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ACTIVATION OF STORE - OPERATED Ca?* ENTRY
IN CISPLATIN RESISTANT LEUKEMIC CELLS AFTER TREATMENT
WITH PHOTOEXCITED FULLERENE C,, AND CISPLATIN
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Ca?*-regulating system in cancer cells is suggested to be remodulated particularly by reduced store-
operated Ca?* entry (SOCE) through plasma membrane in order to maintain moderately reduced cytosolic
Ca?* concentration and to avoid apoptosis. The endoplasmic reticulum (ER) Ca?* pool content and the size of
SOCE in leukemic wild type (L1210) and resistant to cisplatin (L1210R) cells in control, after treatment with
either cisplatin (1 pg/ml) or photoexcited fulleren C,, (10> M) alone, or their combination were estimated
with the use of Indo-1 AM. The SOCE in resistant to cisplatin L1210R cells was found to be lower than in
the wild-type cells. After treatment with cisplatin the decrease of thapsigargin (TG)-sensitive ER Ca?" pool
with no significant increase of SOCE was observed in L1210 cells, while no changes were detected in LI210R
cells. Photoexcitation of intracellular accumulated fullerene C_; in the visible range of spectrum (410-700
nm) was accompanied by increase of SOCE not only in sensitive, but in resistant cells as well. In resistant
L1210R cells treated with photoexcited C_ essential effect of cisplatin on Ca** homeostasis became obvious:
the size of SOCE proved to be higher than after treatment with photoexcited C_; alone. The data obtained al-
low suggesting the influence of photoexcited C,, not only on Ca**-regulating system, but on those involved in

controlling cisplatin entry into drug resistant cancer cells.
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Ca? is a ubiquitous signaling messenger in-
volved in cell cycle, differentiation, proliferation and
apoptosis regulation. Eukaryotic cells regulate Ca?
concentration in cytosol ([Ca2+]cyt) by its release from
intracellular stores (endoplasmic reticulum and mito-
chondria) or influx through plasma membrane Ca?
channels. In non-excitable cells the major mecha-
nism of Ca?* influx into intracellular space is store-
operated calcium entry (SOCE). SOCE is controlled
by filling the endoplasmic reticulum (ER) Ca?* store.
Its depletion stimulates the opening of plasma mem-
brane store-operated Ca?* channels (SOCCs), that
allows refilling the ER Ca?" pool. The canonical
components of store-operated Ca?* entry are the in-
tegral ER membrane protein STIM-1, which acts as
a Ca?" sensor and plasma membrane protein ORAII,
which fulfils channel function after juxtaposition
with STIM [1, 2].

The moderate increase of cytosolic Ca®* level
promotes proliferation, while high amplitude eleva-
tion of [Caz*]Cyt induced, in particular, by SOCE can
be followed by uncontrolled increase of Ca?" concen-
tration in mitochondria and cell death by apoptosis
[3, 4].

In cancer, normal relationships among extra-
cellular, cytosolic, endoplasmic reticulum and mito-
chondrial Ca?" become distorted and Ca?*-dependent
signaling pathways are deregulated in a way to pro-
mote cancer hallmarks such as enhanced prolifera-
tion, survival and invasion [5]. Cancer cells have
remodulated Ca?* buffering system which allows
maintaining [CaZ*]Cyt constantly at the relatively low
level and to avoid apoptosis [6, 7]. Store-operated
Ca?" entry through plasma membrane and its release
from ER in cancer cells are reduced due to increased
expression of IP3R channels and decreased expres-
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sion of ER Ca?" ATPase [8,9]. It is shown that pros-
tate cancer cells, upon transition to more aggressive
androgen-independent phenotype, downregulate
their SOCE by decreasing the expression of the
principal plasma membrane SOC-channel-forming
subunit, ORAI1 protein [10],

That is why searching for agents, which could
activate Ca*-dependent apoptosis by restoring
SOCE in cancer cells, is promising.

The widely used antitumor drug cisplatin
(cis-Pt) could induce Ca?*-dependent apoptosis via
IP3R-mediated increase of cytosolic Ca?* level, in-
duction of ER stress and caspase-12 activation, but
chemotherapeutic effect of cisplatin is limited by
development of cancer cells multidrug resistance
[11, 12]. Modulation of signaling pathways involved
in development of drug resistance is considered to
be a perspective approach for anticancer therapy op-
timization.

The representative of carbon nanostructures
fullerene C,; demonstrates unique physicochemical
properties: nanosize, ability to penetrate into cyto-
plasm and compatibility with biological molecules
[13-15]. Fullerene C_, per se is biologically inert and
becomes biologically active after its exposure to
light. Due to extended m-conjugated system of mo-
lecular orbitals fullerene C, absorbs UV/visible light
efficiently and is able to generate cytotoxic reactive
oxygen species (ROS) [16, 17]. Taking into account
that components of cells’ Ca?" buffering system are
sensitive to ROS [18, 19], redox regulation of their
activity seems to be one of the ways to modulate
Ca?* homeostasis in cancer cells and to activate
apoptosis program.

As it was previously shown by us with the use
of fluorescent labeled C,j and confocal microscopy,
leukemic cells could effectively uptake fullerene
C,, from the medium [20]. Combined treatment of
leukemic cells with photoexcited fullerene C,, and
1 pg/ml cisplatin allowed us to enhance cytotoxic ef-
fect and to accelerate cell death of both sensitive and
resistant to cisplatin cells as compared with each
agent to be used alone [20, 21], but the biochemical
mechanisms of this effect need further elucidation.
A substantial increase of [Caz+]Cyt in leukemic cells
which was detected 3 h after combined treatment
with photoexcited C,, and cisplatin [21] could be one
of the determining factors in this effect.

The aim of this study was to estimate the values
of ER Ca? pool and store-operated calcium entry in
sensitive and resistant to cisplatin leukemic cells in
control and after treatment with either cisplatin or
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photoexcited fulleren C,; alone, or their combina-
tion.

Materials and Methods

Two murine leukemic cell lines — wild type,
sensitive (L1210) and resistant (L1210R) to cisplatin
were obtained from the Bank of Cell Lines from Hu-
man and Animal Tissues of R. E. Kavetsky Institute
of Experimental Pathology, Oncology and Radio-
biology, NAS of Ukraine. The both cell lines were
cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich, Ger-
many), 50 ug/ml penicillin and 100 pg/ml strepto-
mycin at 37 °C in a 5% CO, humidified atmosphere.
Cisplatin in a range of 0.1-10 pg/ml was shown to
decrease the viability of L1210 in a dose dependent
manner up to 90% during 72 h incubation with no
effect on L1210R cells [21].

Homogeneous stable water colloid solution of
fullerene C,; (10 M, purity >99.5%, nanoparticle
average size 50 nm) was obtained at Technical Uni-
versity of [lmenau (Germany) [22, 23]. Cells were
incubated in RPMI 1640 medium for 2 h with or
without fullerene C,, (10° M). Photoactivation of
fullerene C,; accumulated by cells was done by
probes irradiation with light-emitting diode lamp
(410-700 nm light, irradiance 100 mW, during 2 min)
in 12-well plate. After irradiation cells were incu-
bated for 3 h and used for estimation of [Ca*]_ and
SOCE. In the case of combined treatment with pho-
toexcited fullerene and cisplatin (Sigma, USA) the
drug in concentration of 1 pg/ml was added to incu-
bation medium.

Free cytosolic Ca?* concentration was measured
using fluorescent probe Indo-1 (Sigma, USA). Cells
(3%x107/ml) in buffer A consisting of (mM): KCI —
5, NaCl — 120, CaCl, — 1, glucose — 10, MgCl, —
1, NaHCO, — 4, HEPES — 10, pH 7.4 were loaded
with Indo-1AM (1 mM) in the presence of 0.05%
Pluronic F-127 (Sigma, USA) for 40 min at 25 °C,
then washed by centrifugation (600 g, 10 min) and
resuspended in buffer A. Cells loaded with Indo-1
(2.5x10° cells/ml) were treated with C_, cisplatin or
both as indicated above. Following incubation the
cells were transferred to nominally Ca?*-free buffer
A containing 0. mM EGTA. ER Ca?" content was
estimated after addition of 1 pM thapsigargin (TG),
store-operated Ca?" entry was examined by adding
1 mM CaCl, to incubation medium. Indo-1 fluores-
cence in cells was recorded using spectrofluorometer
(Shimadzu RF-510, Japan), A excitation — 350 nm,
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A emission — 410 and 495 nm. The concentration of
free cytosolic Ca?* was calculated as described in
[24].

The data were represented as mean £ SD of
more than four independent experiments. Mean (M)
and standard deviation (SD) were calculated for each
group. Statistical analysis was performed using one-
way ANOVA followed by post Tukey test. A value
of P < 0.05 was considered statistically significant.
Data processing was performed by IBM PC using
specialized applications GraphPad Prism 7 (Graph-
Pad Software Inc., USA).

Results and Discussion

The results of estimation of ER Ca?* pool and
store-operated calcium entry in sensitive and re-
sistant to cisplatin L1210 cells in control are presen-
ted on Fig. 1 and Table. The ER Ca? pool content
was estimated indirectly after Indo-1 loaded cells
transfer into Ca?*-free medium and addition of ER
Ca?"-ATPase inhibitor thapsigargin. The equilibrium
concentration of cytosolic Ca?" after 10 min incu-
bation of L1210 and L1210R cells in Ca**-free me-
dium was 110 + 8 and 72 + 4 nM respectively. It was
shown that 1 uM TG caused transient low amplitude
increase of [Ca2+]cyt, indicating the depletion of ER
calcium pool (Fig. 1). The TG-induced increase of
[Ca2+]cy[ above the equilibrium level at zero calcium
(A[Ca“]cyt) was considered as the measure of ER
Ca? pool content (Table). Subsequent readmission of
Ca?* into incubation medium of TG-treated cells al-
lowed examining extracellular Ca?" influx pathway.
The size of Ca**-induced increase of [Ca*] , above
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Fig. 1. Store-operated Ca?" entry following thapsi-

gargin-induced depletion of ER Ca** pool in sensi-
tive and resistant to cisplatin L1210 cells

Table. ER Ca* pool and SOCE in leukemic cells

Preparations ‘ L1210 ‘ LI1210R

Thapsigargin-induced
depletion of ER, A[Caz"]cyt, nM  190+7 140 +4*

SOCE, A[Ca*] ., nM 794 +£18 595 + 20*
*P < 0.05 in comparison with L1210 cells

the equilibrium level after TG addition was consid-
ered as the measure of SOCE. Addition of 1 mM
CaCl, caused high amplitude increase of [Caz*]cyt,
which was smaller in L1210R cells than in L1210
cells (Fig. 1). The size of SOCE was found to be 1.3
times lower in resistant than in sensitive to cisplatin
L1210 cells (Table).

The difference of SOCE value in resistant and
sensitive to anticancer drug cells was also demon-
strated in [25], where SOCE in resistant to cisplatin
lung cancer cells A549 was found to be reduced as
compared with wild-type cells A549. It is assumed
that reduced activation of SOCE may contribute to
the cisplatin resistant phenotype of L1210 cells [26].

As it was earlier shown by us, a substantial in-
crease of [Ca*"]cyt in leukemic cells was detected
3 h after combined treatment with photoexcited C;
and cisplatin [21]. To investigate the possible reason
of this event Ca?* liberation from intracellular stores
into the cytosol of leukemic cells was examined.
The basal equilibrium concentration of cytosolic
Ca?*was estimated after cells transfer into Ca®* free
medium. It should be noted that fullerene C, or light
irradiation each applied separately had no evident
effect on [Ca*]_, TG-sensitive Ca* pool or SOCE
(Figs. 2-4).

We have found that treatment of wild-type
L1210 cells with cisplatin in concentration 1 pg/ml
was followed by the 1.7 times increase of basal equi-
librium cytosolic Ca?* concentration after incubation
in Ca? free medium in comparison with control. No
elevation of basal equilibrium [Ca”]cyt in resistant to
cisplatin L1210R cells was detected (Fig. 2).

In contrast to cisplatin, photoexcited fullerene
C,, induced a considerable rise of basal equilibrium
[Ca*],, in cells of both lines (Fig. 2).

More pronounced increase of [Ca*]_ in the
cells of both lines in the Ca?" free medium was de-
tected after combined action of photoexcited fullere-
ne C., and cisplatin. The level of cytosolic Ca*
reached 317 + 15 and 607 £+ 24 nM in L1210 and
L1210R cells, respectively (Fig. 2). The data obtained
allowed us to suggest that enhancement of [Ca”]Cyt
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Fig. 2. Concentration of cytosolic Ca?* (nM) in leukemic cells transferred into Ca**-free medium 3 h after
treatment. *P < 0.05 in comparison with control, P < 0.05 in comparison with cisplatin, *P < 0.05 in com-

parison with photoexcited Cg;

in the Ca?* free medium is the result of enhanced ER
Ca?" leak and/or reduced ER Ca?* uptake. To confirm
this the values of ER Ca?" pool and store-operated
calcium entry in leukemic cells 3 h after treatment
with photoexcited fullerene C,,, cisplatin, and its
combination were studied.

After treatment of wild-type L1210 cells with
1 pg/ml cisplatin the TG-induced increase of [Ca”]Cyt
above the equilibrium level was found to be some-
what reduced (Fig. 3) with no significant change
of SOCE in comparison with control (Fig. 4). No
change of either ER Ca?*-content (Fig. 3) or SOCE
(Fig. 4) was observed in L1210R after treatment with
cisplatin.

After photoexcitation of accumulated fullere-
ne C,, TG-sensitive ER Ca*" pool was found to be
decreased with simultaneous increase of SOCE both
in sensitive and resistant to cisplatin leukemic cells.
The TG-induced increase of [Ca2+]cyt above the equi-
librium level in L1210 and L1210R was 3.5 and 2
times lower (Fig. 3), while the size of SOCE was 2.2
and 1.8 times higher than in control, respectively
(Fig. 4). As it was previously shown, photoexcitation
of fullerene C,, accumulated by human lymphoma
Jurkat cells was also accompanied by enhancement
of SOCE and cell death by apoptosis [27]. We as-
sume that the observed enhancement of SOCE in
leukemic cells of both lines could be mediated in
part by intense ROS production after fullerene C_,

60°
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photoexcitation [28]. Prevoius studies have revealed
a cross-talk between ROS and components of Ca?*-
regulating system [29]. Thus, functional activity of
both IP3R and STIM appeared to be dependent on
oxidation of their reactive thiol groups. Oxidation
of IP3R thiol groups was shown to be followed by
activation of IP3 receptors and Ca?* release from ER
[30, 31], while H,O,-induced modification of STIM
Cys56 residue was followed by SOCE intensification
[32].

After combined treatment of L1210 cells with
photoexcited fullerene C,, and cisplatin the additive
effect of both agents was detected, the ER Ca?" con-
tent, as probed by TG application, was lower (Fig. 3)
and the size of SOCE was higher (Fig. 4) compared
with the respective values after treatment with pho-
toexcited C, or cisplatin separately.

It is interesting that the evident effect of cis-
platin on Ca?* homeostasis characteristics in L1210R
cells treated with photoexcited C,, became evident:
the TG-sensitive ER Ca? pool was lower (48 =4 vs.
of 70 = 3 nM) (Fig. 3) and the size of SOCE higher
(1351 £ 35 vs. 1042 + 40) (Fig. 4). These data suggest
that photoexcited C,, may act not only on compo-
nents of Ca?" regulating system, but also on those
involved in controlling antitumor drug influx and
accumulation in cancer cells.

Lower TG-sensitive ER Ca®* pool content in
the presence of photoexcited C,, and cisplatin could
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Fig. 3. Thapsigargin sensitive ER Ca?* pool in treated leukemic cells. *P < 0.05 in comparison with control,
*P < 0.05 in comparison with cisplatin, *P < 0.05 in comparison with photoexcited C,,
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result in a higher values of SOCE and [Calz+]Cyt in tin (Fig. 2) could be caused not only by leak of Ca?*
leukemic cells. But it should be noted that the high from the ER, but from mitochondria as well. This as-

level of [Ca®]_, in cells of both lines, particularly sumption is confirmed by the data of mitochondrial
in L1210R cells transferred into Ca?*-free medium membrane potential dissipation in L1210 and L1210R
after combined action of photoexcited C,; and cispla- cells after treatment with photoexcited C,; [20].
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In summary, we could conclude that photo-
excitation of accumulated fullerene C,; allowed to
enhance cisplatin cytotoxic effects and activate Ca?*-
dependent apoptotic pathway not only in sensitive
leukemic cells, but also in leukemic cells resistant
to cisplatin.

AKTHUBAIIISI EMHICHOT'O

BXOJlY Ca?* B PE3BUCTEHTHUX

JO HUCIJIATUHY

JENKEMIUHUX KJITUHAX 3A A11
®OTO3BYI’KEHOTO ®YJEPEHY C,,
TA UUCILJIATUHY
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C. B. Ilpunyyoka, O. I1. Mamuwescoka

KwuiBchkuil HalliOHATBHUN YHIBEPCUTET
imeni Tapaca llleBuenka, YkpaiHa;
e-mail: dashagg@gmail.com

[TpunyckarwTh, MO0 y 3J0AKICHO TpaHCchOop-
MoBaHuX KiituHax Ca?*-peryisiTopHa cHcTeMa €
PEMOIYIIOBAHOIO, 30KpEeMa, BHACITIIOK ITOCIabieH-
Hsl BXOJy KaTiOHA Kpi3b IUIa3MaTHYHY MeMOpaHy
3a emHicHuM MexaHizmoM (SOCE), mo no3Bossie
yTPUMYBATH KOHIIEHTPAIIif0 [[uTo301bHOr0 Ca?" Ha
MOMIPHO MiJIBUIIIGHOMY PIiBHI Ta yHHKATH arlorTo-
3y. Y poOoTi 3 BUKOpHUCTaHHsIM 30H1a Indo-1AM
oliHeHo BigHOCHI Benmunau Ca?*-myny eHjoras-
MaTHYHOTO PETHKYIyMa Ta eMHicHOTO Bxoay Ca?*y
JielikeMIYHUX KiTHHAX qukoro tuiy (L1210) a pe-
sucteHTHHX JIo Tucraruny (L1210R) y xoHTpomi,
3a aii nucriatuny (1 Mkr/mit) abo GoTo30y1KEHOTO
C,, (10° M) okpemo, 4u 3a ix kombinauii. [TokasaHo,
o Benmuunaa SOCE B pe3uCTEHTHUX J0 IIUCIIIaTH-
Hy kiiTuHax L1210R Oyia HUKYO0F0, HIXK Y KITITHHAX
L1210. 3a xii 1ucmiaTiHy BEJIWYUHA TaIlCHUTapriH
(TG)-aytauBoro Ca?* mymy EITP y kinitunax L1210
sHmkyBanack 0e3 migBuineHHs SOCE, tomi sik y
kiitnHax L1210R we Oyno Biamiueno 3miH. Doro-
30y/UKEeHHs aKyMmyJiboBaHoro ¢ysepeny C.y BU-
IuMoMy aiama3oHi criektpa (410-700 um) cnpuyu-
Hsuto nocwiieHHss SOCE He TUIBKHU B Uy TIIMBUX, aJie
W B PE3UCTCHTHMX JI0 JIil I[UCIUIATUHY KJIITHHAX. Y
pesuctentHux kimitnaax L1210R 3a nmii ¢poTo30y-
mxeHoro Qynepeny C,, UMCIIATUH BIUIMBAB Ha
Ca? romeocras: sennunna SOCE 3pocTaina Oiblie,
HiX 3a Jii Tinekn Goro3bymxenoro C . Onepixani
NaHi BKa3yloTh Ha BIIMB (hoTo30ymkenoro C ) He
Tinbku Ha CaZ*-peryisTopHy CHCTEMY, aje W Ha
KOMITOHEHTH CHCTEM, IO KOHTPOIIOIOTh HaJXO[-
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JKCHHS LIUCTUIATHHY B PE3UCTEHTHUX JI0 IIperapary
3JI0AKICHO TpaHC(HOPMOBAHUX KIIITHHAX.

KnrwuoBi cioBsa: kaneuii, SOCE, neiike-
MidHI KJIITHHHU, PE3UCTEHTHICTh 10 IUCILIATHHY,

¢ynepen C.
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NUCILIATUHY JEMKEMUYECKHUX
KJETKAX IIPU JEMCTBUHU
®OTOBO3BYKJEHHOI'O
®YJJIEPEHA C,, 1 HTUCILJIATUHA
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[Ipenmonaraercs, dYTOo B  3JI0KaYE€CTBEH-
HO  TpaHcopMUpOBaHHBIX  KjeTkax  Ca?-
peryisTopHas CHUCTeMa PeMOIyJIHpOBaHa, B 4acT-
HOCTH, BCIIEJICTBHE OCIa0JIeHHOr0 BXOJa KaTHOHA
yepes MIa3MaTHYeCKyo MeMOpaHy 1Mo EMKOCTHOMY
Mexanusmy (SOCE), 4To mO3BONSIET MOMJICPIKH-
BaTh KOHICHTPAIMIO 1UTO307bHOr0 Ca®* Ha yme-
PEHHO TIOBBIIIEHHOM YpPOBHE W M30eraTh amornTo-
3a. B pabote ¢ ucnonb3oBanuem 3ou1a Indo-1AM
OIIEHEHBI OTHOCHTEJbHBIC BenuuyuHbl Ca?*-myna
SHJIOMIA3MaTHYECKOTO PETHUKYIyMa U EMKOCTHO-
ro Bxoga Ca?* B JeHKEMHYECKUX KJIETKaX JHKO-
ro tuna (L1210) u pe3aucTeHTHBIX K IUCIIATHHY
(L1210R) B xoHTpone, MpU JAEHCTBUU IUCILIATHU-
Ha (1 mxr/mi) uin dorososdyxaennoro C. o (10°
M) otmenbHO, min B kKomOmHaIuu. [lokazaHo, 4To
BenuunHa SOCE B pe3uCTEHTHBIX K IUCILIATH-
Hy kyeTkax L1210R Oblma HuKe, yeM B KJETKax
L1210. Ilpu neiicTBuM NHCILUIATHHA BEIMYNHA Tall-
curaprut (TG)-uyBctBuTensHOr0 Ca?'-mymaa DITP
B kieTkax L1210 cauxkanacek 0e3 ycusenus SOCE,
torga kak B kierkax LI1210R He ObLIO OTMEYEHO
n3MeHeHnil. POTOBO30YMKCHUE aKKyMYJIHPOBAH-
Horo (ynnepena C,) B BUIMMOM JIMANa3oHe CIIEK-
Tpa (410-700 um) mpuBogmio K ycuieHuto SOCE
HE TOJIBKO B YyBCTBUTEIBHBIX, HO U B PE3UCTCHT-
HBIX K IUCTUIATUHY KieTkax. [Ipu peiictBun ¢oto-
B030ykeHHOrO (ymnepena C,) B PE3UCTEHTHBIX
L1210R xneTkax HaOII01AIOCH BIIMSIHUE IIUCIIIATH-
Ha Ha Ca? romeocras: Bestmunna SOCE Bospocrana
Oonpliie, YeM TpH JIEHCTBHH TOJHKO (HOTOBO30Y-
xenoro C,,. IlonmydyeHHble NaHHBIE YKa3bIBAIOT Ha
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nerctue (poToBo30ymKenHoro C.; He TONBKO Ha
Ca?*-peryssiITOpHy IO CHCTEMY, HO U Ha KOMITOHEHTHI
CHUCTEM, KOHTPOJIMPYIOLIUX MOCTYIJICHHE IIHCIIIa-
THHA B PE3UCTEHTHBIX K Mpenapary 3JI0KauecTBeH-
HO TpaHC(HOPMUPOBAHHBIX KICTKAX.

Knrouesrie cnoBa: xaaenui, SOCE,
JeHKeMHUYeCKHe KIETKH, PE3UCTEHTHOCTh K
uucmatuny, gpyanepen C,.
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