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ADAPTOR PROTEIN Ruk/CIN8S MODULATES RESISTANCE
TO DOXORUBICIN OF MURINE 4T1 BREAST CANCER CELLS
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e-mail: iryna.horak@gmail.com

The acquisition of chemoresistance in the course of tumor progression includes activation of mem-
brane ABC transporters, detoxification enzymes, cell cycle deceleration and activation of specific signaling
pathways such as Akt/mTOR, MAPK, NF-kB. Adaptor proteins play an essential role in the assembly of supra-
molecular signaling complexes, maintaining and directing the intracellular signaling. One of such proteins,
called Ruk/CINSS, is strongly associated with malignant transformation and metastasis. In present study
we investigated the Ruk/CINSS effect of up/down-regulation on the transforming potential and doxorubicin
resistance of highly aggressive mouse breast adenocarcinoma 4TI cells. It was demonstrated that 4T1 cells
overexpressing Ruk/CINSS possessed increased resistance to doxorubicin (in the range of concentrations
0.1-10.0 uM) while knockdown cells were the most sensitive. Also, high levels of Ruk/CINSS in 4T1 cells posi-
tively correlated with their ability to form colonies in semi-solid agar. Ruk/CINS5-overexpressing cells formed
four times more colonies in comparison with Ruk/CIN85 nockdown cells, the growth of which revealed higher

resistance to doxorubicin action.
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( j ancer treatment technics evolved a lot during
last decades, and such approaches as persona-
lized medicine [1], immunotherapy [2], can-

cer stem cells-directed therapy [3], miRNA-directed

therapy [4], as well as various ways of targeted drugs
delivery [5] have become widespread. However, the
development of resistance to the action of antitumor
drugs in the course of cancer progression remains the
most challenging. Currently, this phenomenon is ex-
plained by the heterogeneity of tumor cells including
the presence of a pool of cancer stem cells in tumor
mass as well as the activation of molecular mecha-
nisms underlying cell plasticity and enabling tumor

to develop new options in drugs resistance [6, 7].

Modern studies are focused on targeting the molecu-

lar mechanisms, which provide acquired therapeu-

tic resistance of tumor cells: growth factor receptor

(RTK) signaling, cell survival regulation, membrane

transporters and detoxification enzymes, EMT- and

stemness-maintaining signaling [8, 9]. Adaptor/scaf-

fold proteins consisting of domains and motifs in-
volved in intermolecular interactions function as or-
ganizers of multimolecular signaling complexes that
possess the ability to regulate their composition in
time and space thereby directing intracellular signa-
ling. A member of (Ruk/CIN85)/(CD2AP/CMS) fami-
ly of adaptor proteins, Ruk (regulator of ubiquitous
kinase) in rodents and CIN85 (Cbl-interacting protein
with MW 85 kDa) in human (thereafter, Ruk/CINS8S)
[10], consists of three SH3 domains on the N-termi-
nus, proline- and serine-rich domains, and C-terminal
coiled-coil region [11, 12]. Due to interaction with nu-
merous binding partners, Ruk/CINSS is involved in
such processes as vesicle-mediated endocytosis and
sorting of activated RTKs [13-15], apoptosis [16], cell
adhesion, motility and invasiveness [17-19]. Also, the
previous studies demonstrated that Ruk/CINSS is
overexpressed in various cancers and may be associa-
ted with increased metastatic potential [20-22].
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The aim of present study was to investigate the
effect of Ruk/CIN8S overexpression and down-regu-
lation on doxorubicin resistance of mouse breast
adenocarcinoma 4T1 cells and their transforming
potential.

Materials and Methods

Cell culture and generation of 4T1 sublines
with overexpression and down-regulation of Ruk/
CINS5. Murine breast adenocarcinoma 4T1 cells
with different levels of adaptor protein Ruk/CIN85
content were cultured in RPMI-1640 medium (Gib-
co) supplemented with 10% fetal calf serum (Hy-
Clone), 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin (Gibco), in a humidified at-
mosphere containing 5% CO, at 37 °C. Ruk/CIN85-
overexpressing subline RukUp and corresponding
control subline Mock were obtained by Ca-phos-
phate transfection of 4T1 cells with pRc/CM V2-Rukl
or empty vector, respectively [23]. Ruk/CIN8S ex-
pression was suppressed in subline called RukDown
using lentiviral construction pLKO.1-shRuk/CIN85
R22 [24] and for generation of control subline (Scr)
nontargeting vector was used. Transfected/infected
cells were subcloned and selected with 1mg/ml ge-
neticin (G418) or 10 pg/ml puromycin, respectively.

MTT assay and doxorubicin IC,, determination.
4T1 sublines viability after doxorubicin treatment
was measured by the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide) reduc-
tion assay. Cells were plated on 96-well plate (10*
cells per well), allowed them to adhere for 12 h and
then treated for 24 hours with 0, 0.1, 1, and 10 uM
of doxorubicin. Formation of MTT-formazane was
measured spectrophotometrically at wavelength of
570/630 nm using an absorbance microplate reader
uQuant (BioTEK). The graph of survival dependen-
ce on doxorubicin concentration was built in order
to determine doxorubicin IC, | for each 4T1 subline.

Soft agar colony formation assay. 4T1 cells
(1x10%) were suspended in 150 pl top agar (RPMI
supplied with 0.4% agar) with 0.01, 0.05, 0.1 uM of
doxorubicin or without it, and layered over 100 pl
bottom agar (RPMI supplied with 0.8% agar) in the
wells of 96-well plate. After 3 weeks, the cells were
photographed with magnification 40x and 200x and
the number of colonies was counted. Independent
experiments were performed in triplicates.

Statistical analysis. All the experiments were
independently repeated at least three times, the re-
sults were presented as mean + SEM. Statistical

analysis was performed using Statistica software.
Data were analysed using factorial ANOVA with
Newman-Keuls post-hoc correction for multiple
comparisons. Pairwise comparisons were then ana-
lyzed by Student’s #-test for unequal variances and
difference between groups was decided to be signifi-
cant at P <0.05.

Results and Discussion.

In order to study the effect of adaptor protein
Ruk/CIN85 on chemoresistance of mouse breast
adenocarcinoma 4T1 cells we generated Ruk/CINSS5-
overexpressing subline RukUp (and corresponding
control subline named Mock) using calcium-phos-
phate transfection as well as Ruk/CIN85-nockdown
subline (RukDown) by infection of 4T1 cells with
Ruk/CINS85-specific sShRNA lentiviral particles (and
a control Scr subline, infected with non-targeted
virus). As additional control we also used WT 4T1
cells.

Survival of 4T1 sublines with different levels of
Ruk/CINS8S expression in the presence of increasing
concentrations of doxorubicin (Dox) was evaluated
by MTT-test. It was demonstrated, that overexpres-
sion of adaptor protein Ruk/CINS5 was associated
with significantly increased survival of 4T1 cells
at 0.1 uM and 1 uM Dox compared to Mock cells,
while down-regulation of Ruk/CIN85- resulted in
significantly lower survival rate at 0.1, 1 and 10 pM
of Dox in comparison to Scr subline (Fig. 1, A). Then,
we evaluated Dox IC, for each of the analyzed 4T1
cells sublines and found that the highest value of IC, |
(0.678884 £ 0.006931 uM of Dox) was characteristic
of RukUp subline, whereas IC, for RukDown cells
was the lowest (0.443734 + 0.02338 uM of Dox)
(Fig. 1, B). These results demonstrate that adaptor
protein Ruk/CINSS5 regulates resistance of 4T1 cells
to doxorubicin in concentration-dependent manner:
increases resistance in the case of overexpression
and attenuates in the case of down-regulation.

Colony formation in soft agar reflects the an-
chorage-independent growth ability and is widely
used as a test for malignant transformation of tumor
cells [25]. We analyzed the colony formation po-
tential of 4T1 cells with up- or down-regulation of
Ruk/CINSS in the presence of 0.01, 0.05, and 0.1 uM
doxorubicin. It was demonstrated that under the con-
trol conditions (without Dox) RukUp cells formed
significantly higher number of colonies in semi-solid
agar in comparison to Mock cells. In contrary, down-
regulation of Ruk/CINSS led to supression of colony
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Fig. 1. High Ruk/CINS5 expression level in 4T1 cells positively correlates with doxorubicin resistance. A —
Doxorubicin survival of mouse breast adenocarcinoma 4T1 cells with different levels of Ruk/CINS5 expression
(Wt — wild-type 4TI cells; Mock — 4T1 cells transfected with empty pRc/CMV?2 plasmid; RukUp — 4TIcells,
stably transfected with pRc/CMV?2 plasmid encoding full-length form of Ruk/CINS5; Scr — 4T1 cells infected
with irrelevant lentivirus; RukDown — 4TI cells stably infected with Ruk/CINS5-specific shRNA lentivirus).
B — Ruk/CINS5 effect on doxorubicin IC,, value of 4TI cells.* P < (.05 in comparison to corresponding control

formation ability. In the presence of Dox the overall
number of colonies formed by each subline was de-
creased in comparison to control without Dox. Im-
portantly, at each Dox concentration point we found
significantly higher number of colonies for RukUp
subline in comparison to Mock cells, and substantial
decrease of colonies number formed by RukDown
cells in comparison to Scr control (Fig. 2, A). The
representative images of colonies characteristic of
each 4T1 subline are presented at Fig. 2, B. It should
be noticed that RukDown cells formed big, spheri-
cal colonies with smooth edges, whereas colonies
formed by control cells had also spherical shape but
were something smaller in size. In contrast, Ruk/
CINS85-overexpressing cells gave colonies of smaller
size with irregular edges and wherein small colo-
nies usually surrounded bigger one. Such features
in the morphology of soft agar colonies suggest that
up-regulation of Ruk/CINS5 in 4T1 cells drive the
development of a more malignant cellular phenotype
potentially associated with increased metastatic po-
tential.

Chemoresistance is an essential feature of
cancer stem cells (CSCs) — small subpopulation of
tumor cells with self-renewal and tumorigenic po-
tential that allow survival and spreading of the tu-
mor [26]. We demonstrated that expression level of
Ruk/CINS85 correlates with the ability of 4T1 cells
to form colonies in soft agar and the ability of these
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colonies to survive in the presence of doxorubicine.
Taking into account that Ruk/CINS85 overexpression
lead to the increased malignant properties also on
other cell types [28, 28], and its ability to affect cell
cycle progression and proliferation [17, 22], it may
be concluded, that Ruk/CIN85-overexpressing cells
are enriched with subpopulation with the properties
of CSCs.

Currently, it is known that different mecha-
nisms could be responsible for the development
of drug resistance including those involved in the
control of cell cycle progression and DNA damage
response, providing evasion of apoptosis and in-
creased drug efflux (such as ATP-binding cassette
(ABC) membrane transporters) or detoxification of
drugs (aldehyde dehydrogenase ALDH) [29]. In ad-
dition, acquisition of drug resistant phenotype re-
quires activation of PI3K/Akt/mTOR, NF-xB, p53
pathways [30-32]. Previous studies demonstrated,
that overexpression of adaptor protein Ruk/CINS85
in another breast cancer model (human breast ade-
nocarcinoma MCF-7 cells) was accompanied by in-
creased resistance to cisplatin and etoposide along
with increased rhodamine 123 efflux and ALDH
activity [32], that is consistent with our results on
4T1 breast cancer cells. Moreover, Ruk/CIN&5-
overexpressing MCF-7 cells were also demonstrated
to have constitutively activated Akt kinase [22] that
plays major role in the chemoresistance mechanisms.
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Fig. 2. Adaptor protein Ruk/CINSS5 modulates the transforming potential of 4TI cells in a manner dependent
on its expression levels. A — Soft agar colonies formation ability of 4TI cells with different levels of Ruk/
CINSS expression levels in the presence or absence of doxorubicin (Wt —wild-type 4TI cells; Mock — 4TI cells
transfected with empty pRc/CMV?2 plasmid; RukUp — 4Tlcells, stably transfected with pRc/CMV2 plasmid
encoding full-length form of Ruk/CINSS; Scr — 4T1 cells infected with irrelevant lentivirus; RukDown — 4TI
cells stably infected with Ruk/CINSS5-specific sShRNA lentivirus). * P < 0.05 in comparison to corresponding
control. B — Representative pictures of soft agar colonies formed by 4TI cells with different levels of Ruk/

CINSS5 expression

In the same time, doxorubicin-resistant breast can-
cer MCF-7 cells have considerably repressed TOP2A
gene, the product of which is the main target of dox-
orubicin, as well as up-regulated expression of ABC
membrane transporters, cell cycle and proliferation
regulators [33]. Along with the known information

regarding the complexity and diversity of chemore-
sistance mechanisms, our data suggest that adap-
tor protein Ruk/CIN85 may function as important
component of regulatory networks need to acquire
drug resistant phenotype by breast cancer cells. This
means that Ruk/CIN85-overexpressing breast cancer
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cells acquire drug resistant phenotype, provided by
various molecular mechanisms.

In this study we analysed the effect of overex-
pression/down-regulation of adaptor protein Ruk/
CINSS on the survival and soft agar colonies for-
mation ability of mouse breast adenocarcinoma 4T1
cells in the presence of doxorubicin. We found that
increased expression level of Ruk/CINSS positively
correlates with doxorubicin resistance and trans-
forming potential of 4T1 cells.

This study was supported by SCOPES grant No
1Z73Z0 supported by Swiss National Science Foun-
dation SNSF.

AJATITEPHUHM MPOTEIH Ruk/CINS5
MO YJIIO€ PEBUCTEHTHICTH
KJITUH AJJEHOKAPIIMUHOMHU
MOJIOYHOI 3AJI03U MU JITHII
4T1 10 JOKCOPYBIIIUHY

1. P. Iopax, 1. C. I'epawenko, JI. b. J[pobom

[acTHTYT Gioximii imM. O. B. [Nannanina
HAH Vkpainu, Kuis;
e-mail: iryna.horak@gmail.com

HabyTrsa MYXJTAHHAMA KJIITHHAMH
XIMIOPE3UCTEHTHOCTI  BiAOYBAa€TBCS  3aBISKH
akTuBarii  MemOpanamx  ABC-Tpancmoprepis,
SH3WMIB Jerpanaiii KCEHOOIOTHKIB, 3aTPHUMIII
KJITHHHOTO ITUKJTY Ta aKTUBAIlii CIIeITU(DiIHUX CHUT-
HaJbHUX HUINAX1B, Takux sk Akt/mTOR, MAPK,
NF-kB. AnantepHi MpOTEiHH BiirparoTh BaXKIIH-
BY POJb y 30MpaHHI HAIMOJCKYISIPHUX CHTHAIh-
HUX KOMIUICKCIB, TIITPUMaHHI Ta CIPsSMYBaHHI
BHYTPIITHBOKJIITHHHOTO ~ CHUTHamtoBaHHs. OnuH
3 Takux mpoTeiniB, Ruk/CINS8S, 3amydenuii mo
MIPOIIECiB  3JI0AKiCHOT TpaHcdopmariii Ta MeTa-
crazyBaHHSA. B 1iif poOOTI JOCIIIKEHO BIUTUB
amantepaoro mpoTeiny Ruk/CIN85 Ha tpanc-
(hopMyBanbHHUI TOTEHITIAN Ta PE3UCTEHTHICTH 0
JIOKCOPYOIMMHY KJIITHH aJcHOKAPIIMHOMH MOJIOTHOL
3ano3u mumr JiHil 4T1. IIpomeMoHCTpOBaHO, IO
Ruk/CIN85 Momymtoe pe3ucTeHTHICTh KiiTHH 4T1
o nokcopyOinmay B KormeHTparii 0,1-10,0 pM.
Tako)k BUSIBIICHO ITO3UTUBHUMN 3B’SI30K MiK BMICTOM
Ruk/CINSS5 y xmitraax miHii 4T1 Ta 37aTHICTIO 10
(hopMyBaHHS KOJIOHIH Y HAIIIBPiIKOMY arapi, B TOMY
gucai B mpucyTtHocTi 0,01-0,1 pM mokcopyOinuny.

KnmouoBi crnoBa: pak MOJOYHOI 3aJI03H,
XiMIOpEe3UCTEHTHICTh, afanTepHi nporteinu, Ruk/
CINSS.
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JINHUMU 4T1 K JOKCOPYBUIIUHY
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[IpuoGpereHne OmyXoNeBbIMH KIIETKAMU XH-
MHUOPE3UCTEHTHOCTH MPOUCXOIUT 33 CUET aKTHBa-
nnn MemOpaHHbIX ABC-TpaHCOpTepoB, SH3MMOB
Jerpajanuy KCCHOOMOTHKOB, 3a1€P’KKH KIJIETOUHO-
ro LMKJIA U aKTHBALMU CHEUN(UUYECKUX CUTHAJIb-
HBIX TTyTel, Taknx kKak Akt/mTOR, MAPK, NF-kB.
AnanTepHble NMPOTEHHBI UI'PAIOT BAXHYIO POJIb B
cOOpKe HaJIMOJICKYJISIPHBIX CUTHAJIBHBIX KOMILJICK-
COB, TOAJECPKKE M HANPaBJICHHOCTH BHYTPHKIIE-
TOYHOH curHanu3anuu. OnuH U3 TAaKUX TPOTEHHOB,
Ruk/CINSS5, BoBIIEUeH B TIPOIIECCH 3I0KaY€CTBEH-
HOH TpaHc(hOpMalMK U MeTacTasupoBaHus. B nan-
HOW paboTe HCCIEeIOBAaHO BIUSHHE aAallTEPHOTO
npotenHa Ruk/CIN8S Ha TpanchopMupyromuii mo-
TEHIMAJ ¥ PE3UCTEHTHOCTH K IOKCOPYOHITMHY KJle-
TOK aJICHOKapLUHOMBI MOJIOUYHOW JKEJIe3bl MBILIH
nunnn 4T1. llponemoncTpupoBaHo, uTo Ruk/CINSS
MOAYJIUPYET PE3UCTEHTHOCTH KJIeTOK 4T1 k okco-
pyournuay B koHneHTpamuu 0,1-10,0 uM. Taxxke
BBISIBJICHA IOJIOKUTEIbHASL CBSI3b MEXKY COlepxkKa-
HueMm Ruk/CIN8S B knetkax nunuu 4T1 u cioco6-
HOCTBIO K (POPMHUPOBAHUIO KOJIOHUH B IOy >KHIKOM
arape, B ToM yucine B npucyrcrsuu 0,01-0,1 uM
JIOKCOpYOHTIMHA.

KnioueBble cJI0Ba: paKk MOJIOYHOH *keJe-
3bl, XUMHOPE3UCTCHTHOCTb, aJalITCPHBLIC IMPOTCHU-
Hbl, Ruk/CINS&S.
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