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Summary: Selective induction of malignant cell death is one of the major goals of effective and safe 
chemotherapy. Recent developments in the understanding of programmed cell death (PCD) or apopto
sis are expected to provide new leads for a safer chemotherapy. The authors investigated whether the 
semisynthetic alkaloid thiophosphoric acid derivative Ukrain (NSC-631S70) could induce PCD or apop
tosis in human KS62 leukaemia cells. Results showed that Ukrain induced two distinct modalities of cell 
death programmes. One modality corresponded morphologically to classical apoptosis or PCD charac
terized by blebbing and shedding of membrane vesicles with concomitant 51Cr release; however, the 
Ukrain-induced apoptosis was not associated with the characteristic nuclear DNA fragmentation. 
Higher concentrations of Ukrain induced a second cell death programme characterized by cell surface 
blister formation, high specific 51Cr release and extensive DNA polyploidy. These two cell death pro
grammes are distinct from each other in that they are inter phased by a silent period characterized by 
normal cell morphology and reduced specific 51Cr release. 

Introduction 

The discovery and development of drugs that 
could induce. either selective lethal damage to 
malignant cells directly (chemotherapy) or via the 
activation of.immune effector ceJls (BRM) are two 
of the major strategies in the development of new 

t. cancer therapies. Programmed cell death (PCD), 
or apoptosis, is a physiologically active cell pro
cess characterized by cell surface blebbing, 
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changes in membrane permeability, elevated oxy
gen consumption rates and nuclear DNA conden
sation and fragmentation (1). The latter event, i.e., 
internucleosomal DNA fragmentation, may not 
occur in some experimental  systems (2). 
Blebbing of the cell surface membrane has consi
stently been found during T-cell mediated tumour 
cell cytolysis (3), exposure to chemotherapeutic 
drugs (4), low temperature (5), anoxia (6), as well 
as during normal embryonic development (7). It is 
thought that the death of normal and malignant 
cells is under the control of intrinsic genetic 
mechanisms which, when properly executed, 
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results in normal embryonic development (8), 
whereas failure to express the putative death 
genes may result in malignant cell growth (9). It is 
estimated that there are about 100 oncogenes 
that, when malfunctioning. stimulate cell growth; 
conversely there are at least six tumour suppres
sor genes (10). Thus the genetic options for malig
nant growth far outweigh the limited tumour sup
pressor genes. 

From the practical point of cancer therapy. the 
ideal chemotherapeutic agent would be one that 
(a) triggers tumour cell death selectively. (b) does 
not activate the expression of the multidrug resis
tant genes. and c) when the multidrug resistance 
(MDR) phenotype is already expressed. i.e., P
glycoprotein. it would still exert its tumour selecti
ve cytolytic activity. 

Ukrain (NSC-631570) was screened in vitro by 
the National Cancer Institute (NCI) Developmental 
Therapeutics Program (USA) and found to have 
cytotoxic effects on their 60 human tumour cell 
l ines representing eight tumour types (11). 
Results of these assays showed that the mean 
molar concentration required to achieve 50% cell 
growth inhibition was 10-5.5 M; 10.4.8 M for total 
cell growth arrest and 10.4.17 M for 50% loss of 
the initial cell biomass (11). In view of this eviden
ce. we set out to investigate whether Ukrain 
would induce programmed cell death (PCD) or 
apoptosis in human malignant cells. For this pur
pose we chose the K562 leukaemia cel! line 
found to be relatively resistant to the cytostatic 
a nd cytotoxic effects of Ukrain in the NCI
Developmental Therapeutics in vitro tests. This 
leukaemia cell line was reported to have a GI-50 

6of 2.32 x10- , a TGI of 1.85 x 10-5 and a LC 0 of 5
> 3.83 x 10-4 M. 

Material and methods 

The K562 erythroleukaemia cell line was pur
chased from the ATCC (Rockville, MD, USA) and 
maintained in culture according to the information 
accompanying cell shipment (RPMI-1640 + 10% 
FBS). Cells were passaged as necessary and 
maintained at 3JOC. 5.0% CO2, Ukrain (NSC 

631570) C66H75N6018PS.6HCI was produced in 

pure crystallized form by J.w. Nowicky and dis


solved in water at a concentration of 1.0 mg/ml. 

Further dilution. carried out shortly before in vitro 

use, was done in tissue culture medium (RPMI
1640 + 10% FBS). 


Cell morphology. Ukrain was serially diluted in 

RPMI + 10% FBS to give a concentration range of 

100 Ilg/ml to 0.78Ilg/ml (8 dilutions) in flat bottom 

96 well plates. Triplicate wells of each drug con


centration and containing 50.000 cells per well 

were incubated at 37°C + 5.0% CO2 for three 

hours. Morphological changes were monitored 

and photographed after four hours drug exposu


re. 


Membrane permeability Changes: Cell mem
brane permeability changes were evaluated by 
Na251Cr04 release assay (12). For this purpose 
cells were labelled with 200 IlCi of Na251Cr04 for 
1-2 h at 37°C. and washed to remove unincorpo
rated Na251Cr04' In these experiments V-bottom 
96-well plates were used. The effects of the 
various concentrations of Ukrain (100 Ilg/ml down 
to 0.78 Ilg/ml) were evaluated in triplicate wells at 
20.000 cells per well after four hours incubation at 
37°C in 5.0% CO2, The percentage of 51Cr relea
se was calculated by the following formula: 

(cells + Ukrain) - spontaneous release x 100 
' 


% specific 51Crreleased = 


(maximum 51 release) spontaneous release 

Spontaneous 51Cr release is the amount of 51Cr 
released by cells in the absence of drug; maxi
mum 51Cr release is the 51Cr released by expo
sing the cells to 1.0% of Triton x-100 detergent. 

Cellular DNA content assays: The DNA content 
of K562 cells exposed to various concentrations 
of Ukrain were analysed using propidium iodide 

6and flow cytometry. For this purpose 0 5 x 10.
K562 cells per well were aliquoted in 12-well pla
tes and exposed to eight serial dilutions of Ukrain 
ranging from 100 Ilg/ml down to 0 78 Ilg/ml for .
four hours at 3JOC. After this time-period each 
well received 2.0 ml PBS buffer containing 2,0% 231 2 
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formaldehyde and cells were transferred to 12 x 
75 mm tubes. pelleted by centrifugation and the 
medium removed. Cell pellets were treated with 
200 )11 of ice cold ethanol for 10 min and washed 
twice in PBS buffer and treated with RNAase (100 
)1g/ml) for 30 min at 37°C. followed by the addi
tion of 200 )11 of propidium iodide (50 )1g/ml in 
0.6% NP-40 detergent). The fluorescence inten
sity of cells was analysed in a Becton Dickinson 
flow cytometer. 

Results 

The morphology of K562 erythroleukaemia cells 
is illustrated in Fig. 1A. When these cells were 
exposed to various concentrations of Ukrain and 
periodically observed microscopically, it was 
found that at 2-4 h the classical morphology of 
PCD or apoptosis was manifest in ;;:: 90% at con
centrations of 6.25 or 12.5 )1g/ml of drug (Fig. 1B). 
This morphology was manifest in at least two con
centrations of Ukrain. Note that these cells 
displayed blebbing and membrane vesicles over 
the entire cell surface. consistent with current cri
ter ia of PCD or apoptosis. The unexpected 
morphological finding occurred at a higher drug 
concentration. i.e., 25 )1g/ml, where the morpho
logy of apoptosis was no longer manifest. We 
refer to this drug concentration interval as the 
silent period (SP) based on the fact that these 
cells displayed morphology similar to control 
cells not exposed to the drug (Fig. 1C). However, 
at higher concentrations of Ukrain (50-100 )1g/ml) 
we discovered that >90% of these cells displayed 
predominantly one or two large membrane blebs 
or blisters (Fig  1 D). Thus, Ukrain induced the 
classical morphology of apoptosis followed by a 
SP and subsequent blistering of the cell surface 
(Fig. 10). 

In order to establish the relationship between 
cell morphology and the criteria of cell injury and 
death. we used the 51Cr-release assay which is the 
standard and universal assay of immuno-effector 
cell lysis of tumour cells (12). Results of the 51Cr 
release assays showed unexpected bimodal isoto
pe release kinetics (Fig. 2). Significant 51Cr release 

was detected at 6.25 and 12.5 Ilg/ml of Ukrain fol

lowed by a decline to background level at 25.0 

Ilg/ml. i.e., silent period. These concentrations cor

respond to those that induce the classical morpho

logy of apoptosis (Fig. 1B) and the silent period at 

25 )1g/ml of Ukrain (Fig. 1C). The following two-step 

increases of drug (50 and 100 )1g/ml) produced a 

rapid rise in the specific 51Cr release kinetics (Fig. 

2) which corresponded to the drug concentrations 

that induced cell blister formation (Fig. 10). Thus, 

concordance was found between the bimodal 

morphological changes (Fig. 1) and the bimodal 

specific 51Cr release kinetics of Fig. 2. 


DNA content of K562 cells treated with Ukrain 
was analysed by standard agarose gel electropho
resis, as previously used in our laboratory (13). 
Repeated attempts to find low molecular weight 
DNA. i.e .. DNA fragmentation. were unsuccessful 
(data not shown). Consequently we used flow cyto
metry and propidium iodide staining of DNA to 
evaluate DNA integrity and content in cells treated 
with the various concentrations of Ukrain. Results 
showed that no significant changes in K562 cell 
nuclear DNA content could be detected within the 
concentration range of 0.78 through 25.0 )1g/ml of 
Ukrain (Fig. 3). The cells did not show any morpho
logical changes until the Ukrain concentration re
ached 3.12 and 12.5 J.lg/ml. when cells displayed 
the classical morphology of apoptosis or PCD cha
racterized by cell surface bleb bing and membrane 
vesicle formation (Fig. 1 B). However, this cell 
morphology was not associated with significant 
changes in cell DNA content (Fig. 3). Moreover, 
cells exposed to 25.0 J.lg/ml of Ukrain showed no 
morphological changes detectable at the light 
microscope level (Fig. 1C), nor in nuclear DNA 
content (Fig. 3). Further doubling in drug concen
trations to 50.0 and 100 J.lg/ml produced extensive 
increase in cell DNA content and hence polyploidy 
(Fig. 3), with concomitant changes in cell morpho
logy which consisted in the formation of one or 
more cell surface blisters (Fig. 10). 

Discussion 

Programmed cell death (PCD) or apoptosis has 
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Fig. 1 Effects of Ukra in on the morphology cultured 4 h 
in the presence of 625 I1g/ml Ukraw, d'sp:ay 2;""d shedding 
membrane vesicles from tumour eel: 
normal cell morphology. which corresponds :0 

4 50.0·1oo.0119/ml Ukrain display cell surface I)''';;", 
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generally been found to correlate with nuclear 
DNA fragmentation (13) and is considered to be 
the hallmark of apoptosis (14,15). This DNA frag
mentation is thought to occur at the internucleo
somal regions due to the activation of a specific 
endonuclease (16). Not all cells, however, mani
fest a strict correlation between the morphology 
of apoptosis and nuclear DNA fragmentation (17). 
To our knowledge there is only one report in the 
literature indicating that taxol induced a nominal 
degree of polyploidy in K562 cells treated with 10 
J.1M of this drug for 24 h (18). At short time-inter
vals, i.e., four hours, no significant K562 cell 
ploidy could be detected whereas at 12 h an 
increase in cells at the G2 phase of the cell cycle 
could be detected (18). 

Percent Specific Chromium-51 Release 
by K562 Cells 

R 
• 
I
• 
: so 
• 
d 20 

0.18 1.5e U2 8.26 12.6 2Ii 50 _ 

Fig. 2 Bimodal specific 5'Cr release by K562 cells treated with 

various concentrations of Ukrain for 4 h in vitro. Note that the 

first phase of 5'Cr release occurs at 6.25 and 12.5 J.1g/ml Ukrain, 

followed by background level of 5'Cr release at 25.0 J.1g/ml 

(silent period); high specific 5'Cr release occurs at 100.0 J.1g/ml 

which corresponds to cell surface blister formation (Fig. 1D). 

Contrary to the aforementioned studies, our 
data showed that Ukrain was highly effective in 
inducing polyploidy in K562 cells within 3-4 h. As 
illustrated in Fig. 3, Ukrain at concentrations of 
50.0 J.1g/ml induced disappearance of cells in the 
G 1 phase by shifting the majority of them to a tri
ploid and polyploid state of DNA content (Fig. 3), 
whereas at 100.0 J.1g/ml, Ukrain caused a higher 
degree of cell ploidy beyond the tetraploid G2 

(4c) phase and even beyond octaploid DNA con


tent (Fig. 3). It is significant that these high levels 

of DNA content correlated with the cells with their 

morphology at the blister stage (Fig. 1D ) .  


Moreover. these drug concentrations induced the 

second phase of high specific 51Cr release (Fig. 

2). Thus, these results demonstrate a high degree 

of concordance among cell morphological chan


ges, high specific 51Cr release and an extensive 

increase in DNA content, all of which occurred in 

four hours or less of exposure to Ukrain. To our 

knowledge there is nothing in the literature descri


bing this second multiparameter mode of cell 

injury which we have denoted as blister cell death 

(BCD). This cell death modality was sensitive to 

cyclohexamide. indicating that protein synthesis 

was required for BCD to occur (data not shown). 

Moreover. fluorescence microscopy of propidium 
iodide-stained cells showed no multinucleation 
indicating that the extensive increase in DNA con
tent was intranuclear. 

Cell surface blister formation in hepatocytes 
induced by hypoxia have been reported to produ
ce blebbing and/or blister formation in more than 
70% of the cells (6). This morphology was found 
to be independent of intracellular Ca2+ fluxes, 
and the rupture of these large cell surface blebs 
was considered by the authors to represent the 
abrupt transition from reversible to irreversible cell 
injury. This interpretation of blister formation and 
eventual rupture is in agreement with out findings 
where such cell morphology correlates with the 
loss of clonogenic potential of cells exposed to 
Ukrain for only four hours. Thus, our findings are 
unique in that we have identified two distinct 
modalities of cell injury and potential death in
duced by Ukrain in short term culture conditions. 
The unique and intriguing finding that polyploidy 
is associated with the second cell death modality, 
i.e. BCD, with concomitant high levels of specific 
51Cr release, strongly suggests that these para
meters define irreversible cell injury and hence 
cell death. On the other hand, the classical 
morphology of apoptosis, i.e., cell surface bleb
bing and shedding of membrane vesicles without 
significant changes in DNA content and only tem
poral changes in membrane permeability to 51Cr, 5 
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V3: 191094T032\Fl2-AIFL2-Area V3: 191094LOO6\Fl2-AIFL2-Area 

6.2SlJg/ml 
(apoptosis) 

o 

o 
... 
N 

V3: 191094T033\FL2-A\FL2-Area V3: 191094l00llFL2-AIFL2-Area 

3.121Jglml 

o 

V3: 191094T034\FL2-A\FL2-Area 

25.0119Im! 
(silenl period) 

V3: 191094l006lFL2-AIFL2-Area 

o o 

V3: 191094T035\FL2-AIFL2-Area 

12.51J91ml 
(apoplosis) 

V3: 191094LOO9\FL2-AIFL2-Area 

O.781-'g/ml 

Fig. 3 Effects of Ukra in on K562 cell DNA content measured by propidium iodide staining and flow cytometry_ Note that al 100.0 and 
50.0 ).Iglml Ukrain for 4 h, extensive DNA ploidy is induced. This increase in nuclear DNA conlent corresponds to cell surface blister 

formation (Fig. 10) and high specific 51Cr release (Fig. 2). Selial dilulions of Ukrain showed cells with normal diploid DNA content 
(tram 25.0 down to 0.78).1g/ml). Note Ihe morphology of apoptosis or programmed cell death (PCD) stage, (Fig. 1B) in association 

with normal DNA content BCD: blister cell death. 
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suggests that these parameters may represent 
reversible cell injury or the manifestation of a cell 
detoxification process similar to that of the induc
tion of multidrug resistance phenotype. 

We postulate that Ukrain induces bimodal cell 
death programmes, the first of which, apoptosis, 
is mediated by quinidine sensitive Ca2+-depen
dent K+ channels; the second modality, blister 
cell death. is mediated by preventing microtubule 
formation and thus inducing polyploidy. 
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