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EXTRACELLULAR VESICLES PRODUCED
BY MOUSE BREAST ADENOCARCINOMA 4T1 CELLS
WITH UP- OR DOWN-REGULATION OF ADAPTOR
PROTEIN RUK/CIN85 DIFFERENTIALLY MODULATE
THE BIOLOGICAL PROPERTIES OF 4T1 WT CELLS
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Extracellular vesicles (EVs) are secreted by most cell types under both physiological and pathological
conditions and were proposed to be actively involved in intercellular communication. The mode of EVs action
is dependent on their cargos composition. EVs play an important role in tumor initiation, recurrence, metas-
tasis and therapeutic resistance. EVs marker proteins Alix and Tsg101 and cortactin are the binding partners
of adaptor protein Ruk/CINSS. The present study aims to analyze the regulatory effects of EVs produced by
4T1 cells with overexpression (RukUp) or down-regulation (RukDown) of adaptor protein Ruk/CIN85 on pro-
liferation rate, migration and invasion activity of parental 4T1 WT cells. EVs from conditioned medium of 4T1
RukUp or RukDown cells were isolated by differential centrifugation followed by further purification using
Exo-spin™ kit (Cell Guidance Systems). The number and size of EVs were characterized by NTA (Malvern
Panalytical NanoSight NM300) instrument. The content of marker proteins and Ruk/CIN85 in isolated EVs
was analyzed by Western-blotting. The viability, migration and invasion activity of 4T1 WT cells were studied
using MTT-test, scratch-test and Boyden chamber assay, respectively. It was demonstrated for the first time
that adaptor protein Ruk/CINS5 is a constitutive component of EVs produced by 4T1 cells. It was also shown
that EVs produced by 4T1 cells with different levels of Ruk/CINS5 expression are characterized by a specific
profile of the content of its multiple molecular forms. It turned out that the ability of EVs to modulate the pro-
liferative activity, motility and invasiveness of 4T1 WT cells was tightly correlated with the biological proper-
ties of 4T1 cells that produce EVs (highly aggressive 4T1 RukUp cells or weakly invasive 4T1 RukDown cells).
Our data suggest that adaptor protein Ruk/CINS85 is not only a constitutive component of cargos composition
of EVs produced by tumor cells but, depending on its content in EVs, plays an active role in the control of
carcinogenesis.

Keywords: carcinogenesis, breast cancer, extracellular vesicles, adaptor protein Ruk/CIN85, viability and
migration of cell, invasion.

ver the past decade, it has been shown that
O membrane-coated extracellular vesicles
(EVs) secreted by tumor cells play a fun-
damental role in carcinogenesis. By transporting

cargo components (various proteins, nucleic acids,
lipids, and metabolites) to neighboring tumor cells,

including stromal cells in the microenvironment,
EVs participate in intercellular communication that
lead to modulation of intracellular signaling net-
works of target cells and reprogramming their tran-
scriptome and metabolome status. In this way, EVs
modulate tumor cells features such as immune sup-
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pression, angiogenesis, drug resistance, migration
and invasion as well as tumor growth and metastasis
[1, 2]. Data are accumulated that EVs’ effects on car-
cinogenesis occur in a cell of origin dependent man-
ner. This indicates that the treated cells acquire char-
acteristics resembling the EVs cell of origin [3-5].
The main organizers of signaling networks are
adaptor/scaffold proteins, which contain multiple do-
mains and motifs involved in intermolecular interac-
tions that allow them to function as molecular plat-
forms in signal processing [6]. It was demonstrated
early that high levels of SH3-containing adaptor
protein Ruk/CINS5 in breast cancer cells were cor-
related with the degree of their malignancy and
advanced tumor stage [7, 8]. Because EVs’ marker
proteins Alix and Tsg101, involved in the formation
of MVBs, as well as cortactin, which stimulates the
secretion of EVs, are the binding partners of Ruk/
CINS5 [9-12], we hypothesized its role in the biogen-
esis of EVs and modulation of their biological activi-
ties. In order to better understand the mechanisms
through which Ruk/CINSS affects breast carcinogen-
esis, in this study we investigated the influence of
EVs produced by murine breast adenocarcinoma 4T1
cells with stable overexpression or down-regulation
of the adaptor protein on biological responses (vi-
ability, migration, and invasion) of parental 4T1 cells
in vitro. 4T1 cells represent the surrogate model of
human basal-like triple negative breast cancer cells,
characterized by hybrid epithelial-mesenchymal
phenotype [13, 14] associated with their plasticity.

Materials and Methods

Cell culture and transfection. Murine breast
adenocarcinoma cells 4T1 cells (ATCC® CRL-
2539™) were cultured in RPMI 1640 medium (Gib-
co, 21875034) supplemented with 10% fetal bovine
serum (FBS) (Gibco, 26140079) with 100 U/ml peni-
cillinand 100 pg/ml streptomycin in 5% CO, atmos-
phere at 37°C. 1x10° cells per 10 cm dish (Greiner
Cellstar, 664160) were plated for cell culturing. The
sublines with stable overexpression and knock-down
of full-length Ruk/CIN85 form have been described
earlier [15].

EVs purification. Cultured 4T1 cells were kept
until 80% of confluence in standard medium and
10 cm culture dishes. Then the medium was changed
for the medium without FBS and kept for 24 h fol-
lowed by medium collection. To remove debris, the
collected medium was centrifuged at 3500 g for
15 min. The obtained debris-free medium was con-

centrated using Centricon Plus-70 filter units (Merck
Millipore, cut-off 100k) for 15 to 30 min. The con-
centrated medium was diluted with PBS to the total
volume of 12 ml. Then samples were centrifuged
at 100 000 g, 4°C (Sorvall TH-641 rotor) for 6 h.
Obtained pellets were suspended in 200 mkl PBS
and further purified using Exo-spin™ kit (EXO3) ac-
cording to the manufacturer’s protocol.

NTA measurements. The EVs particles concen-
tration and size ratio were measured by nanoparti-
cle tracking analysis (NanoSight NM300, Malvern
Panalytical). Before measurements, samples were
diluted 1:100 in distilled water. Brownian motion of
each sample was recorded eight times (60-sec videos)
with camera level 14 and detection threshold 3. NTA
software version 3.4 was used for data analysis.

Electron microscopy. Transmission electron
microscopy (TEM) was used for samples analysis.
Each EVs sample was fixed on a Formvar carbon-
ated grid and stained with 2% uranyl acetate. Immu-
no-TEM was performed using anti-CD63 antibody
(LAMP-3, MBL, Nagoya, Japan; 1:100 dilution).

Western blot analysis. The cell lysates were
prepared by adding 2 ml of RIPA buffer solution
(Sigma-Aldrich R0278) with phosphatase (Roche
50892791001) and proteinase (Sigma P5726) in-
hibitors per one dish. After cell scratching, lysates
were incubated for 20 min on shacking platform
at 4°C followed by centrifugation at 10000 g. EVs
samples were lyzed in RIPA buffer (Cell Signaling
Technology) with phosphatase inhibitors (Sigma-Al-
drich) and protease inhibitors (cOmplete™ ULTRA
Roche). Proteins were separated via 10% SDS PAGE
gel and transferred to the nitrocellulose membrane
(Thermo Scientific™ 88018). The membranes were
incubated overnight at 4°C with anti-Ruk/CIN85
C-terminal antibodies (1:3000) [16], and antibodies
against EVs markers CD63 (sc-15363, 1:1000) and
CD81 (sc-166029, 1:1000). The corresponding goat
HRP-conjugated secondary antibodies (Invitrogen)
at 1:5000 dilutions were applied. For the visualiza-
tion of bound secondary antibodies, the Lumi-Light
Western Blotting Substrate (Roche Diagnostics,
12015200001, Switzerland) was used.

Cell viability. Cells were seeded in 96-well
plates (1-10° per well). After 24 hours, the culture
medium was removed and the cells were treated with
a medium containing EVs (1-10 per 100 pl) for 24
h. The commercially available MTT assay Kit (Sig-
ma-Aldrich) was used to estimate cell viability. At
the end of experiment, MTT (0.5 mg/ml) was added
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to each well and after 120 min, the MTT solution
was removed. The formazan crystals were diluted
in 200 pl of DMSO, and the absorbance of formazan
was measured at 570 nm.

Wound healing assay. 4T1 cells were plated
onto 6-well dishes and grown to 90% confluence
and serum-starved overnight. Then a wound with a
width of ~0.2 mm was scratched with a sterile 200-
pl pipette tip in the middle of the monolayer. Cells
were then incubated with the new complete RPMI
medium containing 1 pM mitomycin C (Sigma-Al-
drich), to eliminate effects of cellular proliferation
on wounding, and EVs (1-108 per 100 pl). The wound
closure was monitored by phase-contrast microsco-
py. Photoimages were taken at 0 and 24 h after cells
scratching. Cell wound closure evaluation was done
by WimScratch Wimasis Image Analysis (Wimasis
GmbH) as described in [7].

Transwell invasion assay. The cell invasion as-
say was done as described in [17] using 24-well in-
serts with 8 um pores (Greiner Bio-One). 1-10* cells
were plated on the upper wells of chambers in the
presence of 0.1% FBS. The bottom wells were filled
with 10% FBS medium. After incubation for 24 h in
the presence of EVs (1-108 per 100 ul), the cells that
migrated out onto the lower surface of membranes
were fixed in 4% paraformaldehyde. These cells
were stained with 1% crystal violet and counted.

Data analysis. All experiments were completed
at least in triplicates, and the data were presented as
Mean + SD. For statistical analysis, we used a two-
tailed Student’s t-test for unequal variances, and the
difference between groups was suggested to be sig-
nificant at P < 0.05.

Results and Discussion

Through the control of intercellular commu-
nication, EVs of endosomal and plasma membrane
origin produced by cancer cells are involved in a
plethora of processes related to cancer progression
including migration, invasion, angiogenesis, im-
mune response, and chemoresistance [1, 2]. Available
experimental data have shown that the content and
regulatory potential of EVs secreted by tumor cells
depend on the cell of origin [3-5]. In order to estab-
lish the biological role of adaptor protein Ruk/CIN85
in the biogenesis of EVs and to study the effect of
EVs produced by tumor cells with different levels
of adaptor protein expression on in vitro biological
responses of target cells, we used previously estab-
lished sublines of murine breast adenocarcinoma
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cells with overexpression (4T1 RukUp) and sup-
pressed expression (4T1 RukDown) of Ruk/CINS5.
Previously, it was found that 4T1 RukUp cells were
characterized by increased malignancy phenotype
while 4T1 RukDown cells acquired more benign
epithelial phenotype. As a model of target cells, we
used 4T1 WT cells.

The number and size of nanoparticles in the
selected preparations of EVs produced by Mock,
RukUp and RukDown 4T1 cells were assessed by
NTA. It was found that the largest number of par-
ticles with a relatively large average size produced
4T1 RukUp cells and, conversely, the opposite re-
sults were obtained for 4T1 RukDown cells (Table).
Interestingly, the number of circulating EVs in breast
cancer patients is associated with desease progres-
sion and poor prognosis [18], which is consistent
with the data obtained.

Visual images of the data obtained with the
NanoSight device are presented in Fig. 1, A, typi-
cal electron microscopic images of vesicles (labeled
with the marker of extracellular vesicles CD63) — in
Fig. 1, B, and Western-blot analysis of EVs marker
proteins CD81 and CD63 in 4T1 WT cells —in Fig. 1,
C. Altogether, these results confirm the accuracy of
EVs protocol isolation.

As there is no information in the literature on
the localization of Ruk/CINS85 in EVs, at the next
step we analyzed the content of the studied adaptor
in vesicle preparations isolated from 4T1 WT, 4T1
RukUp and 4T1 RukDown cells by Western blot
analysis using polyclonal antibodies to C-terminal
region of the protein (Fig. 2). As can be seen from
Fig. 2, the content of the full-length Ruk/CIN85
form was not only significantly higher in vesicles
produced by 4T1 cells with Ruk/CIN85 overexpres-
sion, but they also contained increased content of its
multiple molecular forms.

The particles concentration and the average size of
EVs according to NanoSight measurements

Average
Concentration particle
size, nm
AT1WT | 8.28-10°/ml +/- 8.46-10° 158.3
particles/ml
4T1 Up |1.30-10"/ml +/- 8.82:10° 167.8
particles/ml
4T1 7.98:10°/ml +/- 9.31:10° 1251
Down | particles/ml
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Fig. 1. Isolation and characterization of EVs from 4T1 cells. A. The size distribution of nanoparticles in
preparations of EVs isolated from 4T1 cells supernatants via NanoSight measurements. B. Typical electron
microscopic images of EVs isolated from 4T1 cells. C. The content of EVs markers, CD81 and CD63 proteins,
in EVs preparations and total cell lysates (CL) of 4T1 WT cells
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Fig. 2. Extracellular vesicles isolated from 4TI cells with different levels of Ruk/CINS5 expression are char-
acterized by specific profiles of the content of its multiple molecular forms. 1 — 4T1 RukUp EVs; 2 — 4T1 WT
EVs; 3 — 4TI RukDown EVs; 4 — lysate of HEK293 cells with overexpression of GFP-Ruk/CINS5. Polyclonal
C-terminal anti-Ruk antibodies were used for immunoblot analysis

According to published experimental data,
multiple molecular forms of Ruk/CIN85, which are
identified by immunoblot analysis using C-terminal
antibodies, may be the result of alternative splicing
of pre-mRNA (85 kDa — full-length form, 70 kDa —
form without the first SH3 domain, 56 kDa — form
without two SH3 domains) [19], post-translational
modification by ubiquitilation (130 kDa) [20], and
limited proteolysis caused by the presence of PEST
motifs sensitive to the action of proteases that are
localized in the C-terminal half of the polypeptide
chain (34-40, 20, 16 kDa) [21]. The presence of mul-
tiple sites for Ser/Thr-specific protein kinases in the
Ruk/CINB85 structure suggests that the subforms
around these molecular weights are mainly the re-
sult of post-translational modification of Ruk/CIN85
isoforms by phosphorylation. Typically, the modified
proteins have lower electrophoretic mobility during
SDS PAGE electrophoresis. It was found that extra-
cellular vesicles from 4T1 WT cells are character-
ized by a much smaller content of full-length form
compared to those isolated from 4T1 RukUp cells,
but larger compared to 4T1 RukDown cells. Inter-
estingly, we observed the higher content of the form
with a molecular weight of about 70 kDa in vesicles
from 4T1 RukDown cells compared to those from
4T1 WT cells. Because Ruk/CINS85 is an adaptor/
scaffold protein, the main function of which is to
assemble supramolecular complexes in the frame
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of structural-functional network of cell regulatory
mechanisms, differential control of both the content
and pattern of its individual molecular forms in EVs
may be crucial in intercellular communication and
influence of EVs on biological responses of target
cells.

At the next step, we analyzed the effect of EVs
produced by 4T1 cells with up- and down-regulation
of Ruk/CINS85 on the viability, migration, and in-
vasive potential of wild-type 4T1 cells in vitro. The
effect of isolated vesicles on the viability of wild-
type cells was analyzed using the MTT test (Fig. 3)
that reflects the activity of electron transport chain
in mitochondria. As turned out, the viability of 4T1
WT cells was found to correlatee negatively with the
level of Ruk/CIN85 expression in the sublines from
which the extracellular vesicles were isolated. The
revealed peculiarities of EVs effects on proliferation
rate of 4T1 WT cells may be related to the increased
cancer stem features in RukUp cells and vice ver-
sa — decreased in RukDown cells [15]. In addition,
a metabolic switch from oxidative phosphorylation
to glycolysis, known as the Warburg effect [22], was
identified to be characteristic of 4T1 RukUp cells
and reversed in RukDown cells (our unpublished
data).

The effect of isolated EVs on the motility of
wild-type 4T1 cells was assessed by scratch assay
in the cell monolayer in vitro (Fig. 4, A, B). It was
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Fig. 3. EVs isolated from 4TI cells with differ-
ent levels of Ruk/CIN85 expression modulate the
viability of wild-type 4T1 cells in a cell of origin de-
pendent manner. *P < 0.05 in comparison to 4T1
WT group

found that under the influence of 4T1 RukUp EVs
the migration rate of 4T1 WT cells was almost dou-
bled compared to the control (Fig. 4, B), while under
the influence of 4T1 RukDown EVs there was almost
complete suppression of their migration potential.
Interestingly, in the presence of RukUp EVs, 4T1
WT cells filled the “scratch” with an uneven front,
while in the presence of RukDown EVs there was a
tendency to fill it with a continuous front, which cor-
relates with increased/suppressed migration features
of 4T1 RukUp/RukDown subclones.

The effect of isolated vesicles on the invasive-
ness of wild-type 4T1 cells was investigated using a
modified Boyden chamber with a membrane covered
with a Matrigel layer (Fig. 5). The results showed
that vesicles isolated from 4T1 cells with Ruk/CIN85
overexpression doubled the invasiveness of wild-
type cells, whereas in the presence of RukDown EVs
the opposite insignificant tendency was observed
(inhibition by about 17%). Thus, the effects of EVs
on the invasiveness of 4T1 WT cells corresponded to
the biological properties of highly invasive RukUp
and weakly invasive Ruk Down sublines from which
they were isolated.

Based on the results of our research, the
following conclusions can be drawn:

- The adaptor protein Ruk/CIN85 has been
shown to be a newly identified component of EVs
produced by breast adenocarcinoma cells that can be
used as potential diagnostic marker in breast cancer.

- EVs produced by 4T1 cells with different
levels of Ruk/CIN85 expression are characterized by
subline-specific profiles of the content of its multiple
molecular forms.

- The ability of EVs with different content of
multiple molecular Ruk/CIN85 forms to modulate
the proliferation activity, motility, and invasiveness
of wild-type 4T1 cells in vitro correlates with the
biological properties of 4T1 cells with up- and down-
regulation of the studied adaptor.
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[Nozakmitunni Be3ukynu (IIB) cexperyrorbes
O1JTBIIICTIO THITIB KJIITUH K 3a (i310J0T1YHUX, TaK 1
3a MaTOJOTYHUX CTaHiB, 1 AKTUBHO OEPYTh y4acTb
B MDKKJIITUHHIN KomyHikauii. Croci6 aii I1B 3ane-
JKUTH BiXl X Bmicty. Ilig yac kaHIeporeHe3y BOHU
BIJIIrpalOTh BaXJIMBY POJIb B iHILIIOBaHHI MyX-
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Fig 4. EVs isolated from 4TI cells with different levels of Ruk/CINS5 expression modulate the motility of wild-
type 4T1 cells unidirectionally with the level of their own migration potential. *P < 0.05 in comparison to 4T1
WT group
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Fig 5. EVs isolated from 4TI cells with different
levels of Ruk/CIN85 expression modulate the inva-
siveness of wild-type 4T1 cells unidirectionally with
the level of their own invasion capability. *P < 0.05
in comparison to 4T1 WT group

JUHHOTO POCTY, PELUIUBYBaHHI, METacTa3yBaHHI
W pO3BUTKY CTidKOoCcTI 10 Tepamii. MapkepHi
npoteinu [1B Alix i TsglO1, 3anydeni o popmy-
BaHHS MYJBTUBE3UKYJISIpHUX Tinens (MVPs), a
TaKOXX KOPTaKTHH, IO CTUMYIIOE cekperio 1B,
€ 3BS3yBaJbHUMH IapTHEPaAMH  aJalTEPHOIO
npoteiny Ruk/CIN8S. MeToro nbporo qociiKeHHs
OyIo mpoananizyBaTH peryistopHi epexrtu [1B, mo
npoaykymooTbes kiaiTuaamu 4T1 i3 Hazexkcrpeciero
(RukUp) um npurnivenoro excrpeciero (RukDown)
amantepaoro nporeiny Ruk/CIN8S na Giomoriumi
BiAmoBiAi  (mpomideparito,  MirpamiiiHy — Ta
iHBa3ifiHy aKTUBHOCTI) BuUXigHUX KiiTHH 4Tl
WT. IIB i3 KOHAUIIHOBAHOTO CEepeOBHUIIA KIITHH
4T1 RukUp a6o RukDown i3omroBanu HIIsiXoMm
Tu(epeHIiitHOro NeHTPUPYTYBaHHS 3 TTONAIBIITIM
OYHUIICHHSIM 3a JOMOMOror Habopy Exo-spin™
kit (Cell Guidance Systems). KinbkicTb 1 po3mipu
[IB anamizyBanu METOAOM BiJCTEKEHHS HAHO-
gyactuHok NTA (Malvern Panalytical NanoSight
NM300). Bwmict wmapkepuux mnpoteiniB i Ruk/
CIN85 B i3ompoBanux [IB anamizyBamm MeTo-
moM Becrepu-6notr anamizy. JKuTTe3marHICTB,
PYXJHBICTb 1 iHBa3uBHIcTHh KiiTuH 4T1 WT 3a nii
[IB mocnimxysanu 3a normomororo MTT-recty, Te-
CTy Ha 3apOCTaHHs MOAPSANUHU 1 MOJU(IKOBAHOI
kamepu boiinena, BiamosinHo. Briepine mpoxemon-
cTpoBaHo, 1o amantepHuit npotein Ruk/CINSS €
CKJazoBUM KommoHeHToM 1B, mo nmponykyoorbes
kiitnHamu JiHil 4T1. Takox, Oyno mokasaHo, IO
[IB, sxi npoaykyroTbes kiaituHaMu 4T1 3 pisHEMHE

piBasimu ekcripecii Ruk/CINSS, xapakTepu3yoTs-
csl crienupiuHUMEI TPOPUISIMI BMICTY MHOKHUHHHIX
MOJIEKYJISIpHUX (pOopM 1bOTO MpoTeiny. BecTaHoBme-
HO, 110 31aTHICTH [1B MomymroBaTn mpomidepartiro,
pyxyuBicTh 1 iHBasuBHiCTH KiiTHH 4T1 WT in
VItro kopentoe 3 OIOJOTIYHUMH BJIACTHBOCTSIMU
kiitue 4T1, gaxi nponykytoTs 1B (BucokoiHBa3uBHI
wiitnan RukUp a0o HHM3bKOIHBa3WBHI KJIITHHHU
RukDown). OneprkaHi naHi CBig4arh Hpo T€, IO
anantepuuit nporein Ruk/CIN8S € He nuiie ckia-
JOBUM KoMIoHeHTOM BMicty [IB, mo mpomyky-
I0ThCA  aJICHOKAPIIMHOMHUMH KJIITHHAMHU TPYIHOL
3aJ103H, aje i 3aiexxHo Bix BmicTy B [IB Bimirpae
aKTHBHY POJIb Y KOHTPOJII KaHI[EPOT €HE3Y.

KnmouoBi cinoBa: KaHLEpPOreHe3, pakx
IPyZHOI 3aJl03M, TO3aKJIITHHHI BE3UKYJH, ajal-
tepuuid nporein Ruk/CINSS, xuTTezgatHicTh Ta
Mirpaiis KJIiTHH, iHBa3isl.
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