in pan-
creatic cancer produce IL-6 that activates
mTOR/4E-BP1 signaling followed by the de-
velopment of chemoresistance. Moreover, the
paracrine factors, including IL-6, produced by
CAFs induce the expression of survivin by
tumor cells, which ultimately leads to the in-
hibition of apoptosis [23].

So, in the present work, we evaluated the
effect of fibroblasts on the phosphorylation
status of the components of mTOR/S6K sig-
naling pathway in MCF-7 cells originated from
breast cancer. The stable cell lines derived
from MCF-7 cells with edited expression of
S6K1 isoforms by CRISPR/Cas9 technology
were used to evaluate their role in the mani-
festation of the malignant cell phenotype.
Initially we found that down-regulation of the
p70 and p85 isoforms expression with sus-
tained expression of p60 S6K1 dramatically
enhances the locomotor activity of MCF-7
cells [14]. The migration potential of these
cells with direct and indirect influence of fi-
broblasts was also analyzed.

Materials and Methods

Cell culture. MCF-7 breast cancer cell line and
its mutant derivatives MCF-7 p85-/p70*/p60*
(clone F1), MCF-7 p85-/p70-/p60* (clone F2),
MCEF-7 p85-/p70-/p60- (clone F3) [12-14] were
cultured at 37 °C (5 % CO2) in Dulbecco’s
Modified Eagle’s Medium (DMEM) supple-
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mented with 10 % fetal bovine serum (FBS,
GIBCO), 50 units/ml penicillin and 50 pg/ml
streptomycin, 4 mM glutamine.

Human dermal fibroblast cultures were ob-
tained as it was described in [24]. Briefly,
specimen of skin was cut in sterile conditions
to obtain pieces about 1x1x1 mm. Five pieces
were put in 60 mm Petri dish precoated with
1 % gelatin and cultivated for 10 days in F-12
medium with 10 % fetal bovine serum,
50 units/ml penicillin, 50 pg/ml streptomycin,
4 mM glutamine. After active fibroblast migra-
tion they were subcultivated. To obtain the
conditioned medium, human dermal fibroblasts
were cultured under the same conditions as
MCEF-7 cells. The medium conditioned by fi-
broblasts was obtained after 24 h of cultivation
of subconfluent monolayer of human dermal
fibroblasts, then it was centrifuged at 2000 rpm
for 10 min and filtered through 22 pm pore
sterile filter.

May-Grunvald Giemsa staining. Monolayer
cultures were fixed with methanol for 5 min
and stained with mixture of May-Grunvald and
Giemsa dyers 1:3 in PBS pH 7.8 (2 parts of
dyer mixture and 5 parts of PBS) for 20 min.

Scratch assay. MCF-7 cells and obtained
clones were cultured 72 h before scraping.
Sub-confluent cell monolayer was scrapped by
blue tip in order to create an experimental
wound. Detached cells were removed by aspi-
ration. Medium supplemented with 10 nM
rapamycin, or 20 % conditioned medium, or
their combination was added into correspond-
ing dishes. The images of 10 randomized fields
of observation of each scratch were captured
using a microscope immediately after scraping
and after 24 hours of cultivation. The size of
widths was determined (as ratio experimental

wound area/width of field of observation) from
these images using Icy 1.3.2.0 software [25].
Migrated distance was calculated as width dif-
ference at start point and after 24 h of migra-
tion.

To detect the influence of direct co-culture
of fibroblasts and tumor cells the described
model was applied [26]. Human dermal fibro-
blasts (2x10° cells in 1ml of DMEM/FBS)
were seeded and distributed at the periphery
of 10 cm Petri dish. Cells were incubated dur-
ing 1.5 h at 37 °C. Non adhered cells were
removed by repeated washing with culture
medium. After that MCF-7 cells or clones were
added to the Petri dish (1/5 of confluent mono-
layer per dish) in the complete growth medi-
um. Fibroblasts and cancer cells were co-cul-
tured for 48—72 h before scraping. The sub-
confluent cell monolayer was scrapped by tip
in order to create an experimental wound. After
removing the damaged cells, the cultures were
washed with DMEM complete medium. 10 ml
of DMEM complete medium with or without
10 nM rapamycin were added to corresponding
dishes. The scratch images of 10 randomized
fields of observation in the center of the dish
were captured with a microscope just after
scraping and after 24 h of cell migration.

Generation of spheroids. For multicellular
spheroids generation, a confluent monolayer
of MCF-7 cells or corresponding clones was
detached with 0.25 % trypsin, 0.02 % EDTA
in Hank’s Balanced Salt Solution (Sigma,
USA), a single cell suspension was transferred
into the 10-centimeter Petri dishes coated with
1 % agarose (Serva, Heidelberg, Germany).
Cells were further cultivated for three days.
The resulting suspension of spheroids of dif-
ferent size was subjected to the two-step filtra-
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tion. First, spheroids were passed through a
sterile nylon mesh (Spectrum, USA) with a
pore diameter of 100 um to remove large cell
aggregates. The second step of the filtration
was carried out using sterile filter mesh
(Spectrum, USA) with a pore diameter of
30 um for the single cell elimination [27].

The transformation of spheroids in a mono-
layer cell colony. The obtained spheroids of
uniform size were transferred either onto ster-
ile cover slip in 24-well plates or onto human
dermal fibroblast monolayer on cover slip in
24-well plate. Tumor cell dissemination was
analyzed after 24 hours of spheroid outspread-
ing. The images were acquired using the bright
field and phase contrast microscopy (CETI
Versus inverted microscope, CETI, Belgium,
and Leica DM 1000, Leica Microsystems,
Germany, Magnification 25x, 100x and Zeiss
510 META confocal microscppe, Germany).
A colony area was determined using Fiji soft-
ware [28]. The dissemination capability was
expressed as a difference of colonies areas on
Dayl and Day 0.

Immunofluorescence analysis. The colonies
cultured on cover glasses at 0 and 24 hours or
the mololayer cultures were fixed with 10 %
formaldehyde solution for 15 minutes. For
membrane permeabilization, the cells were
treated with 0.2 % Triton X-100 in PBS and
afterwards incubated for 30 min at room tem-
perature in 10 mM cupric sulphate and 50 mM
ammonium acetate (pH 5.0) to reduce auto-
fluorescence. Non-specific antibody binding
was blocked with 10 % FCS in PBS for 30
min at 37 °C. Anti-pan cytokeratin (Clone
C11, Sigma) mouse monoclonal antibodies
were applied in dilution 1:100 overnight at 4
°C. Secondary FITC conjugated anti-rabbit
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antibody (Jackson Immuno Research
Laboratories, Pennsylvania, USA) was applied
in dilution 1:400 for 1h at 37 °C in humidified
chamber.

For Zo-1 detection the fixed cells were
blocked and permeabilized in PBS containing
3 % bovine serum albumin, 5 % FBS, 0.3 %
Triton X-100 for 40 min at room temperature.
The primary and secondary antibodies were
diluted in PBS containing 3 % BSA, 1 % FBS
and 0.1 % Triton X-100. Zo-1 antibody
(Invitrogen) 1:100 was incubated overnight at
4 0 C followed by incubation with secondary
FITC conjugated anti rabbit antibody (Jackson
Immuno Research Laboratories, Pennsylvania,
USA) for 1 h at 37 °C in humidified chamber.

Cell nuclei were counterstained with
Hoechst 33342. Samples were mounted into
the Mowiol medium (Sigma-Aldrich, St.
Louis, USA) containing 2.5 % DABCO
(SigmaAldrich, St. Louis, USA). Fluorescent
microscopy was performed using Zeiss 510
META microscope (Germany).

Western blot analysis. Cells were washed
with ice-cold PBS and lysed on ice for 30 min
in 20 mM Tris-HCI, pH 7.5, 150 mM NacCl,
1 mM EDTA, 1 mM EGTA, 0.5 % Triton
X-100, supplemented with a Complete EDTA
free protease inhibitor cocktail tablet (Roche)
and phosphatase inhibitors (Sigma-Aldrich).
Whole-cell lysates were centrifuged at
12,000 rpm for 15 min at +4 °C, and the su-
pernatant was collected. The protein concentra-
tions were determined using Bradford assay.
Equal amounts of protein (10 pg) were re-
solved on 10 % SDS-PAGE and electro trans-
ferred on polyvinylidene difluoride (PVDF)
membranes for immunoblotting. The antibod-
ies were diluted for use as follows: anti-S6K1-
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C-terminus (generated as described in [29])
1:2500, anti-Bactin (clone 13ES5, Sigma)
1:20000, anti-phospho-p70 S6 Kinase (Thr389)
Antibody 1:1000 (Cell Signaling Technology),
anti-ZO-1 antibody 1:1000 (Invitrogen), anti-
B-Tubulin Antibody 1:1000 (Cell Signaling
Technology), anti-phospho-Focal Adhesion
Kinase (Tyr925) antibody 1:1000 (Milipore),
anti-Integrin beta-1/CD29 antibody 1:500
(CiteAb), anti-human CD44 antibody 1:500
(BD Pharmingen), anti-phospho rpS6 (Ser
235/236) antibody 1:1000 (Cell Signaling
Technology). The process of detecting the
specific binding of secondary antibodies was
performed using the enhanced chemolumines-
cence (ECL) reaction. Densitometric analysis
was performed using ImageLab 6.0.1 software.

Statistical analysis. The data were analyzed
by Student’s ¢ test using GraphPedPrism 6.01.

A The effect of human dermal fibroblast

The results were expressed as the mean (+/-
SD) or median. The differences were consid-
ered significant at p < 0.05. Each experiment
was repeated 3 times.

Results and Discussion

Analysis of human fibroblasts effect on the
mTOR/S6K signaling network of MCF-7 tumor
cells. To evaluate the possible modulation of
mTOR/S6K signaling in MCF-7 cells by fibro-
blasts, the phosphorylation levels of mTOR
and S6K1 kinases under the influence of fibro-
blast conditioned medium were detected using
Western blot analysis. Thus, it was found that
the effect of fibroblast-produced factors caused
a statistically significant increase in the level
of mTOR (Ser2448) phosphorylation, which
is an evidence of the activation of this kinase
(Fig. 1 A). Additionally, the paracrine effect
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Fig. 1. Phosphorylation pattern of the components of mTOR/S6K signaling pathway of MCF-7 cells under the effect
of fibroblast conditioned medium. Densitometric assay of Western Blot analysis data of mTOR/Ser2448 (A), p70-
S6K1/Thr389 (B) and p85-S6K/Thr402 (C) in MCF-7 cells after 24 and 48 h treatment with human dermal fibroblast
conditioned medium. C24 — control MCF-7 cells cultured in standard conditions for 24h, F24 — treatment with 20 %
conditioned medium of human dermal fibroblasts for 24h, F48 — treatment with 20 % conditioned medium of human
dermal fibroblasts for 48h. Results were regarded as statistically significant (* — p<0.05; ** —p<0.01) using unpaired
Student’s t test.
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of fibroblasts led to a considerable statisti-
cally significant elevation in the level of phos-
phorylation of p70S6K1 and p85S6K1 ki-
nases on threonine 379 and 402, respectively
(Fig. 1 B, C). Usually, the estimation of the
activation of these kinases is performed 30-60
minutes after their activation. However, where-
as the cell response in migration test was ex-
amined after 24 hours, the phosphorylation
level of these kinases was assessed after 24
and 48 hours. Obtained results convincingly
indicate the activating paracrine effect of hu-
man fibroblasts on the mTOR / S6K signaling
network of MCF-7 cells.

Morphological analysis of tumor cells with
altered expression of S6K1 isoforms under 2D
and 3D culture conditions. Recently we
claimed generation of MCF-7 cells with ed-
ited by CRISPR/Cas9 technology expression
of p60, p70 and p85 S6K1 isoforms: F1 (p85~/
p70t/p60"), F2 (p85/p70-/p60"), and F3 (p85/
p70/p60) [13,14]. It was demonstrated that
alterations in the S6K1 isoforms expression
differently affects cell migration [14]. Down
regulation of the main S6K1 isoforms p70 and
p85 with sustained expression of p60 S6K1
dramatically enhances the locomotor activity
of MCF-7 cells. Interesting, down regulation
of all S6K1 isoforms (clone F1) does not have
such effect indicating the prominent role of
p60 isoform. The further morphological anal-
ysis revealed differences in the shape and type
of cell growth of different clones. The most
significant differences were observed in clone
F2 (Fig. 2.A). Immediately after passage in
monolayer culture, these cells demonstrated
elongated fibroblastic form, unlike other
clones, which had morphological features of
epithelial cells. However, over time, when the
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cell density and the number of cell contacts
got increased the cell morphology switched
again to rather epithelia like, but remained
elongated and polygonal rather than rounded
(Fig. 2 A), which may indicate the epithelial-
mesenchymal plasticity of these cells.

The differences were also detected in the
growth type of different clones under three-
dimensional culture. In course of multicellular
spheroid generation from MCF-7 cells and
derivatives on the agarose surface, it was found
that MCF-7, F1 and F3 clones formed round
shaped spheroids, in contrast, the cells of F2
clone formed irregular-shaped aggregates with
signs of multifocal growth (Fig. 2.B). The
sphericity index of their shape was reduced by
about 25 % (data not shown) in comparison to
wild type cells, F1 and F3 clones.

Morphological analysis of migrating cells
also revealed significant changes in the pattern
of cell migration of different clones (Fig. 2.C).
For evaluation it was applied a method of
initiation of cell migration from 3-dimension-
al multicellular spheroid onto growth surface.
The obtained results showed a different migra-
tion mode for the multicellular spheroids of
F2 clone compared to the wild-type MCF-7
cells. Visually the cells of clone F2 migrated
more actively to the growth surface, they sig-
nificantly lost intercellular connections, retain-
ing strong contacts only between the cells in
small groups. The cell migration pattern of
clones F1 and F3 was almost indistinguishable
from that of the wild-type MCF-7 cells.

The obtained data prompted an assessment
of the expression levels and activation status
of some molecules responsible for the adhesion
and migration. Therefore, for further analysis
of the cell migration activity, the phosphoryla-
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Fig. 2. Morphological analysis of monolayer culture of MCF-7 wild-type (MCF7) cells and stable cell lines F1 (p85/
p70%/p60"), F2 (p85/p70-/p60"), F3 (p85/p70-/p60-). May-Grunvald Giemsa staining (A). Morphological analysis of
multicellular spheroids formed by the cells of MCF-7 wild-type (wt) cells and stable cell lines F1 (p85-/p70"/p60*), F2
®85/p70/p60*), E3 (p85/p70/p60-). Transmitted light microscopy (B).

tion level of focal adhesion kinase (FAK)
(Tyr925) as an indicator site of cell locomotor
capacity was determined in studied cells. FAK
is a cytoplasmic protein tyrosine kinase that is
overexpressed and activated in several cancers:
for example, prostate or breast cancer [30].
Also, the inhibition of FAK activity arrested
breast carcinoma growth as spheroids and as
orthotopic tumors [31].

The result of a Western blot analysis of
phosphorylated FAK content revealed that the
highest signal was observed in clone F2. The
level of FAK phosphorylation in clones F1 and
F3 was comparable to that in wild-type MCF-7
cells. (Fig. 3). Since the cell migration is en-
sured by coordinated phases of FAK activation
and integrin beta 1 (CD29) functioning, the
content of the latter in the cells under study
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was evaluated [32]. The result of Western blot
analysis revealed that the signal for CD29 was
significantly reduced in F1 and F3 while in F2
it was at the level of control parental MCF-7
cells. The similar situation was observed for
CD44 (Fig. 3), a glycoprotein involved in the
formation of intercellular contacts and regula-
tion of cell adhesion.

Since morphological analysis revealed the
differences in the intercellular contacts of mi-
grating cells of the studied MCF-7 clones, the
expression level and localization of ZO-1 pro-
tein were also analyzed. ZO-1 is one of the
most common proteins of epithelial tight junc-
tions localized on the apical membrane.
Previous studies have shown that in podocytes,
the cells responsible for blood filtration in the
kidney, mTOR pathway signaling impaired
barrier function due to the internalization of
the protein TJ (tight junction) adapter ZO-1.
Besides, along with the loss of epithelial mark-

MCF-7 Fl F2 F3
«— 150 kDa
p-FAK(Tyr925)
«— 100 kDa
— «250 kDa
Zo-1 : >
«— 150 kDa
CD44 « 100 kDa
Tubulin [ W ———— ),

Fig. 3. Western blot analysis of FAK kinase phosphoryla-
tion level at tyrosine 925, content of Zo-1, CD29, CD44
in MCF-7 wild-type (wt) cells and stable cell lines F1
®85/p707/p60"Y), F2 (85 /p70/p607), F3 (p85-/p70~/
poo).
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ers of E-cadherin and ZO-1, the bladder tissue
acquired the features of epithelial-mesenchy-
mal transition characteristic of oncotrans-
formed cells [33].

Western blot analysis showed a reduced
expression of ZO-1 in clones F1 and F3, and
despite the active pattern of cell migration, an
increased expression in F2 compared with
wild-type cells. These results prompted the
immunofluorescence analysis to determine the
content and localization of the ZO-1 protein
(Fig. 4). For detection of intercellular contacts,
the cells were cultured for several days, and
the groups of contacting cells were analyzed.
The data obtained showed a similar reaction.
In the MCF-7 cells wild type, F1 (p85/p70*/
p60") and F3 (p85/p70-/p60), a weak immu-
nofluorescence response of ZO-1 was ob-
served. Moreover, tight contacts were found
only between some cells, and not between all.
Instead, the cells of clone F2 (p85-/p70/p60*)
showed a strong positive reaction between all
cells in contact.

Analysis of the influence of fibroblast-pro-
duced factors on locomotor properties of tu-
mor cells with altered expression of S6KI
isoforms. To determine, which of S6K 1isoforms
of tumor cell may be the most sensitive or
resistant to the modulating effect of the tumor
microenvironment, the mentioned clones were
tested for phosphorylation of rpS6 and focal
adhesion kinase FAK. For this purpose,
Western blot analysis was performed on the
cell samples that were pre-incubated with hu-
man dermal fibroblast conditioned medium.

Ribosomal protein S6 (rpS6) is considered
as a classic target of S6K1 and its phosphory-
lation level indicates the activity of S6K1. The
phosphorylation of this protein at Ser235/236



Sensitivity of MCF-7 cells with differential expression of S6K1 isoforms to the regulatory impact of fibroblasts

MCF-7

F1 (p85/p70*/p60*+)

F2 (p85/p70-/p607) F3 (p85/p70*/p60°)

Fig. 4. Immunofluorescence analysis of ZO-1 (green) tight junction protein subcellular localization in wt MCF-7 cells
and stable cell lines F1 (p85-/p70"/p60"), F2 (p85/p70/p607), F3 (p85-/p70/p60-). Nuclei counterstained with Hoechst
33342. Arrows point out Zo-1 positive intercellular contacts. Bar corresponds to 20 um.

can be initiated by several kinases, primarily
S6K1 and S6K2, p90S6K, and protein kinase A
[34]. An analysis of wild-type MCF-7 cells
and cells with altered S6K1 expression for
rpS6 phosphorylation confirmed this statement
(Fig. 5). The lowest phosphorylation level of
rpS6(Ser235/236) was detected in clone F2
(p85/p70-/p607), with completely knocked out
p70 and p85 S6K1 isoform.

The data obtained indicate that p60S6K1 is
not able to phosphorylate the ribosomal protein
rpS6. On the other hand, it is difficult to ex-
plain why knock out of all three S6K1 iso-
forms even partially rescues the rpS6 phos-
phorylation. It seems that p60 S6K 1 may have
a negative effect on other rpS6 effectors, for

example S6K2. The fibroblast conditioned
medium does not have any effect on the abil-
ity to phosphorylate the rpS6 in either the
wild-type cells or the cells with altered S6K1
expression.

The literature data suggest that FAK pro-
motes tumor progression and metastasis [35].
Usually, high FAK expression is associated
with significant tumor growth, increased inva-
sive phenotype, and poor prognosis of antican-
cer therapy [36, 37]. Besides, it was revealed
that FAK phosphorylation including Tyr925 is
not only the index of cancer cell motility but
epithelial-mesenchymal transition as well [38].
Therefore, the level of FAK (Tyr925) phos-
phorylation was verified in MCF-7 cells and

WT WT+CM Fl1 FI+CM F2 F2+CM F3 F3+CM

p-rpS6(Ser235/236) T — —

Fig. 5. Western blot analysis of p-
pS6  (Ser235/236) and p-FAK
(Tyr925) in (wt) MCF-7 cells and

30 kDa

SN

p-FAK(Tyr925)

-

stable cell lines F1 (p85-/p70"/p60"),

—125kDa F) (p85-/p70-/p60*), F3 (p85/p70-/

p60) under the standard culture con-

Tubulin

.50 kDa ditions and with the addition of fi-

broblast conditioned medium (CM).
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derivates under the influence of fibroblast con-
ditioned medium (Fig. 5). In case of MCF-7
wild-type cells, the addition of fibroblast con-
ditioned medium resulted in a significant el-
evation of the level of FAK phosphorylation
at Tyr925. However, under regular cell growth
conditions the highest p-FAK (Tyr925) content
was detected in cells of clone F2 (p85/p707/
p60*). Instead, the addition of fibroblast con-
ditioned media significantly reduced the level
of FAK phosphorylation. So, a high level of
FAK phosphorylation in wild-type MCF-7
cells under the influence of fibroblast produced
factors confirmed that tumor microenviron-
ment had a tumor-stimulating effect. On the
other hand, the paracrine effect of fibroblasts
demonstrated a negative feedback on FAK
phosphorylation in cells with selective expres-
sion of p60S6KI1.

Thus, the obtained data evoked the evalua-
tion of locomotor properties of cells with al-
tered S6K1 expression under the influence of
tumor microenvironment factors. Scratch test
was applied to the cells cultured under the fol-
lowing conditions: intact cells, cells under the
influence of rapamycin, cells under the influ-
ence of medium conditioned by fibroblasts, a
combination of fibroblast conditioned medium
and rapamycin, tumor cells co-cultivation with
fibroblasts located around the perimeter of a
Petri dish, and the effect of rapamycin on tumor
cells co-cultured with fibroblasts. The analysis
of the migration activity of wild-type MCF-7
cells showed that inhibition of the mTOR/S6K
signaling network led to a decrease in the rate
of tumor cell migration (Fig. 6.A). The pres-
ence of the factors produced by fibroblasts in
the growth medium accelerated the movement
of these cells, and the addition of rapamycin
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returned the migratory activity of the investi-
gated cells to the control level. Noteworthy,
co-cultivation with fibroblasts was the most
powerful enhancer of the migration potential
of wild-type MCF-7 cells in our experiment.
In this case, the addition of rapamycin led to
inhibition of mTOR/S6K signaling in both
tumor cells and fibroblasts (which was more
similar to the conditions of the body), and re-
duced cell motility to the level of the control
cells. Thus, the activating effect of fibroblasts,
both the conditioned medium and co-culturing,
on the tumor cell motility was found as well as
the inhibitory effect of rapamycin in the pres-
ence or absence of fibroblasts in the culture test
system.

It has also been demonstrated that knock-
down of the p85S6K1 isoform resulted in a
significant decrease in the locomotor capacity
of F1 clone (p85/p70"/p60") cells. However,
the effect of all factors studied was quite sim-
ilar to that observed in wt MCF-7 suggesting
the main role of p60 or p70 isoform in such
cell response.

A dramatic increase of migration capacity of
MCEF-7 cells with knockdown of p85S6K1 and
p70S6K1, namely clone F2 (p85/p70-/p60")
[14], was confirmed. Interestingly, the cells that
expressed only p60S6K1 were insensitive to
either rapamycin, fibroblast conditioned media,
or to co-cultivation with fibroblasts.

The knockdown of all three isoforms of
p85S6K1, p70S6K1, and p60S6K1 in our ex-
periment resulted in a slight but statistically
unreliable increase in the tumor cell motility
of clone F3 (p85/p70-/p60-). The cells of this
clone remained insensitive to the effects of
rapamycin and fibroblast conditioned media.
Only the direct co-cultivation with fibroblasts
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Fig. 6. Estimation of the motility of MCF-7 cells with edited expression of S6K 1 under the effect of the factors of lo-
cal tumor environment. (A) Analysis of locomotor activity of wtMCF-7 cells and stable cell lines F1 (p85/p70%/p60*),
F2 (p85-/p70-/p60%), F3 (p85-/p70-/p60-) under experimental conditions: intact cells; treatment with 10nM rapamycin
(Rap); adding 20 % of the medium conditioned by human dermal fibroblasts (CM); combination of conditioned me-
dium and rapamycin (CM Rap); direct co-culture of tumor cells and human dermal fibroblasts (HDF); direct co-cul-
ture of tumor cells and fibroblasts in the presence of rapamycin (HDF Rap) in scratch test. (B) Analysis of migratory
capacity in the test of multicellular spheroid outspreading of wild-type MCF-7 cells and stable cell lines F1 (p85/p70"/
poo), F2 (085 /p70-/p60™), F3 (p85/p70-/p60-) under the experimental conditions: intact spheroids; treatment with
10nM rapamycin (Rap); addition of 20 % of the medium conditioned by human dermal fibroblasts (CM); combination
of conditioned medium and rapamycin (CM Rap); outspreading of tumor cell spheroids on the monolayer of human
dermal fibroblasts (HDF); outspreading of tumor cell spheroids on the monolayer of human dermal fibroblasts in the
presence of rapamycin (HDF Rap). Data are expressed as mean +/- SD, and analysed using unpaired Student’s t-test
(GraphPadPrism 6.001), * p<0.05, ** p<0.01 in comparison to corresponding intact cells.
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enhanced the migration properties of these
cells. Noteworthy, the data obtained do not
confirm the preliminary data on increased lo-
comotor properties of this clone [14]. A pos-
sible explanation may be that the scratch test
was applied to these cells at the later cultivation
passages. We hypothesize that, by analogy with
the animal model [39], knockdown of all S6K 1
isoforms may lead to the compensatory over-
expression of S6K2, which may partially take
over the functions of knockout S6K1.

So, according to our data, knockdown of
p85S6K1 and p70S6K1 in clone F2 led to a
significant increase in the cell motility. The
knockdown of all three isoforms had no sig-
nificant effect on the migration capacity of
MCF-7 cells. An increased FAK phosphoryla-
tion, and CD29 and CD44 content in clone F2
could shed light on its high migration potential.
It was detected an increase of tight junction
protein content in cells of this clone on one
hand, and changing the morphology of their
multicellular spheroids on the other hand .
Therefore, to evaluate the tumorigenic poten-
tial of cells with edited expression of S6K1
isoforms a three-dimensional cell culture mod-
el was applied as well. For this purpose, it was
used a method that combined the cell adhesion
to the growth surface with the subsequent cell
dissemination, namely, the transfer of multicel-
lular spheroids onto the growth surface and
their outspreading. For this test, the following
experimental conditions were applied: spread-
ing of tumor cell spheroids on culture plastic,
addition of rapamycin or fibroblast conditioned
medium, or a combination of fibroblast condi-
tioned medium with rapamycin, as well as
spreading tumor spheroids on the fibroblast
monolayer with or without rapamycin. First of
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all, it is important to indicate the significant
modulating effect of fibroblast monolayer on
the morphology of outspreading spheroids
(Fig. 7). As indicated previously (Fig. 2.C),
cells migrated from spheroids onto culture
plastic predominantly formed monolayer col-
onies of round shape. Instead, in direct co-
culture of tumor spheroids with the fibroblast
monolayer the tumor cells migrated along the
fibroblast growth lines (Fig. 7).

To assess the ability of cells to propagate
from a three-dimensional spheroid to the
growth surface, the difference between the
colony area after 24 hours of migration and
the initial spheroid just adhered to the substrate
was calculated (Fig. 6.B). An analysis of wild-
type MCF-7 cells revealed that rapamycin
statistically significantly suppressed the cell
distribution. Instead, the addition of fibroblast
conditioned media facilitated the rapid spread
of cells. Rapamycin statistically significant
suppressed the effect of the conditioned me-
dium. Notable, the effect of direct co-cultiva-
tion of tumor spheroids with monolayer of
fibroblasts was completely opposite to the
conditioned medium effect. In this case, there
was a significant inhibition of tumor cell dis-
semination. Rapamycin, acting on both tumor
cells and the monolayer of fibroblasts, also
statistically significant suppressed also the
outspreading of tumor spheroids. The knock-
down of p85S6K1 led to a considerable de-
crease of the tumor spheroid outspreading
(Fig. 6.B). The cells of clone F1 under these
experimental conditions were insensitive to
rapamycin. As wild-type cells, the spheroids
formed by clone F1 cells propagated much
more intensely under the influence of the para-
crine factors of fibroblast conditioned medium.
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Rapamycin slightly reduced the effect of the
conditioned medium, but not statistically sig-
nificant. Direct co-cultivation with fibroblast
monolayer caused lowering ability of tumor
spheroid to spread. The delaying effect of fi-
broblasts was slightly enhanced when rapamy-
cin was added to the F1 tumor spheroid-fibro-
blast co-culture.

Similarly to the increased locomotor activ-
ity of F2 clone with selective expression of
p60S6K1 in the monolayer Scratch test, the
cells demonstrated active dissemination of the
growth surface from multicellular spheroid
(Fig. 6.B). However, noteworthy the pattern
of these cells propagation. Outspreading spher-
oids of wild-type cells, the clones F1 and F3
formed colonies of contacting cells (Fig. 2,

Fig. 7). Instead, the cells of clone F2 multicel-
lular spheroids being transformed in the mono-
layer cell colony visually substantially lost
their intercellular contacts, and expanded
through the groups of cells, and sometimes
single cells, although, in monolayer culture the
tight junctions Zo-1 protein content in the
clone F2 cells was higher than in wild-type
MCEF-7 cells and clones F1 and F3 (Fig. 3).
Therefore, to assess the ability of these cells
to disseminate the growth surface, we deter-
mined the area covered by large and small
groups of cells that migrated from one sphe-
roid. Like in the case of the scratch test, the
outspreading spheroids of clone F2 were the
most mobile and insensitive to either rapamy-
cin or growth factors of fibroblast conditioned

785 4
., ¥
,f‘,ﬂ}# : ,
. ] by < -
& - F
\ e .
t AR Wi e
‘
o P St C
] # - 1 y
o? ’k.\- 4 -;Ir"
- ’ e fal .
: o = ¥ o '
. LY ’ .
- 7 - 1 .
F3

MCF-7+fibroblasts e,
[ .

3+fibroblasts

F2+fibroblasts =

J

Fig. 7. Assay of migrating cell morphology, 24 h after initiation of migration of wtMCF-7 cells and stable cell lines
F1 (p85-/p70t/p60"), F2 (085 /p70-/p60"), F3 (p85/p70/p60) from the multicellular spheroids onto the growth surface
and onto the fibroblast monolayer. Transmitted microscopy oc.10x, ob.10. Confocal microscopy: epithelial cells re-
vealed by anti-pan cytokeratin antibody (green), nuclei counterstained with Hoechst 33342 (blue), bar corresponds

100 pm.
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media. Additionaly, the reduction of propaga-
tion velocity of F2 clone cells was statisti-
cally significant when these spheroids out-
spreaded on the fibroblast monolayer.
Rapamycin, which affected the both tumor
cells and fibroblast monolayer in co-culture
conditions, enhanced the effect of fibroblasts.
Besides, there was no statistically signifi-
cant difference in the ability of tumor multicel-
lular spheroids to scatter on the growth surface
between the MCF-7 wild-type cells and the F3
clone with inhibited expression of p85S6K1,
p70S6K1, and p60S6K 1. These cells also lost
the sensitivity to the effects of rapamycin and
fibroblast conditioned media. At the same time
direct co-cultivation with the monolayer of
fibroblasts led to the inhibition of their ability
to migrate from the multicellular spheroid.
So, our results indicate the importance not
only of the presence but also of the ratio of dif-
ferent isoforms of the S6K1 molecule for cell
behavior. Thus, the highest level of FAK phos-
phorylation was detected in the cells of clone
F2 (p85/p70-/p60%) with selective expression
of p60S6K 1, however, this isoform is expressed
together with p70S6K1 in the cells of clone F1
(p85/p70t/p607), but the level of FAK phos-
phorylation in these cells is much lower.
Moreover, in wild-type cells that express all the
isoforms under study, the level of FAK phos-
phorylation is higher than in F1 but lower than
in F2. Therefore, if p60S6K1 has a direct or
indirect positive effect on FAK phosphorylation,
then it can be assumed that p70S6K 1 negates
this effect. The same analogies can be made
concerning the determination of tight junction
protein Zo-1 content in different clones.
Although the scratch test for assessing the
cell migration activity is not a direct analogue
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of the test for determining the ability of cells
to spread from the multicellular spheroid to the
growth surface, they both characterize the met-
astatic potential of tumor cells associated with
the mobility of the latter. Scratch test refers to
two-dimensional cultivation systems, whereas
spheroids - to three-dimensional one. The dif-
ference in tumor cell behavior under two- and
three-dimensional culture conditions has been
described in a number of studies [40]. Using
the second approach, we initiated the adhesion
and migration of tumor cells by transferring
multicellular spheroids from the non-adhesive
surface to the adhesive one, which resulted in
the transformation of a three-dimensional
spheroid into a two-dimensional cell colony.
However, in both tests we observed similar cell
behavior, F1 clone cells were less mobile than
wild-type cells, whereas no statistically sig-
nificant difference in the motility of F3 clone
cells and wild-type cells was observed. Instead,
the cells of clone F2 migrated several times
faster under two-dimensional conditions as well
as after transfer of spheroids onto the adhesive
substrate. Noteworthy, under two-dimensional
test conditions, co-cultivation with fibroblasts
stimulated the locomotor properties of cells
more strongly than the addition of conditioned
medium. However, in contrast to the fibroblast
conditioned medium, direct contact of tumor
spheroids with a monolayer of fibroblasts led
to a significant slowdown of spheroid sprea-
ding.

Taking into the consideration the signifi-
cance of S6K signaling for cell vital function
and considerable differences of S6K signaling
at cancer progression and normal tissue [41,
42] there is still a strong need for an in-depth
comprehensive analysis of this signal link.
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Thus, the presented work compared the beha-
vior of breast cancer cells with the editable
expression of different S6K1 isoforms in vitro
and revealed a modulating effect of tumor
microenvironment on the manifestation of the
malignant phenotype of these cells. The results
obtained provide a basis for further analysis
of the investigated isoforms in the carcinogen-
esis and the role of tumor stroma in the regu-
lation of this process.

This work was supported in part by the
budget program KPKVK 6541230, pro-
ject Ne0120U100648.
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BinnmoBins myXJMHHUX KJIITHH i3 pe1aroBaHoio
excnpeciero S6K1 Ha BIUIMB NMYXJITUHHOIO
MiKpOOTO4€eHHH.

H. A. Tomynsik, A. O. KpaBuenko, B. P. Kocau,
I. O. Tuxonkoga, A. I. Xopy>xeHKo

Mera. locmimuru yuactb mTOR/S6K 1 curnasibHoi Mepeski
MyXJIMHHUX KJTITHH Y TXHiH BIZNOBI Ha PETY/ISTOPHHI BIUIUB
(idpodmactis. Metoau. KynbTypa KIITHH, BKITFOUAFOYH CITiB-
KyJIETUBYBaHHs ()iOpoOIacTiB Ta MyXJIMHHHUX KIITHH, IMy-
HO(ITYOpECIICHTHHI aHaIi3, BECTEPH-0OI0T-aHaIi3, OLHKA
MITparifiHoi aKTUBHOCTI MyXJIMHHUX KJITHH METOIOM IIO-
JIPSITIMH Ta TIEPETBOPEHHsI 0araroKIiTHHHOTO cdepoiny B
OJIHOIIAPOBY KIIITHHHY KontoHiro. Pesyasrarn. [Ipencrariena
po0oTa NpoIEeMOHCTPYBaJIa IO3UTHBHUI BILTHB CTPOMAIBHUX
KJIITHH Ha piBeHb (ochoprmoBanns gaHok mTOR/S6K1

CUrHaIIBHOTO Kackany: p85S6K1, p70S6K1 ta mTOR myx-
yaHuX Ktitad JiiHT MCF-7. 106 BU3HaunTH, sIKa 3 130(opM
S6K1: p85S6K1, p70S6K1 um p60S6K1 Moxe Oyt Haii-
OUTBIII Yy TIIMBOFO JIO JIii MO3aKIIITHHHOTO CEPEIOBHIIA, OyIIH
BHUKOPHICTaHI CTaOUIBHI KIIITHHHI JIiHII HA OCHOBI KJIITHH
MCF-7 3 penarosanoro ekcrpeciero i3odopm S6K 1. Takum
YUHOM, OyJI0 BCTAHOBIICHO, III0 CEJIEKTHBHA EKCIPECist
p60S6K1 npuzBommia 10 3MiHA MOPQOJIOTTYHUX OCOOH-
BOCTEH MyXJIMHHUX KJITHH 32 YMOB JIBO- Ta TPHUBUMIPHOT
KymeTypu. L{i KIITHHA TakoX IEMOHCTPYBAJIM BUCOKHH Pi-
BeHb (hocoprTroBaHHS KiHa3M (HOKAIBHOI are3ii Ta BUCO-
kit BMIiCT OiTKiB Zo-1, CD29, CD44, 1110 MOSICHIOE TX BUCO-
KW MIrpariifHiid MOTEHIIaN B TECTi Ha moapsmiHA. Kpim
TOTO, KJTITUHH, ITI0 CETIEKTUBHO eKcTipecytoTs po0SOK 1, Oyrm
CTIIKUMU SIK /10 (haKTOpiB, IO MPOAYKYIOTH (hibpoldnacTu
TaK i 10 parmamirpHy. Takox, OyITo IpoIeMOHCTPOBAHO, IO
(iOpoGIacTi MiABHIYIOTh PYXJIMBICTh MyXJIMHHUX KJIITHH
B TECTI Ha MOAPSIIFHY Ta PO3ILIACTYBaHHI c(HepoiniB B yMo-
Bax CIIB-KyJIETHBYBAHHS [TAPAKPHHOBUM IIUISIXOM, TOI SIK
Ge3rmocepe/THii KOHTAKT My XJIMHHKX C(PepoiiB 3 MOHOIIIAPOM
(hiOpoOIACTIB 3HAYHO 3HMKYBAB IIBHIIKICTh PO3IIIACTYBAHHS
cdepoinis. BucHOBKH. AHaJIi3 TOBEIHKY Ty X TMHHNX KIIITHH
13 3MiHEHOIO eKcripeciero i30(opm S6K1 BusiBUB, IO 1S
JKUTTETISTBHOCTI KITITHH Ta TXHBOT BIITIOBIIi HA BILIMB Hali-
OMIDKIOTO OTOUCHHSI BAKIIMBI HE TITBKH €KCIPECis TICBHUX
i30(hopm, a # iX CriBBIAHOIICHHS B KITITHHI.

Kawuosi caosa: S6K1, mirparmis, myxJIMHHE MIiKpO-
OTOYEHHSL.

OtBer OIIYX0JIEBBIX KJIE€TOK C pe[laKTHpOBaHHOﬁ
akcnpeccueii S6K1 Ha Bo3aeiicTBHe 0IIyX0J1€BOTO
MHKPOOKPY/KeHMS.

H. 4. Tonynsik, A. O. KpaBuenko, B. P. Kocau,
N. A. TuxonkoBa, A. . XOpyEHKO

Hensn. Uccnenosare yuyactue mTOR/S6K 1 curaanbHOM
CEeTH OITyXOJIEBBIX KJIIETOK B MX OTBETE HA PETYISITOPHOE
BrusiHue GuoOpobnactoB. Meroabl. Kynbrypa KierTok,
BKJIFOYasl CO-KyJIBTHBUpOBaHKEe (prOpPOOIACTOB U OMyXO-
JIEBBIX KJIETOK, MMMYHO(MITyOpECIIeHTHBIN aHaJIN3, Be-
CTEepH-0JIOT-aHasIM3, OLIEHKA MUTPALIMOHHOM aKTUBHOCTH
OITYXOJIEBBIX KJIETOK METOJIOM LIapaIvH ¥ IIpeoOpazoBaHus
MHOTOKJIETOYHOTO Cheponia B MOHOCIIOHHYTO KJIETOUHYFO
xosioHmIo. Pe3yabrarsl. [lpencrasnennas padora mpozne-
MOHCTPHpPOBaJIa OJIOXKUTEIHHOE BIMSHUE CTPOMAIbHBIX
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KJIETOK Ha ypoBeHb (pocopummpoBanus 38eHbeB MTOR/
S6K 1 curranpHorO Kackana: p85S6K1, p70S6K1 m mTOR
oryxoJieBbIx kiietok JiuHnd MCF-7. UtoOb! onpenenuTs,
kakast u3 m3odopm S6K1: p85S6K1, p70S6K1 wm
p60S6K 1 moxeT ObITh HaNOOIIEe TyBCTBUTEIIFHOM K ACH-
CTBHIO BHEKJICTOYHOTOOKPY>KEHHSI, ObLIN HUCIIOJIb30BaHBI
cTaOMIIbHBIC KIIETOYHBIC JITHIH Ha OCHOBE KileTok MCF-
7 ¢ pemakTHpoOBaHHOW 3Kcrpeccuer n3odpopm S6K1.
Takum 00pa3om, OBUIO YCTaHOBJIEHO, YTO CEJIEKTHBHAS
skcrpeccus p60S6K 1 npuBonmia K I3MEHEHHIO MOpdoO-
JIOTHYECKUX OCOOEHHOCTEH OIMyXOJIEBBIX KJIETOK B yCIIO-
BUSIX JIBYX- U TPEXMEPHOU KyNETYpbL. DTH KJIETKH TaKXkKe
JIEMOHCTPHPOBAIIN BEICOKUH YPOBEHD (POCHOPHUITUPOBAHUS
KHHa3bl (HOKAJIBHOIN aare3suu U BBICOKOE COIEpP>KaHHE
6enkoB Zo-1, CD29, CD44, uto 00BACHSIET UX BBICOKHIA
MUTPaMOHHBIIN MOTSHITNAT B TECTE Ha IapanuHbl. Kpome
TOTO, KJIETKH, CENIEKTUBHO 3Kcpeccupytomre p60S6K1,
OBUTH YCTOWYMBBIMH KaK K (pakTopam, KOTOpbIE POITYIIHU-
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pyroT pudpoOIacTHI Tak U K panamMuiuHy. Taxxke, ObLIIO
MPOJIEMOHCTPUPOBAHO, YTO (HUOPOOIACTHI TTOBBIIIAIOT
TIO/IBUYKHOCTh OITYyXOJIEBBIX KJIETOK B TECTE Ha I[aPaITHHBI
Y PacIUIaCThIBAHHE CHEPOUIOB B YCIOBHAX CO-KYJIBTHBH-
POBaHMS IAPAKPHHHBIM ITyTEM, TOTZa KaK HEIOCPEICTBEH-
HBII KOHTAKT OITyXOJIEBBIX c(pepOoHIOB ¢ MOHOCIIOEM (hu-
Opo0IIacTOB 3HAYUTENBEHO CHIDKAJ CKOPOCTh PacIlIacThl-
BaHMe cheporioB. BeIBoabl. AHAIN3 TOBEICHHS OITyXO0-
JIEBBIX KIIETOK C N3MEHEHHO# aKcTipeccrei n3ohopm S6K 1
OOHAPYXUII, YTO JUTS JKU3HENCSTEIBHOCTH KIICTOK U HX
OTBeTa Ha (haKTOpbl MUKPOOKPYKEHHS BXKHBI HE TOJIBKO
9KCIIPECCHs OIPE/IEIEHHBIX U30()OpM, HO M UX COOTHO-
LICHHE B KJICTKE.

KawueBsbie caoBa: S6KI1, murpanus, onyxoneBoe
MHUKPOOKPYKCHHUE.
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