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The in-vitro antiproliferative effect of PRI-2191

and imatinib applied in combined treatment with

cisplatin, idarubicin, or docetaxel on human leukemia cells
Marta Switalska® Anna Nasulewicz-Goldeman?, Aleksandra Opolska®,
Magdalena Maciejewska?, Andrzej Kutner® and Joanna Wietrzyk?

Imatinib mesylate (Gleevec, STI571) is a specific inhibitor
of the Bcer/Abl fusion tyrosine kinase that exhibits potent
antileukemic effects in chronic myelogenous leukemia.
Bcr/Abl-positive K562 and Bcr/Abl-negative HL-60 human
leukemia cells were used to investigate the effect of PRI-
2191, a calcitriol analog, on the biological effects of
imatinib combined with other anticancer drugs.

The results show that PRI-2191 enhances the
antiproliferative effect of imatinib on HL-60 cells. When
these two agents together are applied with either
docetaxel or cisplatin, but not with idarubicin, the
antiproliferative effect could still be enhanced. Moreover,
when the interaction between the chemotherapy agents
was antagonistic or additive, PRI-2191 could even shift it to
synergism. This effect correlated with an accumulation of
HL-60 cells in the GO/G1 phase of the cell cycle and a
decrease in the percentage of cells in the G2/M and S
stage in the ternary combinations used. PRI-2191 did not
influence apoptosis induced by imatinib alone or in ternary

Introduction

Imatinib mesylate (STI571) selectively inhibits Ber/Abl,
platelet derived growth factor receptor (PDGFR), and
c-Kit kinase activity. It has significant and rapid antileu-
kemic activity against chronic myelogenous leukemia and
Philadelphia-positive (Ph™) acute lymphoblastic leuke-
mia. However, refractoriness and early relapse have been
reported frequently, particularly in patients with advanced
disease [1]. Several mechanisms of refractoriness and
relapse have been reported, including point mutations
within the Abl kinase domain, Ber-Ab/ gene amplification,
Ber-Abl mRNA overexpression, and increased drug efflux
through the P-glycoprotein-mediated process, all of which
lead to reactivation of the Ber-Abl kinase [2-8]. These
findings suggest that therapeutic agents that can augment
the anti-Ph™ leukemia activity of imatinib mesylate may
be mandatory to overcome resistance and relapse. To
improve response rates and prolong survival, a number of
preclinical and clinical evaluations of combinations of
imatinib mesylate and other commonly used antileukemic
agents have been investigated [9-11].

Ras signaling pathways are frequently overactive in Ph™
leukemia. As a result of Bcer-Abl or c-Kit activation,
proteins of the Ras/Erk and phosphoinositide-3 kinase
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combinations with all the chemotherapy agents used.
These results may suggest that the stronger
antiproliferative effect of the combined treatment with PRI-
2191 on HL-60 cells is related to cell cycle arrest rather
than to the induction of apoptosis. Anti-Cancer Drugs
23:70-80 © 2011 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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pathways are subsequently activated. Therefore, target-
ing one of the Ber-Abl or c-Kit downstream signaling
proteins essential for leukemogenesis, in addition to Ber-
Abl or c-Kit itself, was intriguing. Several lines of
evidence have implicated Ras/mitogen-activated protein
kinase (MAPK) signaling pathway as an important mole-
cular target [12,13].

The active hormonal form of vitamin D; [calcitriol, 1,25-
(OH),D3] reveals antitumor activity both  wvitro and
i vivo [14-=17]. As has been shown, calcitriol is involved
in regulating the proliferation and differentiation of a
variety of normal and cancer cells [14,15,18,19]. This
effect is mediated mainly by the interaction of calcitriol
with an intracellular receptor protein [vitamin D receptor
(VDR)] [20]. Several mechanisms have been implicated
in calcitriol’s arrest of the cell cycle at the GO0/G1
transition, including a reduction of ¢-myc expression or
activation of the cyclin-dependent kinase inhibitor
p21 [21,22]. Recent advances show the role of calcitriol,
as well as deltanoids such as tacalcitol (PRI-2191) in cell
differentiation. It is manifested in the principal MAPK
pathways, their potential downstream target CCAAT/
enhancer binding protein B; cell cycle-related proteins;
and cyclin-dependent kinase 5 [23-27].
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Numerous vitamin D3 analogs have been synthesized in
recent years to obtain compounds with favorable biolo-
gical and therapeutic profiles [28-35]. In our group, a
series of vitamin D, analogs with a highly unsaturated
side chain and a series of vitamin Dj analogs with an
additional one or two hydroxyl groups in the side chain,
as well as geometric and diastereomeric analogs of
calcipotriol, were examined for their antiproliferative
activity /z vitro against various human normal and cancer
cell lines. On the basis of our studies, we selected a
more potent and less toxic analog of vitamin Dj,
coded PRI-2191 ((24R)-1,24-dihydroxyvitamin D3, tacal-
citol) [16,31,32,36-39].

In this study, we examined the cytotoxic effects of
imatinib mesylate in combination with PRI-2191 and/or
other anticancer agents [cisplatin (CIS), docetaxel (DC),
or idarubicin (ID)] in human leukemia cell lines, which
are VDR and c-kit (HL.-60) or Ber/Abl (K562) positive.
Moreover, the effects of these combinations on apoptosis
and cell-cycle distribution are presented.

Materials and methods

Cells

The in-vitro-cultured human promyelocytic leukemia
HL-60 and erythroleukemia K562 cell lines were pur-
chased from American Type Culture Collection (ATCC,
USA). Cells were maintained in RPMI-1640 GLUTAMAX
(Gibco, Paisley, UK) medium containing 1.0 mmol/l
of sodium pyruvate, 4.5g/l of glucose (both from
Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
and 100 U/ml of penicillin and 100 pg/ml of streptomycin
(both from Polfa Tarchomin S.A., Warsaw, Poland),
supplemented with 10% fetal bovine serum (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany). Cells
were maintained under standard cell culture conditions
(humidified atmosphere and 5% CO, at 37°C).

Compounds

The calcitriol side-chain-modified analog PRI-2191
(tacalcitol, Fig. 1) was a certified synthetic material
provided by the manufacturer (Pharmaceutical Research
Institute, Warsaw, Poland). Samples of the compounds
were stored in amber ampoules in argon at —20°C. Before
use, the compounds were dissolved in absolute ethanol to
a concentration of 0.1 mmol/l and subsequently diluted in
the culture medium to reach the required concentrations.
The anticancer drugs were as follows: CIS, obtained from
KZF Polfa, Krakow, Poland; DC from Sigma, Milan, Italy;
and imanitib mesylate (GV) and ID, both from the
Pharmaceutical Research Institute, Warsaw, Poland.

In-vitro antiproliferative assay

Cells were placed in 96-well flat-bottom plates (Sarstedt,
Inc., Newton, North Carolina, USA) at a density of
5% 10 cells per well, 24 h before addition of the tested
compounds. Cells were exposed for 96h to various
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Fig. 1
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The structural formula of (24R)-1,24-dihydroxycholecalciferol (PRI-
2191, tacalcitol).

concentrations (1, 10, and 100 nmol/l for K562; and 1
and 10nmol/l for HL-60 cells) of PRI-2191 and
simultaneously to various concentrations of GV (10,
100, 1000, and 10000 ng/ml) and other agents (DC:
0.01, 0.1, and 1 ng/ml; ID: 0.001, 0.1, 1, and 10 ng/ml; and
CIS: 1, 10, 100, and 1000 ng/ml). The MTT assay for
evaluating the antiproliferative effect was performed as
described previously [32].

Results were calculated as ICsy values (inhibitory
concentration 50%) — that is, the dose of the tested
compound that inhibits the proliferation of cancer cells
by 50%. 1Csq values were calculated for each experiment
separately and the mean values * standard deviation are
presented in Tables 1-4. Each compound at a given
concentration was tested in triplicate in a given experi-
ment; each experiment was repeated 3-5 times. Ethanol,
which was used as a solvent (in the dilution correspond-
ing to its highest concentration applied to the tested
compounds), did not exert any inhibitory effect on cell
proliferation (P > 0.05).

Evaluation of combination effects

The cytotoxic effects obtained from the different
combinations of vitamin D analogs with the chemother-
apeutic agents were analyzed according to the method of
Chou and Talalay [40,41]. The interaction between two
agents (mutually nonexclusive) was assessed by means of
the combination index (CI) calculated for the ICs values
from in-vitro experiments:

Clayp=(Dajass/Da)+(Dp/asp/Ds)
+(Da/a+s % Dp/ass)/DaDs

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



72 Anti-Cancer Drugs 2012, Vol 23 No 1

Table 1 The antiproliferative effect of PRI-2191 combined with GV
alone or applied with either DC, CIS, or ID on human HL-60 cells

Table 4 The antiproliferative effect of DC, CIS, or ID combined with
PRI-2191 against human K562 cells

10 (nmol/l) 1 (nmol/l) 0

PRI-2191

imatinib ICs0 (ug/ml)  CI*  ICsp (ng/ml) CI*  ICso (ug/ml) CP

Combined treatment with (ug/ml):

- 3.7+20 0.774 25%1.7 0517 4.8%3.0 -
DC
0.001 1.3+0.2 0.669 4.0%x0.1 1407 3.1%£03 1.169
0.0001 25+15 0566 59+15 1285 48+13 1.054
0.00001 2.0+0.2 0414 45+08 0944 41%05 0.849
CIS
0.1 1.4+£03 0824 26%+14 1.182 38%+05 1528
0.01 39+21 0874 25+15 0589 5.0*x18 1.111
0.001 41+36 0856 3.0x1.0 0622 38+03 0.784
ID
0.001 23+16 1389 34+19 1762 33%0.7 1.732
0.0001 556+1.7 1263 44+22 1.030 55+15 1.281
0.00001 2.6*+1.1 0539 45+11 0937 48%14 0.998

ICs0 value for PRI-2191 alone=6.7 £ 1.1 nmol/I.

Cl, combination index; CIS, cisplatin; DC, docetaxel; GV, imanitib mesylate; ID,
idarubicin.

8Calculated for GV combined with the given anticancer agent with or without
PRI-2191.

Table 2 The antiproliferative effect of DC, CIS, or ID combined with
PRI-2191 against human HL-60 cells

10 (nmol/l) 1 (nmol/l) 0
PRI-2191 ICso cP ICso crP ICso
DC (ng/ml) 2.0+0.8 0.625 3.0+0.2 0.955 3.1+0.1
CIS (ug/ml) 0.16 £0.05 0.667 0.26 £0.05 1.083 0.24+0.04
ID (ng/ml) 0.20+0.50 0.120 0.28+0.19 0.169 1.66+0.54

ICs0 value for PRI-2191 alone=6.7 £ 1.1 nmol/I.

Cl, combination index; CIS, cisplatin; DC, docetaxel; ID, idarubicin.

#Calculated for the anticancer agent combined with the given concentration of
PRI-2191.

Table 3 The antiproliferative effect of PRI-2191 combined with GV
alone or applied with either DC, CIS, or ID on K562 cells

100 (nmol/l) 10 (nmol/l) 0

PRI-2191

Imatinib 2

ICso (ug/ml)  CI*  ICs0 (ug/ml)  Cl ICso (ug/ml)  CIF

Combined treatment with (ng/ml):
- 0.31+0.05 -
DC

0.001 0.19+0.14 231

0.40+0.05 - 0.36+0.11 -

0.20£0.09 2.38 0.31+0.04 3.15

0.0001 0.36+0.04 151 0.31+0.10 1.31 0.30%0.08 1.27
CIS

1.0 0.15+£0.05 132 0.12+0.09 1.18 0.08+0.06 0.99

0.1 0.37%+0.15 1.22 0.29%0.14 097 0.24%0.11 0.81

0.01 0.43+0.06 1.28 0.33+0.12 098 0.27+0.09 0.81
ID

0.01 0.12+0.01 1.16 0.03+0.02 0.76 0.05+0.04 0.85

0.001 0.28+0.06 0.89
0.0001 0.31+0.08 0.87

0.32+0.05 1.0
0.30+0.16 0.85

0.30+0.11 0.95
0.35+0.05 0.98

ICs0 value for PRI-2191 alone — above 1000 nmol/l.

Cl, combination index; CIS,cisplatin; DC, docetaxel; GV, imanitib mesylate; ID,
idarubicin.

@Calculated for GV combined with the given anticancer agent with or without
PRI-2191.

where Cla,p is the CI for the experimentally achieved
effect F (ICsq) for the combination of compound A (the
given chemotherapy agents) and compound B (calcitriol

100 (nmol/l) 10 (nmol/l) 0
PRI-2191 ICso AW? ICso AW? ICs0
DC (ug/ml) 0.0019+£0.0009 0.5 0.0012+0.0007 0.9 0.001+0.0009
CIS (ug/ml) 2.1+0.9 0.8 1.61+0.3 1.0 1.6+0.5
ID (ng/ml)  0.0068+0.0052 2.4 0.0052+0.0017 3.1 0.016+0.013

ICs0 value for PRI-2191 — above 1000 nmol/I; CIS, cisplatin; DC, docetaxel; ID,
idarubicin.
#AW, ICso for anticancer agent alone/ICso for the anticancer agent with
PRI-2191 calculated for the anticancer agent combined with the given dose of
PRI-2191.

analog); Da/a+p is the concentration of compound A in
the combination A+B giving the effect F; Dg/a +p is the
concentration of compound B in the combination A+B
giving the effect F; Dy is the concentration of compound
A alone giving the effect F; Dy is the concentration of
compound B alone giving the effect E

A CI less than 0.8 indicates synergism, CI more than 1.2
indicates antagonism, and CI=0.8-1.2 indicates an
additive effect.

Cell-cycle analysis

The cultured HL-60 cells were seeded at a density of
1 x 10° cells/ml in the culture medium in 24-well plates
(Sarstedt, Germany) at a final volume of 2 ml. After 24 h
of incubation, the cells were exposed to PRI-2191 at
10 nmol/l, GV 1 pg/ml, DC 0.01 ng/ml, CIS 0.05 pg/ml, or
ID 0.1 ng/ml, either alone or in combinations, for 24, 48,
72, or 96 h. Ethanol itself (the solvent for the compounds
tested), at a dilution corresponding to its highest
concentration used for the compounds, produced no
toxicity to any of the cell types studied. After 24, 48, 72,
and 96 h of incubation, the cells were collected, washed in
phosphate-buffered saline (PBS), and counted in a
hemacytometer. The cells (1 x 10°) were washed twice
in cold PBS and fixed for 24h in 70% ethanol at —20°C.
Thereafter, the cells were washed twice in PBS and
incubated with RNAse (8 pg/ml, Fermentas, Germany) at
37°C for 1h. Afterwards, they were stained for 30 min.
with propidium iodide (PI) (50pg/ml, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) at 4°C, and cellular
DNA content was determined using the Cell Quest
program (Becton Dickinson, San Jose, California, USA).

Apoptosis determination by annexin V staining

Cultured HL-60 cells were seeded at a density of
5x 10*cells/ml in culture medium on 24-well plates
(Sarstedt, Germany) at a final volume of 2 ml. After 24 h
of incubation, the cells were exposed to PRI-2191 at
10 nmol/l, GV 4 pg/ml, CIS 0.5 pg/ml, ID 2 ng/ml, or DC
2 ng/ml, either alone or in combinations, for 48 or 96 h.
Ethanol itself (the solvent for the compounds tested), at
a dilution corresponding to its highest concentration used
for the compounds, produced no toxicity to any of the cell
types studied. After 48 and 96 h of incubation, the cells
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were collected, washed in PBS, and counted in a
hemacytometer. The cells (1 x 106) were washed twice
with PBS. FITC-annexin V (Alexis Biochemicals, San
Diego, California, USA) was diluted at a concentration of
1 mg/ml in binding buffer (Hepes buffer: 10 mmol/l
HEPES/NaOH, pH 7.4, 150 mmol/l NaCl, 5mmol/l
KCl, 1 mmol/l MgCl,, 1.8 mmol/l CaCl,), and the cells
were suspended in 1 ml of this solution (prepared freshly
each time). After 10 min of incubation in the dark at room
temperature, 0.1 ml of PI solution (10 mg/ml) was added
before analysis to yield a final concentration of 1 mg/ml.
Data analysis was carried out by flow cytometry using the
CellQuest program for data acquisition. The data were
displayed as a two-color dot plot with FI'TC-annexin V
(FL1-H, Y-axis) versus PI (FL3-H, X-axis). Double-
negative cells were live cells, PI*/annexin V™'~ necrotic
cells, PI weak/annexin V* apoptotic cells, and P17/
annexin V' early apoptotic cells.

Statistical evaluation

Statistical analysis was carried out using STATISTICA
version 7.1 (StatSoft Inc., USA). The Mann-Whitney U
test and one-way ANOVA, followed by the Fisher least
significant difference test, were applied. A P value less
than 0.05 was considered significant.

Results

The influence of PRI-2191 combined with imatinib and
chemotherapy agents on HL-60 and K562 cell
proliferation

Tables 1 and 2 present the ICsq values (the dose of tested
agent that results in 50% inhibition of proliferation of
cancer cells) and the CI for imatinib (GV) used alone or
in combination with tacalcitol (PRI-2191) and/or DC,
CIS, or ID. The cells were exposed to PRI-2191 (in doses
of 1, 10, or 100 nmol/l) and simultaneously to different
doses of imatinib and/or chemotherapy drugs.

Potentiation of the antiproliferative effect of GV by PRI-
2191, analyzed by the Chou and Talalay method [41], was
observed in the HL-60 cell line. Synergy was shown in
almost all the combinations tested in the HL.-60 cell line
when PRI-2191 at a concentration of 10 nmol/l was used
(Table 1). The interactions between GV and DC were
additive, but when a third compound, namely PRI-2191,
at a dose of 10nmol/l, was added, these interactions
shifted to synergism (Table 1). A similar effect was shown
in combination with CIS; the interactions of GV with CIS
at doses of 0.1 and 0.01 ug/ml were antagonistic and
additive, respectively. This changed after incubation with
1 or 10 nmol/l of PRI-2191 and shifted to an additive or
even synergistic interaction. In the case of GV in
combined treatment with CIS at a dose of 0.001 pg/ml,
PRI-2191 did not affect the interactions between these
two compounds. GV combined with ID interacted
additively (0.00001 pg/ml of ID) or antagonistically (at
two other doses). PRI-2191 at a dose of 10nmol/l
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significantly affected only the additive interaction
observed in the combination of GV with 0.00001 pg/ml
of ID; the observed effect of the triple combination was
synergistic (Table 1). The interactions of PRI-2191 with
the chemotherapy agents used on the HL-60 cell line
were synergistic or additive, depending on the dose of
PRI-2191 (Table 2).

In the K562 cell line, no influence on the antiproliferative
effect of GV by PRI-2191 was observed when analyzed by
the Chou and Talalay method (Table 3). The interactions
between GV and DC were either antagonistic or additive,
and when a third compound, namely PRI-2191, was
added these interactions did not change (Table 3). The
interactions of GV with CIS were additive. This changed
after incubation with 10 or 100 nmol/l of PRI-2191 and
even became antagonistic (Table 3). GV combined with
ID interacted in an additive manner. PRI-2191 in both
doses did not influence these interactions significantly
(Table 3). No interactions of PRI-2191 with CIS or DC
on the K562 cell line were observed. In the case of ID,
potentiation of the antiproliferative effect of this antic-
ancer agent by PRI-2191 was observed. This interaction
was estimated by a simple comparison of ICsq values for
the chemotherapy agent alone and for the agent used in
combination with PRI-2191 (Table 4). Chou and Talalay’s
method could not be used because of the low anti-
proliferative activity of PRI-2191 alone (inhibition of
proliferation lower than 50%).

For the following investigations, the concentrations of
agents in various combinations were chosen on the basis
of the ICs, value of each agent (Tables 1 and 2) and on
the basis of proliferation curves (not shown in the
manuscript). In the case of cell-cycle analysis to show
the influence of tested agents on cell-cycle progression
we chose the doses that do not induce cell death (10% or
lower percentage of cell death). In contrast, to show the
influence of tested combinations of agents on apoptosis,
the doses similar to ICsy were used.

The effect of PRI-2191 and/or GV on the chemotherapy
agent-induced cell-cycle distribution of HL-60 cells

The results of DNA analysis in FACS (WinMDI 2.8
program) are summarized in Fig. 2. The data are for 24,
48, 72, and 96h of incubation with the compounds
tested. Figure 2a presents an analysis of the cell-cycle
distribution when a combination with DC was applied.
After 24 h of incubation, statistically significant decreases
in the percentage of HL-60 cells in GO/G1 stage, in the
majority of protocols used, were observed. When the
incubation time was prolonged to 72 or 96 h, all the cells
in groups incubated with PRI-2191 accumulated in the
GO0/G1 phase of the cell cycle. When exposed to PRI-2191
alone or with almost all combinations, a parallel
progressive decrease was observed in the percentages of
HL-60 cells in the S phase. In contrast, in almost all
protocols without PRI-2191, a tendency to increase the
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percentage of cells in this stage was observed. PRI-2191
or GV used alone significantly decreased the percentage
of cells in the G2/M phase starting from 48h of
observation. An analogous effect was observed when all
types of combinations with these two compounds were
used. DC alone showed a tendency to increase the
proportion of cells in the G2/M stage after 72h of
incubation, and DC+GV had no effect on the percentage
of cells in the G2/M phase over the time of examination
when compared with the control group (Fig. 2a).

Figure 2b shows an analysis of the cell-cycle distribution
for the combinations with CIS. After 24 h of incubation,
statistically significant decreases in the percentage of
HL-60 cells in GO/G1 stage, in all the protocols used,
were observed. Parallel increases in the accumulation of
HL-60 cells in G2/M stage were observed when CIS was
used alone or combined with GV or in a triple
combination with PRI-2191. A similar effect, but not
statistically significant, as in the G2/M stage was observed
in stage S after this period of incubation. When the
incubation time was prolonged to 48 h, the percentage of
all cells in the G2/M stage decreased in the groups
incubated with PRI-2191 and/or GV. GV alone increased
the percentage of cells in the S phase; however, in
combination with CIS (as for CIS alone), a decrease in
the percentage of cells in the GO/G1 phase was observed.
After 72 and 96 h of exposure to PRI-2191 alone or in all
combinations with this agent, cells accumulated in the
GO0/G1 phase of the cell cycle and decreased in S stage.
In all protocols without PRI-2191, a tendency to decrease
the percentage of cells in GO/G1 stage and increase in S
stage was observed. Changes in the G2/M stage were also
observed after 72 or 96 h of incubation. PRI-2191 or GV,
used alone or in combination, decreased the percentage
of cells in the G2/M phase. CIS alone or in combination
with GV increased the percentage of cells in G2/M stage
after 72 h of incubation. This effect was diminished after
96h of incubation. After this period, exposure to all
combinations with PRI-2191 resulted in a decrease in G2/
M stage (Fig. 2b).

Figure 2c presents an analysis of the cell-cycle distribution
when combinations with ID were applied. The dose of ID
(0.1 ng/ml) applied in this study was chosen on the basis
of preliminary data. The concentration higher than 0.1 ng/
ml strongly induced apoptosis, whereas lower concentra-
tion did not influence the cell cycle. However, it acted
synergistically on cell proliferation with GV and PRI-2191
in triple combination. After 24 h of incubation, statistically
significant decreases in the percentages of HL-60 cells in
GO0/G1 stage in all the protocols used were observed.
A parallel tendency to increase the accumulation of
HL-60 cells in G2/M stage was observed when 1D was
combined with GV. When the incubation time was
prolonged to 48h, the percentage of all cells in the
groups incubated with PRI-2191 and/or GV decreased in
G2/M stage. GV alone increased the percentage of cells in

the S phase. Significant decreases in G2/M stage were also
observed in combinations of GV with ID or in ternary
combination. After 72 and 96 h of exposure to PRI-2191
alone or in all combinations, cells accumulated in the G0/
G1 phase of the cell cycle but decreased in the S stage. In
all the protocols without PRI-2191, a tendency to
decrease the percentage of cells in GO/G1 stage and
increase in S stage was observed. The changes in G2/M
stage were also observed after 72 or 96 h of incubation. GV
and PRI-2191, used alone or in combination, decreased
the percentage of cells in the G2/M phase (Fig. 2).

The effect of GV and/or PRI-2191 on chemotherapy
agent-induced apoptosis of HL-60 cells

The results of apoptosis analysis after 48 and 96h of
incubation are presented in Fig. 3. After the analysis of
cells by flow cytometry with the use of annexin Vand PI
staining, we selected three domains, that is, viable cells,
necrosis, and apoptosis. The maximal percentage of
necrotic cells did not exceed 20%, and the changes were
parallel to those of apoptotic cells (data not shown). PRI-
2191 or GV were used in doses that did not influence
apoptosis. The chemotherapy agents induced apoptosis in
approximately 15 and 50% of HL-60 cells after 48 and
96h of incubation, respectively. All combinations with
CIS were similar to CIS alone after 48h of incubation.
After 96h of exposure to the tested compounds, an
increase in the percentage of apoptotic cells was observed
when CIS was combined with PRI-2191. However, the
combination of GV with CIS or the triple combination was
less potent in inducing apoptosis in HL.-60 cells (Fig. 3a).

In contrast, when a combination with ID was applied, a
tendency to increase apoptosis was observed in the
ternary combination after 48h of incubation. However,
this tendency reversed after 96 h (Fig. 3c). In contrast,
the combined protocol using DC indicated no differences
in the percentage of apoptotic cells in all combinations
with these chemotherapy agents (Fig. 3a).

In the above-mentioned experiments, GV was used in
doses that inhibit proliferation but do not induce
apoptosis in the schedules and methods we used.
Independent experiments were conducted to demon-
strate the influence of PRI-2191 on GV-induced apopto-
sis. GV used alone induced apoptosis in HL.-60 cells after
48 h of exposure at a dose of 40 pg/ml. The lower dose, i.e.
20 pg/ml, induced apoptosis of HL.-60 cells only after 96 h
of incubation. Apoptosis induced by 20 or 40 pg/ml of GV
did not change after simultaneous incubation with PRI-
2191, nor was a tendency to increase the percentage of
apoptotic cells observed (Fig. 4).

Discussion
There are many results of preclinical and clinical studies
indicating that inhibition of the molecules targeted by

imatinib might improve the efficacy of chemotherapy. An
example is the inhibition of PDGFR, which should

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



improve therapeutic effect by lowering interstitial tumor
pressure and allowing increased tumor penetration by
chemotherapy agents. However, results of the phase 11
clinical trials, in which GV was added to DC in the
treatment of patients with metastatic breast cancer or
with nonsmall-cell lung cancer, showed that such
treatment was tolerated relatively poorly and produced
a low objective response rate [42,43]. Studies by Skorta
et al. [44] showed that GV sensitizes Ber-Abl* cells to
CIS by simultaneous inhibition of p53 transactivation,
induction of p53 accumulation predominantly in the
cytoplasm, and reduction of Bcl-x;. Moreover, the
combination of GV and CIS was reasonably well tolerated
and may provide stabilization in locally advanced and
metastatic adenoid cystic carcinoma of the salivary

Fig. 2
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glands [45]. GV is also synergistic with ID in chronic
myelogenous leukemia in the blast phase and with DC in
human K562 chronic myeloid leukemia cells [46,47]. As
most patients with leukemia will not be cured with
currently available chemotherapy regimens, there is an
ongoing effort to develop new agents to treat this disease.
The example is the phase I study in patients with
relapsed/refractory acute leukemia, in which treatment
with CIS combined with temozolomide was effective and
well tolerated [48].

Our results show that the calcitriol analog PRI-2191
strengthens the antiproliferative activity of GV used alone
or in ternary combination with DC or CIS on the HL-60
cell line. Moreover, PRI-2191 could switch the additive or
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The effect of exposure of HL-60 cells to PRI-2191 applied alone or with imanitib mesylate (GV) and/or an anticancer agent on cell-cycle distribution.
(a) Ternary combination of PRI-2191+GV-+docetaxel (DC); (b) ternary combination of PRI-2191+GV+cisplatin (CIS); (c) ternary combination of PRI-
2191+GV+ID. * indicates statistically significant [P < 0.05; ANOVA, the Fisher least significant difference (LSD) test] differences versus control
(ethanol). ~ indicates statistically significant (P < 0.05. ANOVA, Fisher LSD test) differences versus group treated with GV. The results are
presented as a mean percentage of the cell population qualified to one of the four groups: M1 — cells in the phase GO/G1, M2 — cells in phase the S,
M3 - cells in the phase G2/M, and M4 — apoptotic cells.

antagonistic interactions to synergistic. Interestingly, related to the low activity of PRI-2191 on the prolifera-
the effect of PRI-2191 on the antiproliferative activity tion of the K562 cell line (ICsy higher than 1000 nmol/I)
of GV alone or used in a ternary combination with a (Table 3), even though both cell lines express the
chemotherapy agent against Ber-Abl" K562 cells was VDR [38,49]. The biological activity of vitamin D analogs
not observed. We hypothesize that this phenomenon is  is influenced by the genetic background of the cell lines
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* indicates statistically significant (P < 0.05) differences versus control
(ethanol). ~ indicates statistically significant (P < 0.05) differences
versus group treated with GV. After 24 h of incubation, HL-60 cells
were exposed to PRI-2191 at 10 nmol/l, GV 4 pg/ml, and to the
following doses: (a) Docetaxel (DC) (2 ng/ml), (b) cisplatin (CIS)

(0.5 ug/ml), or (c) Idarubicin (ID) (2 ng/ml) for 48 or 96 h. The data are
displayed as two-color dot plots with FITC-annexin V (FL1-H, y-axis)
versus propidium iodide (PI) (FL3-H, x-axis). Double-negative cells were
live cells (data not shown), PI*/annexin V¥~ necrotic cells, Pl weak/
annexin V* apoptotic cells, and Pl~/annexin V* early apoptotic cells
(data not shown).

used, suggesting the existence of cell-type-specific
factors that can modulate activities. Such factors might
include, for example, the cocktail of transcription factors
present and the concentration of vitamin D metabolizing
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Incubation time (h)

The effect of exposure of HL-60 cells to PRI-2191 applied alone or with
imanitib mesylate (GV) on apoptosis. * indicates statistically significant
(P < 0.05) differences versus control (ethanol). After 24 h of
incubation, HL-60 cells were exposed to PRI-2191 (PRI) at a dose of
10 nmol/l and GV 20 pg/ml (GV20) or 40 pug/ml (GV40) for 48 or 96 h.
The data are displayed as two-color dot plots with FITC-annexin V (FL1-
H, y-axis) versus Pl (FL3-H, x-axis). Double-negative cells were live cells
(data not shown), PI*/annexin V'~ necrotic cells, Pl weak/annexin V*
apoptotic cells, and Pl~/annexin V* early apoptotic cells (data not
shown).

enzymes in cells, such as CYP24, CYP27Al, and
CYP27B1. Human prostate cancer cell line PC3 is an
example where weak sensitivity to the antiproliferative
action of calcitriol is reported as being due to high
expression of calcitriol catabolizing enzyme CYP24 [50].
It is also shown that K562 cells are less sensitive to
proapoptotic action of calcitriol by a mechanism related to
the lack of p53 and presence of Bcr-Abl. Moreover, as
authors suggest ‘it is also possible that Bax and Bcl-2 play
nontraditional roles in apoptosis regulation in these
cells’ [51]. However, further studies are needed to explore
the mechanisms of resistance of the K562 cell line to the
antiproliferative effect of calcitriol and its analogs.

The observed effect on cell proliferation correlated with an
accumulation of HL-60 cells in the G0/G1 cell-cycle phase
and with a decrease in the percentage of cells in the G2/M
and S stages in the triple combinations used. PRI-2191 did
not influence apoptosis induced by GV alone or in ternary
combinations with all the agents used. These results may
suggest that the stronger antiproliferative effect of the
combined treatment with calcitriol is related to cell cycle
arrest rather than to induction of apoptosis. As demon-
strated, calcitriol induces a significant GO/G1 arrest and
increases the expression of p21 and p27, cyclin-dependent
kinase inhibitors [21,22,24,52,53]. It has also been shown
that, in the case of Ber-Abl-positive cells, simultaneous
interruption of two signal transduction pathways (using
the kinase inhibitor GV and pharmacological antagonists of
the mitogen-activated protein/extracellular signal-regu-
lated kinase kinase (MEK)/MAPK) may represent an
effective antileukemic strategy [12]. Calcitriol and its
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analogs are potentially good candidates for such combined
treatment with GV in the light of findings that calcitriol
signaling included perturbations in the MAPK pathways,
especially the Raf/MEK/ERK cascade and the c-Jun-N-
terminal kinase (JNK) cascades [24], which are also
activated downstream after c-Kit or Ber-Abl kinases
activation [12,54]. However, the lack of dose relation in
antiproliferative activity, especially observed when PRI-
2191 was used in combination with GV, caught our
attention (Table 1). Reiterer and Yen [55] using PDGFR
inhibitor AG1296 along with vitamin D3 have shown that
inhibiting PDGFR enhances various features of vitamin
Djs-induced monocytic differentiation, such as inducible
oxidative metabolism. However, other typical properties of
this induced differentiation process were diminished,
including Gy cell cycle arrest. It is possible that a balance
between two different PDGFR inhibitors is necessary to
effectively influence cell proliferation by inducing its
differentiation.

In contrast, it was shown that GV potentiates the
pharmacological activity of retinoic acid (RA) in acute
promyelocytic leukemia cells. The authors observed that
GV enhances the differentiating, antiproliferative, and
proapoptotic activity of RA, which was associated with a
decreased degradation of RARa induced by RA [56]. RA
and calcitriol bind to specific transcription factors, RARs
and VDR. RARs and VDR are members of the steroid/
thyroid hormone nuclear receptor superfamily that,
together with retinoid X receptors, form a subgroup of
structurally homologous proteins with overlapping func-
tions because of their ability to form functional hetero-
dimers [20,57]. It seems possible that GV can also
decrease the degradation of receptors other than RARa
from this superfamily, thus contributing to the increase in
the activity of PRI-2191.

Although potentiation of the antiproliferative activity of
GV by PRI-2191 was demonstrated (Table 1), we could
not exclude the role of interactions between PRI-2191
and the chemotherapy agents used in the observed
synergistic effect of the ternary combinations. It has been
demonstrated that the combination of calcitriol with CIS
in various cancer cell lines acts synergistically to inhibit
cell growth 2 vitro and in vivo [36-39,58-63]. In contrast,
it has been shown that tumor cells in the G1 phase of the
cell cycle, which is the case for cells treated with calcitriol
or its analogs (Figs 2-4), are the most sensitive to the
cytotoxic effect of CIS [59]. It has been revealed that
sensitivity to taxol increases as proliferating cells pro-
gress from early G1 to late G2 phase [59]. Other authors
have proposed that the increased cytotoxicity of combi-
nations of calcitriol with CIS results from CIS’s
enhancement of calcitriol-induced apoptotic signaling
through MEKK-1 [61,64]. Moreover, CIS and doxorubicin
activate JNK. The increase in JNK activity was necessary
for CIS-mediated apoptosis, but it was not needed for

doxorubicin-induced cell death [65]. The activation of
JNK1 pathways induced by calcitriol or its analogs
may contribute to the stimulation of CIS activity in this
way [24,66].

In a previous study, the protective effect of pretreatment
with calcitriol or its side-chain-modified analogs on the
apoptosis of HL-60 cells induced by CIS, doxorubicin,
taxol, and genistein has been described [67]. It seems
that HL-60 cells differentiated by exposure to calcitriol
or its analogs become more resistant to apoptosis [67-70].
In contrast, our previous results also show that the
differentiation of HL-60 cells induced by preexposure to
calcitriol or its analogs does not decrease their sensitivity
to the antiproliferative effects of doxorubicin, CIS, and
genistein [37,39]. In addition, simultaneous incubation of
ID or DC with PRI-2191 did not decrease the sensitivity
of HL.-60 or K562 cells to the antiproliferative activity of
these agents (Tables 2 and 4). Our results on SCC cell
lines are also in accordance with these observations.
Moreover, we have shown on these cell lines a synergistic
effect in the interaction of calcitriol or PRI-2191 with GV.
However, a decrease in GV-induced apoptosis was
observed after exposure of SCC-25 and FaDu cells to
calcitriol or PRI-2191 [64,71].

Further studies are needed to explain the mechanism of
interaction, particularly the synergistic antiproliferative
effects, of GV combined with PRI-2191.
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