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astract

Ukrain ™ has been described as 2 semisynthetic Chelidoninm majus alkaloid derivative, which exhébits setective taxicity
wards malignant cells only. Its mechunism of aetivn has hihero been uncertain. We found that Ukeain ™ inhibits whulin
lymerization, leading o impaired microtubule dynamics. This rasuits in activation of the spindie checkpoint and thus a
:taphase block. The effacts of Ukrain™ on the growth, cell cycle progressien and morphalogy of two nonsal, two twans-
“med and two malignant cell lines did not differ. We could thus fnd no evidence for the selective cytotoxicity previously
sorted for Ukrain ™. & 2000 Elsevier Science {refand Lid. All rights reserved.
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Introduction selective toxicity towards malignant cells by axamin-

ing its effects on the growth, cell cyele progression
Ukrain™ has been descrived as a serai-synthedic and morphology of two matigaant, two transformed
:ophosphoric (triazirdide) dedvative of the purified and two normal cell lines.

caloid chelidonine isolated from the plant Chelide-
im majus L. [1]. This drug has previously been
sorted to be an effective anti-cancer ageng with
‘mimal side-effects, because of its selective toxicity
wards malignant cells as demonstrated in vitro (sea
ction 4 for more details). The mechanism of action
Ukrain™ is as yet unknown.

The purpose of this study was to determine the
schanism of action of Ukrain™ and to confirra its

2. Methods

Hela (human cervical carcinoma) and Hs27

. (human foreskin fibroblast) cells were purchased
from the American Type Cultuze Collection (ATCC,

Manassas, VA), while Graham 293 (wransformed

humaa embryonic kidney) and Vero {iransformed

African green monkey kidney) cells were obisined
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L1879, WHCOI cells, which were originally isolated from
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phageal cancer, were a gift of Professor A. Thornley
(Department of Zoology, University of the Witwaters-
rand}. The normal monkey kidney cells (isotated from
aduit vervet monkey kidney) were donated by Mr C.
Swanevelder (Department of Virolegy, University of
Pretoria). The cell lines were maintained as mono-
tayer cuttures in Eagle’s minimum essential medium
with Earle’s salts and L-glutamine supplemented with
10% heat inactivated fetal calf serum {all obtained
from Sigma Chemical Co., St. Louis, MQ). No antj-
biotics were used. Cell cultures were incubated at
37°C in a humidified atmosphere containing 5% COs.

Two different batches (lot numbers 5443235 and
544324} of Ukrain™ ampoules (1 mg/ml disselved
in H,0}, as well as Ukzain ™™ powder and Chelidonium
alkaloid mixiure powder were provided by Nowicky
Pharmaceuticals (Margaretenstrasse 7, 1040 Vienna,
Austriay. Chelidonine (lot nomber 38H0621Y was
purchased from Sigma Chemicals Co. All chemicals
were stored at 4°C unti] use.

2.1. Growth studies

After Trypan Blue exclusion, cells from stock
flasks were seeded at 5 X 10° cells per well of a $6-
well plate. After 24 h, 1 ml of medium, containing
various concentrations of dreg, was added to each
well. The alkaloid mixture and Ulkrain™ powder
were dissolved in water (1 mg/ml). Chelidonine was
dissolved in dimethyl sulfoxide (DMSO), and subse-
quently diluted with medium, 3o that the final concen-
tration of DMSO in the medium did not exceed
0.03%. Conmol cells were exposed to ddH;Q or
DMSO only, depending on the vehicle of the drug.
Growth was terminated after 48 and 120 h, after which
the DNA was stained with crystal violet and the chro-
mophore was extracted and spectropbotometrically
analyzed according o the method described by {2).
Four te six wells were analyzed for each concentration
and time. Data was statistcally analyzed for signifi-
cance using the analysis of variance (ANOVA) single
factor model.

2.2. Haematoxylin and eosin {H&E) stains

H&E stains  were performed as  described
previousty in {3}

2.3, Indirect immunofiuorescence

Three hundred thousand celis were sesded per heat-
sterilized cover slip in a 34.6 mm diameter weil.
Approximately 24 h later, fresh madium containing
12.5 or 50 wg/mi Ukrain™, 10 uM chelidoning and
their respective controls (medium or 0.05% DMSO)
were added to separate wells. At 24 h after drug addi-
tion, cells were fixed in 10% formalia, 2 mM (ethyie-
nebis{oxononitrilo)ytewraacetate  (EGTA} in  phos-
phate-butfered sahine {PBS) for 10 min and then trans-
ferred to 97% methanal, 2 mM BEGTA {-20°C) for 10
min. Sequential treatments with anti-tubulin mouse
monoclonal antibody (1:100) (Sigma clore TUB
2.1), biotin conjugated anti-mouse 1gG (Fab specific)
developed in goat (Sigma)}, dilwted 1:100 in FITC
conjugate diluent (Diagnostic and Technieal Services,
Johannesburg, South Africa), ExwAvidin  FITC
(Sigma), diluted (1:200) in FITC conjugate diluent,
and 4,6-disrnino-2-pheaylindole (DAPD (0.1 jg/ml)
were performed as described by [4]. Photographs
were taken with 1600 ASA film on a Nikon Optiphot
microscope equipped with an episcopic-fluorescence
attachment and an excitation-emission filter with an
average wavelength of 495 nm for FITC and 400 nm
for DAPL

2.4. Flow cytometry

Cells from stock flasks were seeded at 3 X 10° per
25 cm? flask after Trypan Blue exclusion and left for
24 h, before administering Ukrain ™ containing
medium for 24-72 h. Untreated cells served as
controls. Growth was ferminated by trypsinizing
cells in | ml of 0.25% wypsin/i mM ethylene diamine
tetra-acetic acid (EDTA), washing with PBS, and then
fixing by dropwise addition of ice-cold methanol
Samples were storsd at —20°C for 24-72 h, before
centrifugation at 250 X ¢ for 5 min and resuspension
in 1 ml PBS containing S0 wg/mi of propidium indide
{Sigma). Specimens were examined within 2 hon a
Coulter Epics XL Flow Cytometer {system [I soft-
ware), while data was analyzed using Multicycle AV
software, At Jeast 10 000 events wers counted for
each sample.

2.5, Tubulin polymerization assay

Potential antitubulin agents can be evaluated by
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determining the concentration of a test compound
required to inhibit the extent of glutamata-dependent
rubulin polymerization by 50% after 20 min (the 1Cs,
value} {5]. Tubulin was previously prepared by puri-
fication of bovine brain as described in [6]. Reaction
mixtures (final volume of 0.5 ml) contained 0.8 M

Ukrain powder

100

monosodium glutamate (MSG), 1.0 mgiml tubulin,
4% DMSO and no Ukrain {(control}, 10, 20, 30. 40
and 50 uM Ukrain™ in H,O. Samples were incubated
at 30°C for 15 min and then chilled on ice. Subse-
quently, 10 wl of a 10 mM guanosine triphosphate
(GTP) solution was added to each sample to reach a
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Zig. 1. The effects of Ukrain™' and the Chelidoniim zliatoid mixture on cell growtk: ar 48 h. Results are =xpressed as a percentage of untreated
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final concentration of 0.4 mM. Samples were then
transferred to a Gilford 250 recerding spectrophot-
omerer equipped with electronic temperature controt-
ters. Baselines were established with the cuveties heid
at 0°C, and the reaction was initiated by a 75 s jump to
30°C. Polymerization was followed for 20 min at
30°C. Results of the net absorbance at 350 nm were
measured (3,7].

3. Resuits
3.1 Growth studies

In initia} studies we could find no evidence of seiec-
tive toxicity of Ukrain™ for malignant cell lines, since
the Hs27 and primary monkey kidney cells were as
sensitive to Ukrain™ (in powder form; Fig. 1. top
panel} or in solution (two separate barches, data not
shown) as the transformed or tumor ceil lines. In muld-
ple experiments when any of the six cell types were

exposed to 50 wg/ml Ukrain™ for 48 or 120 h, there
was significant growth inhibition relative tg controls
(f <0.01). Furthermore, the effects of Ukrain ™
seemed to be similar to those of the Chetidonium alka-
loid mixture (prior (o reaction with thiophosphamide;
Fig. 1, lower panel), Maximum inhibitory effects with
chelidonine were obtained at the lowes: concentration
tested (10 wM, data not shown). Growth inhibidon
with chelidonine was greater than 50% in only three
cell hines (Hela, menkey kidney and Vero cells).
Growth Inhibition found after 120 h exposure to the
above drugs was similar to the results demonstrated
after 48 h (dara not shown).

3.2, Flow cytomerric and morphological studies

Ukrain™ and chelidonine both lead to 2 dose-
dependent G2M arrest in all cell types studisd.
WHCOS cells, which were exposed to Ukrain ™ for
24 h, are shown as an example (Fig. 2). Ukrain'™
treated WHCOS cells were also examined following

¢ pg/ml Ukrain 6.25 pg/mi Ukrain 12.5 ug/mi Ukrain
DN# DHRA DNA
-] <] - ;
) ] a
™~ N N
- - -
E - & E = -
=l = -
c G 2
< o o
= [ =] =
T O TP % T T T 1 LARLENL S S B L 13 T T T e
1824 18Z4 1824
PI PI Pl
25 pg/ml Ukrain 50 pg/mi Ukrain 100 pg/m] Ukrain
DNA DMA DN#&
[ -} g - -]
8 & 8
£ b %
FIN 2 7 7 ;
o ] ] -‘\
%] W Q i
- \ ,. j
= o [ ] /
T e LA S B | T > vy
i 1824 8 1824 B 1824
PI BI PI

Fig. 2. DNA histograms of WHCOS cells exposed 1o (3, 6.25, 12.5, 25, 50und 100 ug/ral Ukrain™ for 24 b, Propidium iodide staining of DNA is

plotted on the v-axis, while the y-axis indicates total celi count.
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Fig. 3. HEE stins of WHCOS cells which were exposed to D (a), 12.5 (b), 25 {c) and 50 wg/ml Ukrain™ (d) for 24 h.

.ation and H&E staining (Fig. 3). An increase in
staphase cells with abnormal morphology, e.g.
1ere not all chromosomes are aligned on the meta-
:ase plate, is evident.

3. Indirect immunofluorescence

Abnormal metaphase spindles were present in all
Il types studied. Hs27 and Graham 293 cells are
own as examples in Figs. 4 and 5, respectively.
ste the normal metaphase and anaphase cells in
2 control Hs27 cells. Abnommal metaphase spindles
: evident in the 12.5 pg/ml Ukrain ™ exposed Hs27
tls: an abnormal spindle, in which chromosomes
mn equal masses on either side of the metaphase
e is seen on the left, while a spindle which appears
anopalar and is enclosed by a ball-shaped mass of
romosomes, is evident on the right. In the untreated
-aham 293 ceils (Fig. 5}, 2 normal metaphase and
ophase cell can be seen. Ukrain™ treatment leads

u

to the formation of abnormal spindle figures. In the
Graham 293 cells, nearly complete disappearance of
microtubules in interphase cells is also evident.

3.4. Tubulin polymerizarion

For the purposes of this experiment the molar mass
of Ukrain™ was taken as 1470. Potential antitubulin
agents can be evaiuated by determiming the concen-
tration of a test compound required to inhibit the
extent of glutamate-dependent wbulin polymerization
by 50% after 20 min (the ICs value) [7]. In this
systern, in which 10 pM twbulic is used, the most
potent antitubulin agents yield [Csp values of about
1.0 wM. Such agents typically arrest cells in mitosis
at media concenteations of 1-10 nM. Both Ukrain™
and chelidonine had weak acrivity in this system,
vielding I1Cs values of 23 =2 (n =3} and 24 =2
{r=3) uhl.
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“ig. & Indirect immuncfiuorescence for B-tubulin (ta stain the microtubules) and DAPI {to visualize chromosomes) in Hs27 cells exposed in ()

control) fa.b} ar 2.5 wg/ml Ukrain™ {c.d) for 4 h.

. Discussion

The greater celandine (. majus L.} is a member of
ne Papaveraceae family and is a common weed in
zurope and Western Asia (8], This piant hes been
tsed in the therapy of warts, skin cancers, liver- and
mlibisdder diseases for many years [9]. Ukrain™ is a
emi-synthetic thiophosphoric acid (rriaziridide) deri-
sative of the purified alkaloid chelidonine isolated
rom € majus L. [10].

Ukrain™ has been described as causing regression
f primary tumors and metastases in &s many as 400
‘ancer patients with a wide variery of wmor tvpes

[ 1-17]. Moreover. thete are reports that pretreatment
with Ukrain™ can considerably facilitate surgery by
reduction in tumor mass [ 14, 18], Minimat side-cffects
have been described with Ukrain'™ treatment by
(10,19, and this has been atiributed to the agent's
selective toxicity toward malignant cells [20-22].
Ukrain™ was evaluated by the National Cancer
Institute (USA) in its drug scresning program as
NSC 631570 fhupi/dp.ncinih.gov), Results for
compounds examined ir this screen are expressed as
the concentrations of deag that produce 50% inhibi-
tion of ceil growtk (Gle). total inhibitien of cel
growth (TG and 30% reduction of cell »iomass
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Csa). The highest concentration of Ukrain™ lested
a8 3.8 % 107% M (559 pg/mi). After 48 h the mean
aiues, {ie. averages for all cell lines successtully
:sted) obtained were 2.8 % 107" M (4.1 pgimly for
e Glro, 1.6 X 107° M (23.5 pg/ml) for the TGI, and
7% 107" M (98.5 pg/ml) for the LCy. The highest
sacentration of Ukrain™ tested was insufficient to
ach TGl in three cell lines and LCsp tn 21 ceil lines,
hus, the mean TGI and LCsy values are uctuaily
wlerestimates, since the highest cancenrration tested
waken as the value obtained in the computer genera-
n of mean values,

The conclusion that Ukrain™ is non-toxic to
yrmal ceils is based on minimal daa {20-23]. For

exameple, in one study three normal cell lines were
monitored and visual inspection provided no evidence
of apoplosis [22]. In unother, synthesis of macromo-
lecules in normal tonsil and hepatoeyte cefi lines,
compared to malignant c2l] lines, was less inhibited
by Ukrain™ (24},

The explanation given for this apparent selective
toxserty is that different levels of Ukrain™ uptake
oecur in normal and tumor ceils (201, The mechanism
of action of Ukrain™ at the celtular level is thought to
involve effects on oxvgen consumption {25.26. Other
proposed mechanisms of action are inhibition of
DNA, RNA and proteia synthesis [24] and induction
of apoptosis through ua unspecified pathway [27].

5. Indirect immunofiucrescence for B-subulin {to stain the migrotehales) and DAP {to visudlize chromasomes} in Graham 193 cells

sad o O (contrel) (a,b) or 12,5 wgf/mi Ukrain™ rod) for 24 .
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Alternatively, Ukrain™ could have the same
mechanism of action as chelidonine, the compound
from which it is prepared [i.28]. Chelidonine inhibits
microtubule pelymerization and causes a mitotic
biock {28]). A further indication of mechamsm of
action can be gleaned by usiag the COMPARE algo-
rithm of the NCII, in which patterns of cytotoxicity
against the 60 cell lines obtained with a test drug are
matched with all the other agents in the database {30},
The algorithm calculates the Pearsen correiation coef-
fAcient (PCC) of the degree of similarity between the
patterns obtained with two agents [30]. If the test drug
causes a 50% growth inhibition of HL-60 {TB) leuke-
mia cells at a concentration of 1 uM or less, and has a
PCC of at least 0.6 with at least one known antimitotic
drug, it has a high likeiihood of interacting with tubu-
tin [30). Chelidonine hyvdrochloride {NSC 406034)
has a Glgy of 1078 M {1.38 M) in the HL-60 (TB)
cells, and exhibits a similar cytetoxicity patiern to
halichendrin B (PCC 0.776), podophyliotoxin (PCC
(.733), and nocodazole (PCC 0.687), which are all
known microtubule inhibiting drugs. Ukrain™ (NSC
631370Q) was shown t¢ cause a 50% growth inhibition
of the HL-60 {TB) cells at 107% M (1.023 uM). By
using the COMPARE algorithm, Ukrain™ was found
to have a similar cytotoxicity pattern to colchicide
HCI (PCC 0.715). vinblastine sulfate (PCC 8.655)
and maytansine (PCC 0.649), indicating that irs
mechanism of action may involve interaction with
tubulin.

The studies presented here were undertaken, first, to
confirm the selective toxicity of Ukrain™" towards
malignant cells by examining its effects on the
growth, cell cycle progression and morphoiogy of
two malignant, two transformed and two normal cell
lines and, secondly, to determine whether Ukrain™
nad a twbulin-based mechanism of action.

We were unable to confirm earlier reports that
Ukrain™ had minimal effects on the growth of non-
malignant cells in tissue culture, for we found little
difference in its inhibitory effects on the growth of six
cell lines (two derived from malignant tumors, two
wansformmed cell lines, and two non-malignanc cell
lines)., The mixture of Chelidonium alkaloids from
which Ukrain™ is prepared, showed a similar nonse-
fective cytotoxicity pattern {see Fig. 1). Moreover, in
all celi lines Ukrain ™ caused cells to accumulate at
the G2M phase of the cell cycles, and morphological

studies demonstrated that these ceils were arrested at
metaphase with malformed mitotic spindles. This
initially unanticipated finding {24-26] led us to
explore the possibility that the specific mechanism
of action for Ukrain™ was a relatively weak interac-
tion with the spindle protein wbulin. Two lines of
evidence support this conclusion. First, the
COMPARE algorithm on NCI cell screen data yielded
PCC's >0.5 when Ukrain™ was analyzed versus
several well-described anti-tubulin drugs. Secondly,
we demonstrated that relatively high concentrations
of Ukrain™ inhibited the polymerization of purified
bovine brain tubulin.

We conclude that Ukrain™ acts by inhibition of
ubulin polymerization in ceils in a non-selective
manner.
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