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ABSTRACT

Maleimide derivative (ML) (2-(4-Ctbenzyl}3-CH-(Ck-phenylamino)l™ -pyrrole-2,5-dione), an
inhibitor of VEGIR1,2,3h), PCK1, Src(h), Syk(h), and othanmotein kinasesin vivodecreases the number of
colon tumors and monocytes in the blood of rats with colon carcinogenesis. The abovemengimieth
kinases are involved in proliferation, differentiation, and functioningnainocytes. Theien of this study was
to compare the effects on the-837 caused by ML alone and its combination with phorb&P-myristate 13-
acetate (PMA) that induced differentiation. The proliferative activity and viability-88Uwere assessed using
the MTT and trypan blue exclusion assay. The apoptotic, mitotic, and necrotic cells were evaluated in the
cytospin specimens after Pappenheim s staining. The
cytometry. Mil (at 0.008 and 0.016M) in combination with 100 nM PMA reduces the number of cells and
the viability of U-937 (down to 40% an@2%(p<0.0))) as compared to effect of Ml alone and PMA alone
(down to 35% and 40%<0.0)) after 24 and 48 h of treatment, respectivetjyye to inhbition of mitotic
activity by 48%(p=0.003)and stimulation of apoptosigp&0.00) as compared wittMI-1 alone and PMA alone
(p<0.01 p=0.018, respectivelyIn presence of ML, PMA restores the-hase and reduce&/G: and G/M
phases of cells as compea to effect of Mil alone, but @G1 and G/M phases of cells are increased
comparing tountreated U-937. Thus, thenhibiting effect of Mi1 remains durindJ-937 differentiation induced
by PMA, andlI-1is a promising agent with antitumor argroliferative activity.

Keywords: maleimide derivative, phorbel 2-myristate-13-acetate, U937, mitosis, apoptosis, necrosis

*Corresponding author

January -February 2017 RJPBCS 8(1) Page No. 555



ISSN: 0975-8585

INTRODUCTION

The active proliferation of tumor cells is determined byigh activity of signal transaction proteins.
High viability of neoplastic monocytic cells is associated with high activity of receptor VEGFR1,2,3 [1],
cytoplasmic PDK1 [2], Src (h) [S}k(h) [4], and other protein kinases [5]. Maleimide derivative-IVill-(4-C}
benzyl}3-CH-(Ck-phenylamino)l Hpyrrole-2,5-dione)was synthesizeih silicoby the Faculty of Chemistry of
Taras Shevchenko National University of Kagva competitive inhibitor of the ATtiinding site of protein
kinased6]. MI-1 in vitro inhibits VEGR1,2,%h), PDK, FGFR1(h), EGFR(h), ZAP70, Syk(h), Siit), Yes (h), and
other protein kinases (proven by ProQuinase GmbH, Germany) as welloascancer cells (HTL6 and SW
6200) [7] and in vivo decreases the number of colon tumors [8], normalizes the increaseien of
monocytes and platelets in the blood of rats with -HiZnethylhydrazinenduced colon carcinogenesis [9], but
does not affect the blood cells of rats after chronic exposure [10]. Our previous study demonstratédithat
inhibits proliferation ofhuman neoplastic monoblast cells937 via induction of apoptosis and inhibition of
mitotic activity of cellglue to delay at @Gi stage [11]. @Gz arrest by Mil was shown in different neoplastic
epithelial cells [12].

MI-1 inhibits PDK1, whereas thatter regulates the activity of netein kinase C (PKC) [13]. PKC
representa family of serine/threonine protein kinases that directly or indirectly participate in differentiation,
cell cycle regulation, and apoptosis [14]. The same isoenzyme can causé®pgfestsin different cells. For
instance, the activation of Piginduces apoptosis in the acute myeloid leukemia cells, whereas in chronic
lymphocytic leukemia cells it exerts antiapoptotic activity ensuring the survival of cells. The activationiof PKC
hemopoietic cells directs their differentiation into monocytic cells [15] and is necessary for their functioning
[16], which indicates the important role of this protein kinase in the fate of these cells. Since ph@rbol
myristate-13-acetate (PMA) israagonist of PKC [13, 14], induces the differentiation andinhibits proliferation
of neoplastic monoblast 1937 cells [17, 18] similarly to MI[11], which inhibits protein kinases (PDK1, Src(h),
etc.), the aim of this study was to compare the effectsha tombination of MiL and PMA vs. those of Ml
alone on the morphofunctional state of-@B7.

MATERIALS AND METHODS
Cell culture and reagents

U-937 cells were incubated in 96 well platesime sampl e volume of 100 pL wur
(5% C@ 100% humidity, 37°C) in the culture medium RRBUO (Sigma, USA) in the presence of 10% FBS
(Sigma), 2 mM glutamineand 0g / mL gentami cin (Biophar ma, Ukbyai ne) .
Prof.Filonenko VV., the Institute of Molecular Biology and Genetics, the National Academy of Sciences of
Ukraine). M1 at variousconcentrationsand in combination with 100 nM phorbdl2-myristate-13-acetate
(PMA)was added to the cell cultures 00 p L a@ffer 2rh & dficall adaptation with subsequent
incubation for 24 and 48 h.

Cell viability and proliferation assay

The viability of cells was assessed using MTT colorimetric test [19]. Briefly, at the end of the culture
incubation period1 0 p L o-@,5dilethylthja8oi2-yl)-2,5-diphenyltetrazolium bromide, sng/ml) was
added to each well. After 4 h of incubation with MTT and subsequent centrifugation of the plate at 1000 g for
20 min, the medi um was r e moaddedto eathOn@lutd dissolve tizNbB@zarf Si g ma
crystals and the optical density was measured at the wavelength of 540 nm.

The number of live and dead cells was calculated in hemocytometer with 0.1% trypan blue exclusion
assay.

Quantitative analysis of apoptotic, mitotic, and necrotic cells
The percentage of 4937 cells at the apoptotic, mitotic or necrotic stages was calculated per 1,000

cells wusing the <cytospin prepared specimens stained
specimensvere exanined using the light microscope (OlympusBX Olympus Europe GmbH, Japan) at the
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magnification2 1000, andcolor micrographs were taken by Olympus@0 Zoom (Olympus Europe GmbH,
Japan) digital camera the magnificatior? 400.

Cell cycle distribution

The poportions of cells in different phases of the cell cycle were measured by flow cytometry with an
argon | aser (excitation = 488 um, emi ssion = 585/ 40
staining. The samples were analyzed using ModTF&.Q (BDIS, USA) software.

Statistical analysis

The viability of cells was assessed using the curve estimation, quadratic regression model using SPSS
16.0 for Windows. The number of cells (viable, dead, apoptotic, mitotic, and necrotic ones) wadlyorma
distributed according to Shapi@/ilk test result p>0.05. The results were statistically processed using Student
t-test for comparison of ML and M}l in combination with PMA. For comparison of-Mh combination with
PMA and PMA, ANOWdéllowed by the posthoc Hochbergtest for number of live and dead cells, assuming
homogeneity of variances, and DunnettT3 &poptotic, mitotic or necroticells, not assumingomogeneity
of variances, wassed. A p<0.05 was considered significant. Experimeesllts are presented in Mean £SD
format.

RESULTS
Influence of MI-1in combination with PMA on the U-937 proliferation and viability

MI-1 modifies the proliferative activity of-937 resulting in 50% reduction of cell viability and growth at
0.016 mM afte 24 h (Fig. 1A) and at 0.008 mM after M&Fig. 1B) of treatment (MTT test result). The
antiproliferative activity of MAL in combination with 100 nM PMA remains (A, 1D). PMA reduces cell
proliferation and induces differentiation.

After 24h treatment, 0.008 mMMi1 in combination with 100 nM PMA reduce the proliferation of U
937, whichis confirmed by the decreased number of live cells (00678 10°/ml) (Fig.2A), and cell viability
(MTTtest result, Fig. 2B) by 40% compared to treatin§37F with corresponding concentration of Ml alone
(1.1 0.14 10°/ml, p=0.002) and by 22% (p=0.064) compared to effect of PMA alone® @188 105ml). The
double concentration of ML (0.016 mM)and PMA (100 nM) reduces the proliferation at the same level. The
number of live cells (0.3®.12 10%/ml) and viability are decreased by 40% vs:-IMdlone (0.950.13 10°/ml,
p=0.001) and by 35% (p=0.004) vs. PMA alone. The number of dead cells did not differ across the indicated
groups (0.080.032 10°/ml after treatment with 0.008mM MI-1+PMA,0.08° 0.028 10°/ml - 0.008 mM M#1,
0.070.05 105ml - PMA, 0.120.032 10°ml - 0.016 mM Mi1+PMA 0.0 0.033 10°/ml - 0.016 mM Mi1,
p2z 0.1, respectively) (FigC).
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Fig 1 The viability ofU-937 treated with Mi1 at the increasing concentraticemd in combination with
100 nM PMA for 24 and 48 h (MTT test assayadratic regression model(A) U937+MI-1, 24 h;
(B)U-937+MI-1, 48 h;(C) U937+ MI-1+PMA, 24 h; (DY-937+MI-1+PMA, 48 h; percent of control; the
data represent the mean of at least4 independent fepled experiments.

The extension of treatment witl®.008 mM Mil and PMAup to 48 hreduces the proliferation. The
number of cells decreasésy 62% (0.570.13 10°/ml) (Fig. 2A) and the viabilityby 56% (Fig. 2B) as compared
to effect of ML alone (150°0.25%10f/ml, p<0.001) and by 40% as compared to PMA alone
(0.950.13 10°/ml, p<0.001). However, &.016mM MI-1 and PMA, the number of cells is higher (0.3®89,
p<0.028) as compared to Ml alone (0.200.0% 10°ml), although it remains significanthpwer (by 86%) as
compared to untreated control (2.8®.18 10%/ml) (Fig. 2A), and decreased by 62% (p<0.001) as compared to
PMA alone. The number of dead callses not differ between effects of 0.008 mM MI+PMA, 0.60@ Ml
and PMA along0.08 0.04 10°/ml, 0.1220.04 10°/ml, 0.1¢°0.06 10%ml, p=0.1, respectively) (FigC), but
increased in case of action 6016 mM+PMA(0.32 0.0% 10°/ml, p=0.007) as compared to effect of PMA
(0.1 0.0& 10°/ml) and does not differ in case 6016mM MI (0.27 0.08 10°/ml).
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Fig 2 The proliferative activity and viability €937 treated with Mi1 at the concentration 00.008 and
0.016 mM in combination with 100 nM PMA in comparison with -Mlalone at the corresponding
concentration and PMA alone for 24 and 48(A) The number of live)-937 {rypan blue exclusiorest); (B)
viability of U-937 (MTT- test result); (C) number of deddi937 (trypan blue positive cells); the data represent
the mean of at least 4 independent replicated experiments; *p<0.05, ** p<0*01 p<0.001 MI+PMA
compared with MI1 alone at the corresponding concentratiotrtést); ##p<0.01, ### p<0.001 MI+PMA
compared with PMAHochberg test

Influence of MI-1in combination with PMA on the cell cycle of U-937

The assessment of the cell yof U937, treated with M1 at both concentrations in combination with
PMA for 48 h, demonstrated the restoration of thep®ase of the cell cycle (30875 . 4 4 %, p=0. 0 3:
35. 57 3. 86 With the =dhsequénB jeduction oproliferative rest cells inG/G1 (62.29+4.98%,
p=0.035; 60. 86HPB3A)Gnd i proliferattveGOMprHases (7. 64x0. 46 %, p=0.0
p <0. QF.3B) ascompared toU-937 treated with MI-1 in the relevant concentration (14.74+6.43%,
15.70+3.49%; 76.41+6.0176.35+3.67%; 8.85+0.42%, 7.86+0.32%, respectively)esheration of $hase of
cells, probably, prolongd-937 lifetime, which is confirmed by a higher number of cells after 48 h of treatment
with 0.016 mM Mi1 and PMA as compared to Mlalone (Fig. 2AAt the same time, the number ofJ-937
increases in €G1phase and decreases ifp8ase after the treatment with ML in combination with PMA and
MI-1 alone comparing tantreated U937 (38.553.05%, 56.47+3.30% respectiydlyig.3A). Percent of {937
cells in @G1and S phases is not different after the treatment with-Mat both concentration in combination
with PMA and PMA alone (61.94+3.10%, p=0.999, p=0.969; 37.47+3.06%, p=0.281, p=0.874 respectively), but
increases in&/M phase (PMA- 0.59+0.06%, p=0.003, p=0.002). As the combined action ofi Mhd PMA
decreases the number of viable937 cells (Fig. 2A), regardless of the restoration 0dn8 G/M phases of
cells, the studies of the morphofunctional state of cells were conducted.
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Fig 3 The ell cycle distribution of 1937 treated with MI-1 at the concentration 00.008 and 0.016 mM
in combination with 100 nM PMA in comparison with-M&lone at the corresponding concentration and PMA
alone for 24 and 48 h. (A)Percentd®37 in G/G1and S phases; (Bgrcent ofU-937 in G/M phase;the data
represent the mean of 3 independent replicated experiments (n=3);* p<0.05, ** p<0.0pp<®*001 MI+PMA

compared with Mi1 alone at the corresponding concentratiotést); ##p<0.01 MI+PMA compared with
PMA DunnetT3 test

Influence of MI-1in combination with PMA on apoptosis, mitosis and necrosis of U-937

The 24h treatment of U937 with the combination of ML at the concentration 00.008 mM and PMA
does not change the number of apoptotic cells (2£3Y.32%) in comparison with Ml alone (327+0.95%,
p=0.293) and PMA alone (2.03+£0.31%, p=0.2BR).4A, 5A), whereas at the concentratioaf 0.016 mM in
combination with PMA the above mentioned number increases (17.17+2.52%) compared with Mi
(10.40+2.03%, p=0.022) and PMA (2.03+0.31%, p8Y(Big.4A, 5E, 5F). Apoptotic937 cells are presented
in the photomicrographs (Fi§a). The rise of apoptotic cells is accompanied by the reduction in the number of
mitotic cells by 20% at 0.008 mM {iwith PMA (1.90+0.10%) and by 40% at the 0100 MI-1 with PMA
(1.60+£0.10%) as compared to Ul alone at the corresponding concentration (2.40+0.36%, p=0.082;

2.70£0.26%, p=0.003 respectively) and PMA (2.50+£0.10%, p=0.005, p=0.001 respectively) after 24 h of
exposure(Fig. 4B, 5b)
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Fig 4 The content of D37 cells in apoptosis and mitogigated with MI-1 at the concentrations of
0.008 and 0.016 mhNh combination with 100 nM PMA and Mlaloneat the corresponding concentration and
PMA alonéor 24 and 48 h(A)apoptotic cells, (B) mitotic cellthe data represent the mean of 3 independent
replicated experiments (n=3);* p<0.05; ** p<0.01 MI+PMA compared withl Mlone at the corresponding
concentration (ttest); #p<0.05, ##<0.01 MI+PMA compared with PMBUnnetT3 test
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Fig 5 Photomicrographs of cytospin specimenisU-937 cells after 24 and 48 h of treatment with 14|
at the 0.008 and 0.016 mMn combination with 100 nM PMA and Ml alone at the corresponding
concentration and PMA alone Pappenheim staining?400; @)U-937, 24 h; B)U-937+PMA, 24 h;
(C)U-937+0008 mM MI1+PMA 24 h; (D)U-937+0.008 mM ML, 24 h; (EJ-937+0.016mM MI-1+PMA 24 h;
(F)U-937+0.016mM ML, 24 h; (GU-937, 48 h; il) U-937+PMA, 24 h; (J-937+0.008 mM ML+PMA 48 h;
(J) U-937+0.008nM MI-1, 48 h; (R)U-937+0.016 mM MIL+PMA,48 h; (L)U-937+0.016nM MI-1, 48 h;
(a)apoptosis, (b) mitosis, (c) necrosis

The extension of the 1937 exposure to ML at both concentrations and in combination with PMA for
48 h results in 3and 2fold increase in the number of apoptotic cells (10.128%, 10.73+0.64% respectively)
comparing to Mi1 at the corresponding concentration (3.33+0.25%, p<0.001; 5.47+0.76%, p=0.001
respectively) and $old as compared to PMA (2.00+0.53%001)(Fig. 4A, 5&) The mitotic activity was
reduced by 48% at mM MHEL with PMA (1.07£0.15%) and by 36% at 0.0 of M1 and PMA
(0.70+0.10%) compared with MI alone at the corresponding concentration (2.07+0.50%, p=0.030;
1.10+0.26%, p=0.070 respectively) and did not differ from the effect of PMA (1.33x{R}%B)

As the cells can die due to both apoptosis (Fig. 5a) and necrosis (Fig. 5c), the number of cells at the
stage of necrotic death was assessed. The amount of necrotic cells after the treatment witatlthle 0.008
mM in combinationwith PMA deceases after both 24 (2.63+0.15%) and 48 (1.10+0.10%) treatments
compared to Mi1 alone (5.00+0.66, p=0.004; 1.90+0.36%,p=0.021, respectively) and PMA (5.10+0.36,p=0.001)
(Fig.6). The double concentration of Ml in combination with PMA causes an iease in the necrotic cell
death after 24h treatment (4.27+0.31%) compared to MI (2.13+1.07%, p=0.029) and shows no differences
vs. PMA (p=0.060). After 48treatment no differences (2.17+0.49%) were observed as compared to effects of
MI-1 (2.17+0.40%=1.00) and PMA (0.87+£0.31%, p=0.060). It suggests that the absence of the increase in the
number of necrotic cells after the 48 treatment with 0.016 mM MIL and PMA is related to the active
cytolysis of the cells and impossibility to isolate them inosptn specimens, which is confirmed by a
considerable number of necrotic cells in the suspension after trypan blue staining (Fig. 2C). It is also
noteworthy that a higher concentration of Ml has an increasing modulating impact on PKC activity and its
effects.
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Fig 6 The content of LB37 cells in necrosiseated with MF1 at the 0.008 and 0.016 mM combination
with 100 nM PMA and M1 aloneat the corresponding concentraticend PMA alone for 24 and 48 the data
represent he mean of 3 independent replicated experiments (n=3); * p<0.05 MI+PMA compared with Ml
only at the corresponding concentrationt@ist); ##p<0.01MI+PMA compared with PM3ufnetT3 test

Thus,MI-1 in combination with theagonist of protein kinase ®MA, decreases the proliferation and
viability of U937 due toelevationof its apoptosis and reduction of mitotic activity in comparison withIMI
and PMA alone. However, PMA in the presence oflMéstores the $hase of thecell cycle with the
correspondng reduction of the cells iG/G1 and G/M phases and, probablyncreases both thdifetime and
the number of the cells after 48 exposure to ML at 0.016 mM with PMAAt the same time, the number of
U-937increases in G1and &/M phases and decraas in $hase, which is accompanied by a decrease in a
number and viability of the cells treated with MIin combination with PMA and by Mlalone as compared to
untreated U937.

DISCUSSION

Suppression the proliferative activity of neoplastic hematetio cells by inhibiting the activity of
various kinases is successfully used in oncology in the last decaé@&][dil was shown in the previous studies
that the administration of protein kinase inhibitor Mlin the doses of 0.027 and 2.7 mg/kg, widolrespond
to the concentration of~-10° and ~10“M in the blood,decreases the numbeand sizeof colon tumorsin
1,2-dimethylhydrazine (DMHinduced colon carcinogenesis in vi@). After the chronic exposure, Ml in the
indicated doses does not affethe morpho functional state and count of red blood cells, leukocytes, and
platelets in healthy rats [10]. Since Mlldoes not have any negative effect on hematopoiesis and other tissues
[8, 28, 29], there are no limitations for the use of this compousdagpotential antitumor drug. At the same
time, MI-1 at the micro molar concentration reduces the proliferative and mitotic activity, causes delays in the
&G/G1 phase of the cell cycle and induces the apoptosis of neo plastic mono big37 W@ells [11]. fie
activation of PKC in the normal hematopoietic cells an®37 induces their differentiatiorinto mono cytes
and macrophages [t57], whereas high doses of activators (PMA>100 nM) induce apoptosis, mediated
activation, and mitochondrial translocation 8K®II [17]. The activation of Pid@lso results in apoptosis of
leukemic cell§30]. On the contrary, high activity of P&K&nd PKCc/n in myeloid leukemic cells facilitates their
high proliferative activity and survival after the effect of cytotoxic prgpians [2, 31]. The abovementioned
demonstrates the heterogeneity of PKC and its corresponding different roles in the fate of cells: proliferation,
viability, and apoptosis. Since both protein kinases inhibitorlNIL1] and higkdose PKC activator PMA7[1
18] induce W37 apoptosis, and PDK1, Src, and other kinases regulate PKC by inhibitifitdMthe study of
their combined action on 1937 was warranted. This study demonstrated that the combined effect ef &hd
PMA enhances apoptosis and inhgbihitotic and, thus, proliferative activity of@B7 compared to ML alone,
regardless of the PMi#hducedrestoration of the $hase cell cycle of 837 with consequent reduction of
cells in @G (proliferative rest) initiated by ML. Thus, the inhibitig effect of Mi1 remains durindJ-937
differentiation induced by PMATherefore, it is possible to conclude that Hlinduces the inhibition of
proliferation and the activation of apoptosis not only via PKC, since the abovementioned effectsl girdl|
PMA are combined, which is confirmed by the comparison of our data on the combined effectlofsith
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PMA against PMA alone. It should be noted thatlMhitiates cell cycle arrest ino&1 phase mainly, and in

&G/M — partially. Under conditions of the cdmined effect of Mi1 and PMA, the Gz arrest is preserved, but

it is less expressed compared to the effect ofIMas PMA restores thehase and abolishes the/® arrest.

PMA is well known to induceo®: arrest inU-937 [18], which is in good agreesnt with the results of this
study, and @M cell cycle arrest as was previously shown on lung carcinoma cells [32], but when these cells
were previously synchronized in1 @hase PMA inhibits the progression into S phase, thus PKCs trigger
distinctive respnses when activated in different phases of the cell cycle [33]. Also, the results of this study
demonstrated the modulating effect of PMA on the intensity of cell necrosis. It was shown that PMA with
0.008 mM Mi1 decreases cell necrosis after both-124nd 48h treatments, whereas in combination with
0.016 mM of MI1 PMA causes an increase in cell necrosis aftér 2datment as compared to Ml only. At

the same time, the action of a double concentration of Miesults in the increase in the numbef necrotic

cells, which may be related to the summation of the destructive effect on cells via modulation of PMA activity
by decreasing of its effect. The protective effect of PMA on the-imtlikced necrotic death of cells was also
shown using differentihes of cells [34].

CONCLUSION

MI-1 in combination with PMA enhances the inhibition of proliferation é837 compared withMI-1
aloneand PMA alone due to the elevation of apoptosis and reduction of mitotic activity. PMA in the presence
of MI-1 restoresthe Sphase and reduce&/G: and G/M phases of cells as compared to-Mhilone. At the
same time, the number 0f)-937 increases in &G:1 and G/M phases and decreases impBase treated with
MI-1 in combination with PMA and Ml aloneas compared to umeated U937. Thusthe combined effect of
MI-1 and PMA results in the decrease in the number of viabd8Ucells as compared to effects of-Mhlone
and PMA alone and to untreated-B37. Autiproliferative effect of M1 remains durindJ-937 differentidion
induced by PMA. ML is a promising agent with antitumor antiproliferative activity.
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