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CALIX[4]JARENE CHALCONE AMIDE C-1011 ELICITS
DIFFERENTIAL EFFECTS ON THE VIABILITY OF 4T1 MOUSE
BREAST ADENOCARCINOMA CELLS WITH DIFFERENT LEVELS
OF ADAPTOR PROTEIN RUK/CIN85 EXPRESSION
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According to our earlier data, calix[4]arene chalcone amides modulate Ca ions exchange in the myo-
metrium mitochondria and the level of inner membrane polarization that can potentially affect cell survival.
To test this hypothesis, we studied the effect of calix[4]arene with 4 chalcone amide groups on mitochondria
membrane polarization and viability of 4T1 mouse breast adenocarcinoma cells, a surrogate model of human
triple-negative breast cancer, and on its highly malignant subline overexpressing the adaptor protein Ruk/
CINS5. Mitochondria membrane potential was measured by flow cytometry, and cell viability was assessed
using Trypan blue dye exclusion. It was shown that mitochondrial membranes of control (Mock) cells had a
higher polarization level (67.80 + 8.82 r.u., n = 5) compared to 4T1 cells with up-regulation of Ruk/CIN85
(RukUp cells) (25.42 £ 2.58 r.u., n = 4). Upon incubation of cells with 1 uM calix/4]arene C-1011, the CCCP-
sensitive component of mitochondrial membranes polarization decreased (by almost 50%) in 4T1 Mock cells
and did not change in RukUp cells compared with the control. It was demonstrated that 1 uM calix[4]arene
C-1011 suppressed the viability of 4T1 Mock cells by 45%, but did not affect RukUp cells considerably. It
was suggested that calix[4]arene chalcone amide C-1011 decreased mouse breast adenocarcinoma 4TI cell
viability at least by affecting mitochondrial membrane polarization.The data obtained indicate the prospects
of further studies of calix[4]arene chalcone amide as a potential anticancer drug candidate.

Keywords: calix[4]arene chalcone amide, mitochondria membrane potential, breast cancer, adaptor
protein Ruk/CINS5.

alixarenes are macrocyclic molecules, the
‘ biological activity of which is determined by

chemical groups on the upper or lower rim.
Calixarenes are widely studied and used in bioor-
ganic chemistry and biochemistry [1, 2]. Due to their
hydrophobic properties, they are able to dissolve in
the lipid phase of cells, which provides them with
the role of carriers of biologically active compounds.
In addition, it is possible to attach functionally ac-
tive groups in different amounts to the calixarenes.
These groups include, in particular, chalcones - aro-
matic ketones, members of flavonoids class, which
are characterized by a wide spectrum of biological
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activity [3-7]. We have previously shown that ca-
lix[4]arene chalcone amides can affect both the level
of polarization of mitochondrial membranes and
the concentration of Ca?* in the myometrium mi-
tochondria matrix [8]. It was also found that short-
term incubation of myometrial mitochondria with
calix[4]arene chalcone amides is accompanied by
an increase in the average hydrodynamic diameter
of mitochondria, which indirectly indicates swell-
ing of these organelles. The effect of calix[4]arene
chalcone amides on the hydrodynamic diameter
of mitochondria increased with an increase in the
number of chalcone amide groups [9]. By using ca-
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lix[4]arene chalcone amide C-1070 (the fluorescent
equivalent of C-1011), it was proven that these com-
pounds penetrate myometrial cells [9]. The modula-
tory effects of calix[4]arene chalcone amide with two
chalcone amide groups on the polarization of mito-
chondrial membranes were shown using a primary
culture of myometrial cells and a potential-sensitive
probe JC-1 [9]. It should be noted that chalcones con-
stitute a group of phenolic compounds that are of
increasing interest in cancer research [4].

Our previous studies have demonstrated that
overexpression of adaptor protein Ruk/CIN85 in
breast cancer cells is closely associated with in-
creased survival, motility, and invasiveness [10-12].
Therefore, the aim of this research was to study the
effect of calix[4]arene with four chalcone amide
groups (C-1011) on mitochondria membrane polari-
zation and viability of 4T1 mouse breast adenocar-
cinoma cells with different levels of Ruk/CIN8S5 ex-
pression.

Materials and Methods

C-1011 synthesis. Calix[4]arene chalcone amide
(C-1011) was synthesized according to the previously
described scheme [13]. The macrocycle of calixarene
is in the cone conformation and contains four chal-
cone amide groups on the lower rim (Fig. 1).

Mitochondria membrane polarization. To re-
cord mitochondria membrane polarization of Mock
and RukUp cells, a COULTER EPICS XL™ (Beck-
man Coulter, United States) flow cytometer with an
argon laser (A, 488 nm) was used. Experimental data
were analyzed using the SYSTEM II™ Software
(Beckman Coulter). Relative values of mitochon-
dria membrane potential (Ay) were assayed using
a voltage-sensitive fluorescent probe TMRM (Invi-
trogen) (A, 488 nm, A, 590 nm) in the medium of
the following composition: 20 MM HEPES (pH 7.4);
125 mM KCI; 25 mM NaCl; 2 mM K* phosphate
buffer (pH 7.4); 5 mM sodium succinate; and 0.1 mg/
ml digitonin (Merck). It should be noted that per-
meabilization of the plasma membrane with 0.01%
digitonin excludes the contribution of its polarization
to the probe signal. Cells suspension (2-2.5-10° cells/
ml) were incubated with calix[4]arene chalcone
amide C-1011 for 5 min at 37°C followed by loading
with 100 nM TMRM and then immediately analyzed
on the flow cytometer at a wavelength of 590 nm
(channel FL_2). Each measurement is represented
as the average fluorescent intensity of 10 000 events
and expressed in relative units: average fluorescence

Fig. 1. Structural formula of calix[4]arene chalcone
amide C-1011

intensity value of a sample minus average fluores-
cence intensity value of a sample upon addition of
10 uM CCCP.

Cell culture. Mouse breast adenocarcinoma
4T1 cells with stable overexpression of adaptor pro-
tein Ruk/CIN85 (RukUp subline) and control cells
(Mock subline) were used in experiments [12]. Cells
were cultured in RPMI-1640 medium (Gibco) sup-
plemented with 10% fetal calf serum (Hy-Clone),
2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin (Gibco), in a humidified atmosphere
containing 5% CO, at 37°C.

Cells survival. Cells were seeded on 24-well
plate (5x10 cells/well) in a complete medium, and
were incubated in the presence of 0.1% DMFA
(Control), 0,1 uM or 1 pM calix[4]arene C-1011 for
24 hours. Then, cells were detached with 0.25%
trypsin-EDTA (Gibco), resuspended in 0.4% Tryp-
an blue dye, and counted using Neubauer chamber
hemocytometer. Results are presented as a percenta-
ge of control, n = 4.

Statistical analysis. For data analysis, one-way
ANOVA followed by Fisher LSD post-hoc test was
used. The difference between groups was considered
significant at P < 0.05.

Results and Discussion

4T1 cells are a highly invasive mouse breast
adenocarcinoma cell line that represents an animal
model of triple-negative human breast cancer [14].
It has been previously demonstrated that overex-
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pression of adaptor protein Ruk/CINS5 in breast
adenocarcinoma cells is accompanied by enhanced
malignancy in comparison to parental cells [10, 12].
Available data suggest that Ruk/CIN85 may play a
potential role in the control of metastasis in vivo [12].
Given the above, Ruk/CIN85-overexpressing 4T1
cells (RukUp) and mock-transfected control cells
(Mock) were used in the present study.

Mitochondria are not only a source of energy
in cancer cells, but also dynamic regulators of their
survival and apoptosis, proliferation, motility and in-
vasiveness, as well as the development of stemness
characteristics. Like the cells that contain them,
mitochondria are able to adapt to the tumor envi-
ronment and are likely to evolve into “oncogenic
mitochondria” capable of transmitting malignant
properties to recipient cells. The broader search for
cancer metabolic modulators has already identified
therapies that target mitochondria in cancer cells, but
the field is still in its infancy [15-18].

In our experiments, we focused on studying the
effect of calix[4]arene chalcone amide C-1011 on the
polarization of mitochondrial membranes in Mock
and RukUp cells, which differ in the degree of ma-
lignancy.

We have previously shown that short-term in-
cubation of digitonin-perforated myometrial cells
with 10 uM C-137 (calix[4]arene chalcone amide
with two chalcone amide groups) was accompanied
by hyperpolarization of mitochondrial membranes
[8]. It is known that hyperpolarization of the mito-
chondrial membrane is the first stage on the way to
depolarization leading to cell death [19]. We also
studied the effect of calix[4]arene chalcone amide
C-137 on the membrane potential of myometrial
mitochondria using confocal microscopy [9]. Myo-
metrial cells loaded with JC-1 dye were incubated
with C-137 calix[4]arene chalcone amides (10 pM)
for 20 min. Using this approach, we were able to
register the phase of mitochondrial membrane hy-
perpolarization followed by depolarization. These
data are consistent with those published by Gutierrez
et al. [20] that chalcones are substances that facilitate
the initiation of apoptosis along the mitochondrial
pathway.

Recording of mitochondrial membrane poten-
tial was performed on digitonin-perforated Mock
and RukUp cells. Permeabilization of cell plasma
membranes with digitonin, firstly, eliminates the
contribution of its polarization to the probe signal,
and secondly, ensures the entry of medium compo-
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nents into cells. As can be seen from Fig. 2, cell au-
tofluorescence is registered (Fig. 2, a, b, blue graph).
Cells were then loaded with 100 nM TMRM for
5 min. Incubation of cells with the probe leads to an
increase in fluorescence intensity, as evidenced by a
signal shift to the right. (Fig. 2, a, b, red graph). Con-
sequently, there was an accumulation of a positively
charged probe in the mitochondria. Further introduc-
tion of CCCP into the incubation medium led to a
decrease in the fluorescence intensity, which indi-
cates the release of the probe from mitochondria due
to the depolarization of mitochondrial membrane
(Fig. 2, a, b, green graph).

Calculations of the CCCP-sensitive compo-
nent of the fluorescence intensity of TMRM-loaded
cells showed that the mitochondrial membranes
of Mock cells have a higher level of polarization
(67.80 + 8.82 r.u., n = 5) compared to RukUp cells
(25.42 £2.58 r.u.,, n =4).

In subsequent experiments, we studied the ef-
fect of C-1011 calix[4]arene on the mitochondrial
membrane potential of Mock and RukUp cells. As
can be seen from Fig. 2, c, incubation of Mock cells
in the presence of 1 uM calix[4]arene C-1011 was
accompanied by a decrease in the fluorescence inten-
sity of the potential-sensitive TMRM probe loaded
into these cells. Calculations of the CCCP-sensitive
polarization component of mitochondrial membranes
of Mock cells indicate a decrease (almost by 50%) in
this parameter compared with the control upon incu-
bation of organelles with 1 uM calix[4]arene C-1011
(Fig. 2, e).

Incubation of RukUp cells with 1 pM ca-
lix[4]arene C-1011 did not affect the fluorescence
intensity of the potential-sensitive TMRM probe
loaded into these cells (Fig. 2, d). This conclusion
was confirmed by calculations of the CCCP-sensitive
component of mitochondrial membrane polariza-
tion in RukUp cells. Incubation of RukUp cells with
1 uM calix[4]arene C-1011 was not accompanied by
statistically significant changes in membrane poten-
tial compared to the control (Fig. 2, €).

Considering that the level of inner membrane
polarization can potentially affect cell survival, we
also examined the viability of Mock and RukUp
cells when treated with 0.1 and 1 uM calix|[4]arene
C-1011. As shown in Fig. 3, 0.1 uM calix[4]arene
C-1011 suppressed the viability of the Mock and
RukUp sublines by 19%. Increasing the concen-
tration of calix[4]arene C-1011 to 1 uM led to the
suppression of Mock cells by 45%, but had no sig-
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Fig. 2. Calix[4]arene C-1011 induced a decrease in the mitochondrial membrane potential in Mock control
cells and did not change it in Mock cells overexpressing Ruk/CIN85. Fluorescence intensity of Mock cells (a)
and RukUp cells (b): blue graph - autofluorescence; red graph — after incubation with 100 nM TMRM, green
graph — after incubation with 10 uM CCCP loaded with a fluorescent probe cells. Effect of 1 uM calix[4]arene
C-1011 on the fluorescence intensity of a potential sensitive probe TMRM loaded into Mock cells (C) and
RukUp cells (d). Blue graph — control, red graph — + 1 uM calix[4]arene C-1011. Typical results are given,
n = 4-5. Effect of calix[4]arene C-1011 (I uM) on the CCCP-sensitive component of TMRM fluorescence in-
tensity of Mock cells (M £ m, n =5, P < 0.05 in comparison to the untreated Mock cells) and of RukUp cells
(M£m,n=4); (e)
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Fig. 3. Calix[4]arene C-1011 decreased the sur-
vival of Mock control cells and did not change it of
Mock cells overexpressing Ruk/CIN85. Survival of
Mock and RukUp cells in the presence of C-1011 at
different concentrations, n = 4, *P < 0.05 in com-
parison to untreated cells

Cell number, % of untreated control

nificant effect on RukUp cells compared to a concen-
tration of 0.1 pM.

We suggested that calix[4]arene chalcone amide
C-1011 decreased mouse breast adenocarcinoma
4T1 control cells survival at least by affecting mito-
chondrial membrane polarization. Thus, it has been
shown that calix[4]arene chalcone amide C-1011 is
able to suppress the viability of 4T1 breast adeno-
carcinoma cells depending on their genetic context
associated with the degree of malignancy. Mito-
chondria have been regarded as essential cell ele-
ments that fuel the metabolic needs of most cancer
cell types [21]. Currently, it is well established that
highly aggressive cancer cells rely on glycolysis in-
stead of mitochondrial oxidative phosphorylation of
glucose, and one marker of this metabotype known
as the Warburg effect is a decrease in mitochondrial
transmembrane potential [22-23]. To recognize the
precise molecular mechanisms underlying mitochon-
drial dysfunction in Ruk/CIN85 overexpressing cells
and consequent resistance to C-1011 action, further
studies are needed.

In summary, our results indicate the following:

* Mock cell mitochondrial membranes have a
higher level of polarization (67.80 + 8.82 r.u., n = 5)
compared to those of RukUp cells (25.42 £ 2.58 r.u.,
n=4).

* the CCCP-sensitive component of mito-
chondrial membranes polarization of Mock cells
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decreased (by almost 50%) compared with the con-
trol upon incubation of organelles with 1 uM ca-
lix[4]arene C-1011.

* incubation of RukUp cells with 1 uM ca-
lix[4]arene C-1011 did not affect mitochondrial mem-
branes polarization compared with the control.

* 1 uM calix[4]arene C-1011 suppressed the
viability of Mock cells by 45%, but did not affect
RukUp cells considerably.

* since mitochondria play an important role in
cell survival and death, the obtained results indicate
the prospects of further studies of calix[4]arene chal-
cone amides as a potential anticancer drug candidate
at the early stages of carcinogenesis.
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3rilH0 3 HalIUMU TIONCPEAHIMU JIaHH-
MH,  KaJjikc[4]apeHXaJKoHaMig  MOXIYJIOIOTH
oOmiH ioHiB Ca B MITOXOHApIAX MIiOMETpis Ta
piBeHb monsgpusanii BHYTpIIIHbOI MeMOpaHH, IO
MOTEHI[IHHO MOXKE BIUIMBATH Ha >KUTTE3JATHICTDH
kiituH. 11lo6 mepeBipuTH wLIO TinoTe3y, MU IOCTi-
UM BILTUB Kallikc[4]apeHy 3 4 XaJKOHaMiTHUMH
rpynamMu Ha TOJISIpU3alilo MeMOpaHu MITOXOHIPIH
1 OKUTTE3AATHICTH  KIITHH  aJCHOKApPLHUHOMU
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MoJiouHOi 3ano3u mumi 4T1, cyporarHoi moneni
TPHYi HEraTUBHOTO PaKy MOJIOYHOI 3aJI03 JIFOJU-
HU, a TaKOXK Ha MOTr0 BUCOKO3JIOSKICHY CYOIIiHItO
3 HaJEKCIpeciero agantepHoro mnpoteiny Ruk/
CIN8S5. MemOpaHHUM TMOTEHIIA MITOXOHIPii
BUMIPIOBAJIM METOJOM MHPOTOYHOI IUTOMETpii, a
KUTTE3AATHICTD KIITHH OL[IHIOBAJIH 32 IOIOMOT0I0
MPSIMOTO MiAPaxXyHKy 3 TPUIAaHOBUM cHHIM. [loka-
3aHO, IO MITOXOHJPiHI MeMOpaHU KOHTPOJIBHUX
(Mock) xmiTHH Maju BHIIUH piBEHb MOJSpU3ALii
(67,80 = 8,82 B.0., N = 5) MOPIBHSHO 3 KIITHHAMU
4T1 i3 manexcnpeciero Ruk/CINSS (kiituaun RukUp)
(25,42 + 2,58 B.0., N = 4). [licng inkyOamuii KJIiTHH 13
1 MxM kamnikc[4]aperom C-1011 CCCP-uyTnuBuit
KOMITOHEHT TMOJsipu3amii MITOXOHJIPIMHUX MeM-
Opan 3meHmuBcs (Maiixe Ha 50%) y kimitnHax 4T1
Mock i He 3minuBcs y kiitnHax RukUp mopiBHsiHO
3 koutpoiem. IIpomemoncrpoBano, mo 1 MxkM
kanikc[4]apen C-1011 nmpurHidyBaB BH)XKHBaHICTbH
kiitud 4T1 Mock Ha 45%, aje He BILIUBAaB CYyTTEBO
Ha kiiTuHU RukUp. Bucnommiroerbes mpumyiieH-
Hs, mo kamikc[4]apenxankonamin C-1011 3HMKYE
JKUTTE3/IATHICTh KJIITUH aJICHOKAPIIMHOMH MOJIOY-
Hoi 3an03u Muti 4T1, mpuHaiiMHi, 32 paXyHOK BILIIH-
By Ha MOJSPH3ALII0 MITOXOHAPIKHUX MeMOpaH.
OTpuMaHi JaHi CBiAYaTh OPO MEPCHEKTHUBH MO-
JAJBIIUX JTOCIIDKeHb KaJliKc[4]apeHXaIKoHaMiTy
SIK TIOTEHLIHOTO MPOTUITY XJIMHHOTO TIpenapary.

KnmouoBi ciloBa: Kasikc[4]apen-
XaJIKOHAM1J1, MeMOpaHHHH OTESHITiaJl MITOXOHPIH,
paK MOJIOYHOI 3aJI03H, aganTepHuii nmporein Ruk/
CINS5.
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