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Summary - Olomoucine (2-(2-hydroxyethykamiamino)-6-benzylamino-9-methylpurine) has been recently described as a competitive inhibitor
(ATE-binding site) of the cell cycle regulating p34~d%yclin B, p33~kyclin
A and p33cdk2/cyclin E kinases, the brain p33a/p35 kinase
and the ERKUMAP-kinase. The unusual specilkity of this compound towards cell cycle regulating enzymes suggests that it could inhibit
certain steps of the cell cycle. The cellular effects of olomoucine were investigated in a large variety of plant and animal models. This compound inhibits the GUS transition of unicellular algae (dinoflagellate and diatom). It blocks Fucus zygote cleavage and development of
Luminuria gametophytes. Stimulated Petunia mesophyl protoplasts are arrested in Gl by olomoucine. By arresting cleavage it blocks the
development of Calanus copepod larvae. It reversibly inhibits the early cleavages of Caenorhabditis eZegans embryos and those of ascidian
embryos. Olomoucine inhibits the serotonin-induced prophase/metaphase transition of clam oocytes; furthermore, it triggers the release of
these oocytes from their meiotic metaphase I arrest, and induces nuclei reformation. Olomoucine slows down the prophase/metaphase tmnsition in cleaving sea urchin embryos, but does not affect the duration of the metaphaseknaphase and anaphaseklophase transitions. It also
inhibits the prophase/metaphase transition of starfish oocytes triggered by various agonists. Xen0pu.r oocyte maturation, the in vivo and in
vitro phosphorylation of elongation factor EF-1 are inhibited by olomoucine. Mouse oocyte maturation is delayed by this compound,
whereas parthenogenetic release from metaphase II arrest is facilitated. Growth of a variety of human cell lines (rhabdomyosatcoma cell
lines FM, Rh18, Rh28 and IWO; MCF-7. KB-3-1 and their adriamycin-resistant counterparts; National Cancer Institute 60 human tumor
cell lines comprising nine tumor types) is inhibited by olomoucine. Cell cycle parameter analysis of the non-small cell lung cancer cell line
MB65 shows that olomoucine affects Gl and S phase transits. Olomoucine inhibits DNA synthesis in interleukin-2-stimulated T lymphocytes (CTLL-2 cells) and triggers a Gl arrest similar to interleukin-2 deprivation. Both cdc2 and cdk2 kinases (immunoprecipitated from
nocodazole- and hydroxyurea-treated CTLL-2 cells, respectively) are inhibited by olomoucine. Both yeast and Drosophila embryos were
insensitive to olomoucine. Taken together the results of this Noah’s Ark approach show that olomoucine arrests cells both at the GUS and
the GUM boundaries, consistent with the hypothesis of a prevalent effect on the cdk2 and cdc2 kinases, respectively.
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Introduction

Virtually all cellular control mechanisms involve modifications
in the covalent binding of phosphate groups to serine, threonine and tyrosine residues of proteins by protein kinases. The
importance of protein kinases in all physiological processeshas
stimulated an active search for specific inhibitors of potential
pharmacological interest [17]. Cyclindependent kinases (cdks)
have recently raised considerable interest in view of their
essential role in cell division cycle regulation [40, 551. Cdks
are catalytic subunits of protein kinases that associate with Iegulatory subunits, cyclins. Seven human cdks have been described
so far [31,32,59]: cdkl (= cdc2), c&2, cdk3, cdk4, cdk5, cdk6
and cdk7. With the exception of cdk3, for which the regulatory
cyclh has not yet been identified [59], all these cdks are regulated by the transient association with one member of the cyclin
family: cyclin A (cdc2, cdk2), Bl-B3 (c&2), Dl-D3 (cdk2,
cdk4, cdk5, c&6), E (cdk2 and cdk7). Cell cycle progression is
thought to be regulated by such cdk complexes: Gl/S transition
(cdk2/cyclin E, cdk31unknown cyclin, cdk4/cyclin Dl-D3,
cdk6kyclin D3), S phase (cdk2Jcyclin A), G2 (cd&/cyclin A),
GUM transition (cdcZcyclin B). Other cdc2-related kinases
have been sequenced which await identification of their regulatory partners and their cell cycle regulatory functions [3 11.
Increasing data support the importance of cdk’s deregulation in human tumor development (for review see [35]).
Recently, natural inhibitors of cyclin-dependent kinases, such
as plPK4 (inhibitor of cdk4/cyclin Dl-D3) [19,41,53] and
p21CPI,SDII, WAFl( a general inhibitor of cdks) [7, 13, 15, 42,
631, have been presented as tumor suppressors directly implicated in the causes of cancer. The frequent deregulation of
cdks and their natural inhibitors in cancer stimulates an active
search for chemical inhibitors of cdks. We have therefore
designed a simple, mechanism-based assay using affinitypurified p34~d%yclin B kinase as a screening target for new
anti-mitotic compounds of potential anti-tumor interest [47].
While investigating the inhibitory action of purine derivatives on the p34 Cd%yclin B kinase, we discovered a
compound with high specificity, olomoucine (2-(2-hydroxyethylamino)-6-benzylamino-9-methylpurine)
[62]. This
compound acts as a competitive inhibitor for ATP binding.
Among 35 purified kinases tested, only cdc2, cdk2, cdk5
and erkl, but not cdk4 and cdk6, were found to be substantially inhibited by micromolar concentrations of olomoutine. Olomoucine is related to the previously described
cdc2 inhibitors 6-dimethylaminopurine
[29,39] and N6-(AZisopentenyl)adenine [47], but not to the recently discovered
cdc2 inhibitor butyrolactone-I ([21, 561; for a review on
chemical inhibitors of cdks, see [26]).
The cellular effects of olomoucine have been investigated in this work using a variety of cellular models ranging
from unicellular algae to human tumor cells. Olomoucine
was found to inhibit cell proliferation both at the Gl/S and
G2/M boundaries. These results are consistent with the
hypothesis of a prevalent in vivo effect on cdk2 and cdc2,
respectively. By its unique selectivity, olomoucine provides
an anti-mitotic reagent which preferentially inhibits certain
steps of the cell cycle and may constitute a lead compound
for the design of new anti-tumor agents.

solved at 100 mM in dimethylsulfoxide.8-hydroxyeicosatettaenoic acid wasa generousgift of Dr A Brash(Vanderbilt University, Nashville, TN, USA). 1-Methyladenine and doxorubicin
were obtainedfrom SigmaChemicals.
Dinojlagellateand diatom
Amphidinium carterae strain CCMP1314 (Dinophyceae) and
Thalassiosiraweissflogiistrain CCMP1336 (Bacillariophyceae)
originated from the Provasoli-Guillard Center for Culture of
Marine Phytoplancton(Bigelow Laboratoryfor OceanSciences,
West Boothbay Harbor, Maine, USA) and were maintained in
exponentialgrowth in batch culturesat 20°C at a light intensity
of about 100 @lms in potassium-enrichedseawatermedium

1201.

Cultureswere placedin total darknessfor 36 h to inducecell
cycle arrestwith a reduction in the number of S phase cells [60]
before addition of olomoucine. A blank and a control with
DMSO were alsoincluded.Cultureswereput back in continuous
light just after addition of olomoucine.Due to differencein the
blocking dynamicsbetweenthe two species[60]. samplingwas
carriedout after 0, 2,4.6, 8,9, 10, 11, 12, 14, 16 h for A carterue and0. 1,2,3,4,5,6,7,8, 10, 12h for T weissflogii.
Nuclear DNA was stainedwith 4’,6-diamidino-2-phenylindole (DAPI) usinga modificationof the Otto procedure[44]. At
eachsamplingtime, 0.5 ml of culture wascentrifugedfor 10min
at 2000 g andcells wereresuspended
in 1 ml of a solutionof 0.2
M citric acid and0.1% Triton X-100, incubatedat 20°C for 1 h
and storedat 4°C for a maximumof 24 h. Just before analysis,
sampleswerecentrifugedfor 20 min at 8000 g. The supematant
waseliminatedand the cells were resuspended
in 100fl of 0.2
M citric acid and 0.1% Triton X-100 to which 400 j/J of 0.4 M
Na$FQ, and0.5 pg DAPI/ml wereadded.
Cell DNA fluorescencewas measuredwith an EPICS 541
flow cytometer (Coulter, Hialeah, FL, USA) equippedwith an
agon laser(Coherent,Palo Alto, CA, USA) setfor emissionat
357 mn, a Biosenseflow cell anda confocallensto increasesensitivity [43, 611. DNA histogramswere analyzed to obtain the
percentageof cells in each cell cycle phaseusing Multicycle
(PhoenixFlow Systems,SanDiego,CA, USA).
Fucus spiralis zygotes
Zygotes of Fucus spiralis undergothe first cell division cycle
within 22 h after fertilization. Before the first division they polarise accordingto variousenvironmentalgradients[22]. Photw
larisationhasbeenusedfor theseexperiments.It is expressed
by
the rhizoid, a protrusionwhich develops on the side away from
the prevailing light source. Cell division subsequentlyoccurs
perpendicularto the polarity axis.
Luminariadigitata gametophytes
Fertile sporophytesof kzminaria digitata werecollectedat Roscoff. Mature sori were cleaned,excised,rinsedseveraltimeswith
sterileseawaterand cut in thin lamellae.Sorussliceswere incubatedin 50 ml Petri dishesin the presenceof Provasoli-enriched
seawater.Culture of zoosporeswascarriedout at 12-13°Cwith a
18:8 lightdarknessphotoperiod, under 40 W cool-white fluorescentlight at an approximatephotonfluencerate of 20 pmol/mQ.
Gametophyteswere grown in the presenceof variousconcentrations of olomoucinedelivered when zoosporeshad settledonto
the substratumandbeforethe first cell division of gametophytes.
Culturesweremonitoredweekly.
Petuniahybrida protoplasts
protoplasts were isolated from 4th to 6th leaves(numbered from the cotyledons to the apex) of Petunia hybrida
(hybrid FlPxPC6, Dr Comu,INRA, Dijon). Pmtoplasts(KY/ml)
were cultured under constantlight at 26°C as describedpreviously [3]. Olomoucine(I-200 PM) was addedfor 24 h to the
Petunia cultures 14 h after their isolation.In somecasesprot@
Mesophyll
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Chemicals
Olomoucine,2-(2-hydroxyethylamino)-6-benzylamino-g-methylpurine) was obtained from ACDC Research Laboratory
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another 10 h. For cell cycle analysis nuclei were isolated from
the protoplasts in Galbraith buffer [8], fixed in 1% formaldehyde
(37%) and stained with 2 pg/ml of bisbenzimide Hoescht 33342.
Cytometric analysis was performed on 2 x 104 nuclei with an
EPICS V flow cytometer (Coulter) [45)].
Caenorhabditis elegans embryos
Caenorhabditis elegans embryos were cultivated as described
previously [49]. To facilitate access of olomoucine, the egg
envelope was fenestrated with a laser microbeam [50]. The
timing, sequence and polarity of early cleavages, starting from
the 2-cell stage embryo (AB) up to the primordial germcell P4
at the 24-cell stage, were examined under Nomarsky phase
contrast.
Calanus helgolandicus embryos
The copepods Calanus helgolandicus were obtained by dredging in coastal waters in the Roscoff area. Freshly spawned eggs
(20-30 per batch) were incubated, at constant temperature
(14.5 i 0.5”(Z), in Millipore-filtered sea water (500 fl), supplemented with olomoucine at various concentrations. Experiments were repeated three times. The extent of embryonic
development was assessed by scoring the rate of hatching after
30 h incubation. Light microscopy examinations of hatched
nauplii and embryos of the same age were performed under
Nomarsky phase contrast and fluorescence (Hoescht 33342
staining) as described in [46].
R&tapes phiZippinarum oocytes
Four- to five-year-old Ruditapes philippinarum clams were
obtained from various commercial sources in the ‘Golfe du
Morbihan’ and kept in running seawater. Oocytes were obtained
by mincing the gonad with scissors in artificial seawater buffered
at pH 8.0-8.2 with 2 mM Tris [54]. The suspension was filtered
through cheesecloth and the oocytes were further washed three to
four times and diluted to a 0.5% suspension. Only batches showing less than 5% spontaneous maturation were used. Oocyte maturation was triggered with serotonin (5-hydroxytryptamine), prepared freshly as a 10 mM stock solution. Germinal vesicle
breakdown (GVBD) was scored 60 min after hormone addition.
Metaphase-arrested oocytes were exposed to olomoucine and
observed under fluorescence following Hoescht 33342 staining.
ZUarthasterias glacialis oocytes
Starfish oocytes were prepared as previously described [30] and
maturation was induced by 1-methyladenine (1 PM) or 8hydroxyeicosatetraenoic acid (1 w). The effects of olomoucine
on the prophase/metaphase transition were tested as described
[62]. The hormone-dependent period was determined by exposure of an oocyte suspension to 1 @4 1-methyladenine and
rapid transfer at various times of 50 ~1 aliquots to 12 ml of seawater, followed by determination of the percentage of GVBD 30
min later [30].
Sphaerechinus granularis embryos
Sea urchins were colIected by diving in Brittany and kept in running seawater until use. Shedding of gametes was induced by
injection of 0.2 ml of 0.2 M acetylcholine. Sperm was collected
‘dry’ and kept undiluted at +4”C. Eggs were collected in Millipore-filtered natural seawater (NSW). They were washed once
with NSW and resuspended as a 10% (v/v) suspension. To facilitate fertilization membrane elevation, 0.1% (w/v) glycine was
added to the egg suspension prior to fertilization. Sperm was
diluted just before insemination (1 drop ‘dry’ sperm/5 ml NSW,
1 drop of this dilution/l0 ml egg suspension). At 2-3 min after
sperm addition the eggs were checked for successful fertilization
(100% in all experiments) and the excess sperm was removed by
washing the eggs once with NSW. All experiments were performed at +2O”C.
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Olomoucine was added 60 min after fertilization. Embryos
were scored for cleavage under the microscope and examined
after fixation and clearing. 200 pl egg suspension aliquots were
injected at regular intervals in ethanol:chloroform:acetic acid
(6:3:1). After 1 h the supematant was removed and 1 ml fresh
fixative was added. After another hour 200 fl glycerol 25% (v/v)
was added, followed 1 h later by 200 fl glycerol 50% (v/v). Just
before observation under the microscope (Nomarski phase contrast) acetic carmine was added to the eggs on the observation
slide (1 vol stain/l vol eggs) [29].
Phallusia mammillata embryos
Ripe ascidians were collected in Brittany and maintained under
circulating seawater. Gametes were collected as previously
described [ 111. Inseminations were carried out in NSW and
embryos exposed to olomoucine either 7 or 30 min after fertilization.
Xenopus laevis oocytes
Xenopus laevis oocytes were prepared as described previously
[37]. Olomoucine was added together with 1 @4 progesterone.
In vivo phosphorylation of elongation factor 1 subunits /?, yand 6
was assessed after immunoprecipitation of the whole complex
[37] in s*P-labelled oocytes.
Mouse oocytes
Mouse oocytes were prepared and cultured as described previously [23,25].
Rhadomyosarcoma cell lines
Four cell lines derived from childhood rhabdomyosarcoma were
used to evaluate the cytostatic activity of olomoucine in vitro.
Lines Rh18, Rh 28 and Rh30 each demonstrated the t(2:13) rearrangement characteristic of alveolar type RMS and Rh 1 is repro
sentative of embryonal RMS. Lines Rh18, Rh 28 and Rb30 have
been described previously [6, 161. All cell lines were routinely
grown in RPM1 1640 medium (Whittaker, Walkersville, MD)
supplemented with 2 mM glutamine and 10% fetal calf serum
(Hyclone, Logan, UT), without antibiotics. Logarithmically
growing cells were harvested and plated at the following number
per 35 mm well of a 6-well culture dish (Be&on Dickinson, Lincoln Park, NJ): Rhl at 3 x 103, Rh18 at 5 X 104. Rh28 at 3 x 105
and Rh30 at 4 x 104.Cells were allowed to attach overnight, and
then exposed to olomoucine (0.1 to 300 m) for 7 days. For Rhl
and Rh30 cells, colonies were enumerated, after air drying the
plates and staining with crystal violet, using an ARTEK model
880 counter. For Rh18 and Rh28 cultures, which do not form discrete colonies, cell nuclei were determined using a Coulter counter after lysis of cells [5].
MCF-7/MCF-7mdr

and KB-3-l/

KB-A cell lines

The human breast cancer cell line MCF-7 and the derived MCF7mdr adapted for growth in the presence of adriamycin (doxorubicin) [4] were obtained from Dr F Calvo, St Louis Hospital,
Paris. The human epidermoid cancer cell lines KB-3-1 and the
subline KB-A (adriamycin-resistant) [48] were obtained from Dr
S Chevilltid, (Institut Curie, Paris). These cell lines were grown
in Dulbecco-modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (Gibco). Adriamycin (1 pg/ml) was
added to the MCF-7mdr and KB-A cells after passaging. For
[sH]thymidine incorporation experiments, cells were seeded in
24-well plates (50OOO/well) in the complete medium (without
adriamycin). The next day, olomoucine was added at various
concentrations in fresh medium. After 48 h of culture in the presence of olomoucine, [3H]thymidine (2 @Z/ml) incorporation was
evaluated by 30 min pulses. Radioactivity incorporated into
insoluble material in 5% trichloracetic acid was measured by liquid scintillation counting. The data shown are means f SEM of
triplicates.

RT Abraham
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in vitro screen

Sixty humantumur cell lines comprisingnine tumor types [12]
were cultured for 24 h prior to a 48 h continuousexposnreto
0.01-180 J.&I olomoncine.A suiforhodaminineB protein assay
wasusedto estimatethe cytotoxicity.
Non-small

cell lung cancer cell line MR6.5

The non-smallcell lung cancer cell line MR65 -WS grown as
monolayerculture in HBPESbuffered Bagle’smodified minimal
essentialmedium (EMEM) supplementedwith 10% newborn
calf serum(G&co), 1% L-glutamine(Serva), 1% non-essential
amino acids (AUV, Cuyck, the Netherlands).The MT265Cell
line wasa kind gift of Dr Gropp (M&burg. Germany).
ExponentiaBygrowing ceRcultures were pnlse&beled with
10 PM BrdU for 30 min. Cells were rinsed twice with prewarmedphosphate-bufferedsaline(PBS) and chasedin culture
mediumsupplementedwith 5 jtM deoxythymidine and-various
concentrationsof olomoucine.After variousperiodsof time cultwes were harvestedby trypsination,fixed in 70% cold ethanol
andkept at 4°C in the dark.
Sampleswere stairmdas describedprevmusly [52]. Briefly,
approximatively 106cells wererinsedin PBS andthe pellet was
incubatedin 0.4 mg/ml pepsinin 0.1 N HC1for 3fi~minat room
temperature-After centrifugationat 400 g the pellet was resuspendedin 2 N HCI and incubatedfor 30 min at 37°C. The isolated nuclei were rinsed in 0.1 M sodiumtetraborate(pH 8.5)
and 1 mg BSA in PBS(pH 7.4) andincubatedwithappropriately
diluted
monoclonalanti-BrdU antiserum(clone HB5). After 1 h
of incubation at room temperaturein the dark, the nuclei were
rinsedtwice in BSVPBS andantibodybindingwasvisualizedby

6
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Fig 1. Olomoucineinhibits the Cl/S transition of diatom and
dinoflagellate.Cultures of the diatom Zkakmiusir~
we&@&i
andthe dinoflagellateAmphidini&
carterae were sydchror;ized
by exposureto darkitess
prior
to light stimn&io~ in the presence
of increasingconcentrationsof olomoucine.Celis were analyzed
by flow cytometry andthepercentof S phasecellswasplotted as
a functionof olomoncineconcentration.

Fig 2. Olomoucineinhibits the early developmentof Fucus embryos.Focus eggs were fert@ed and exposedto variousconcentrations
of oIomoncine.A. Percentageof germhW&nas a function of olomoucineconcentra&n. B. Concu01
gerr&a&d embryo; St&J ar&w
indicatesthe rhizoid, large arrowsindicatethe cleavagefurrow. C. Two oiom&cinetraated~embryos;
no cleavagehasoccurre& though
oneembryohasdevelopeda rhizoid.
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Fig 3. Olomoucine inhibits the early development of Laminatiu gametophytes. 50-day-old gametophytes cultured in the absence (A) or
presence of 3 @l (B), 12.5 /M (C), 25 m (D), 50 @vf Q or 50 @l (P) olomoucine. Bars represent 100 m (A-D) or 25 m (E, F).

incubating the nuclei with FIX-conjugated rabbit anti-mouse Ig
(Dako, Glostrup, Denmark) for 45 min at room temperature in
the dark. Finally the nuclei were rinsed twice in BSA/PBS and
resuspended in 0.5 ml cold PBS/propidium iodide (PI) 20 /@ml,
RNAse 100 @nl. After 15 min incubation the samples were
ready for flow cytometric analysis on a FACSort (Becton Dickinson) equipped with a single air cooled Argon ion laser. The
exciting light was 488 nm and the emission filters were 515-545
BP (green, PITC), 572-588 BP (orange) and 600 lp (red; PI). A
minimum of 10000 cells per sample were stored in list mode.
PITC signals were recorded as linear amplified data. For bivariate BrdU/PI analysis no compensation was used. Data analysis
was performed with the standard Lysis and Cell-fit software. As
a standard procedure for all analyses, data were gated on pulse
processed PI signals to exclude doublets and larger aggregates.
From dotplots of PI vs log-FITC five compartments were
identified from which Eve parameters reflecting the modes of
cell progression through the cell cycle were determined [18]:
1) relative movement (RM) 121, mean DNA content of BrdUpositive undivided population normalized to Gl and G2 position;
2) fraction of undivided cells among the BrdU-positive population (F+ undivided); 3) BrdU-negative G2 fraction (For-);
4) BrdU-negative Gl fraction (Fo,-); and 5) the position of negative cells excluding the initial G2 cells normalized to Gl position. Means of the five parameters were plotted as a function of
time after BrdU pulse labeling for each dose of olomoucine. To

quantitatively assess the cell cycle progression, linear portions of
the kinetic curves were fitted by linear regression analysis. For
the BrdU-negative Gl and G2 fractions the linear regression
analysis was performed on the logarithmically transformed data.
The slopes of the regression lines were used to elucidate the
changes in the rate of cell cycle progression.
Interleukin-2-stimulated

T lymphocytes

CTLL-2 cells were cultivated as described previously [33] and
treated with 50 units interleukin-2 (IL-2)/ml. [aH]thymidine
incorporation was evaluated as described previously [33]. Cell
cycle data were obtained from cells which were treated for 14 h
with olomoucine (100 PM) or, alternatively, were withdrawn
from IL-2 for 12 h to induce Gl arrest prior to restimulation with
IL-2 in the presence or absence of 100 /.fM olomoucine. Cells
were fixed in ethanol and processed as described [33]. Fluorescence of PI-stained DNA was quantitated with a FACStar Plus
flow cytofluorometer equipped with Lysis II software (BectonDickinson, San Jose, CA).
Cdc2 and cdk2 kinase assays were performed in duplicates
using immunoprecipitates from nocodazole (14 h, 500 rig/ml),
and hydroxyurea (14 h, 0.8 M), treated CTLL-2 cells, respectively, as previously described [34]. In either case olomoucine
was added to the immunoprecipitates in 20 fl of kinase buffer.
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The precipitateMrug mixture was incubated at 37°C for IO min
and phosphorylation was initiated by addition of 20 fl of kinase
buffer containing histone and [ys*P]ATP as described [50].
R43llt.S
Dinojlagellate

and diatom (unicellular algae)

Cultures of the dinoflagellate Amphidinium carterae and the
diatom Thalassiosira weissjlogii were partially synchronized by exposure to total darkness for 36 h. Olomoucine
was added and cultures were exposed to light. Cells were
samnled. fixed and stained and their cell cvcle status was
analyzed by flow cytometry. Control celk entered in S
phase; an olomoucine concentration-dependent inhibition of
the GUS transition was observed (IC,,: 40 @M) (fig 1).
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Fucus spiralis zygote development
phycea)

(Chromophyta,

Fuco-

Olomoucine was applied to zygotes of the algae Fucus spiralis after fertilization for 30 h. Cells which polarised and
divided were scored as ‘germinated’. Olomoucine was found
to inhibit cell division wi& an IC, of 32 @I (fig 2). Polarisation occurred in half the zygotes without cell division. This
inhibition was reversed by washing: zygotes were treated
with 100 $M olomoucine for 26 h, washed and incubated in
artificial sea water. They polarised and divided the next day.
Laminaria digitata gametophytes (Pheophyta)
The effects of olomoucine on the development of gametophytes after 50 days of culture are shown in figure 3. Control
gametophytes rapidly developed into tufts of haplostichous

10

100

1c

Olomoucine concentration (@A)

Fig 5. Olomoucine inhibits the development of Calanus embryos. A. Control nauplius after 30 h of development. B. Olomoucine
(100 jM)-treated embryo after 30 h. C. Percent hatching as a function of olomoucine concentration.

112

RT Abraham

et al

OIomoucine concentration (FM)

filaments. About one-third of the gameto@ytes underwent
gametogenesis, each fertile
bearing one or~more
polystichm-sporophm.
Corrtrok grown in t&presence of
DMSO also @played norma-growth, though they developed
fewer and smaller, yet normatfly-shaped sporophytes. l.n the
presence of 3-6 @I olomoucine gametophytes grew normahy but very few, small and abnormahy-shaped sporophytes were observed. At 12.5 @‘& domouciee gametopbytes
had a reduced growth rate. Some of-them did -not.develop
beyond a few divisions. No spkphytes were observed. At
25 @4 olomoueine gametophytes either did not elongate,

Protoplasts wereisolated from differentiated mesophyll
: cells and exposed, 14~h later, to-vtious concentrations of
olomoucine. ‘iThe distribution of nuclei in the c-e11cycle
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Olomoucine-sensitive period
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Fig 7. Olomoucine inhibits the maturation of starfish oocytes. A. Prophase-arrested oocytes were exposed to various concentrations of
olomoucine and treated with 1 @l Shydroxyeicosatetraenoic
acid. The percent GVBD was scored. B. The I-methyladenine-dependent
period was determined by diluting aliquots of a 1-methyladenine-stimulated
oocyte population to non-efficient concentrations and scoring the percent GVBD after 30 min. The olomoucine-sensitive
period was determined by stimulating an oocyte population with 1 /LM
1-methyladenine and adding 100 ~J,M olomoucine at various times to 1 ml aliquots of the oocyte suspension. The percent GVBD was
scored after 30 min.

phases was investigated by flow cytometry. Increasing concentrations of olomoucine lead to an arrest in the Gl phase
and a gradual decrease of the S and G2 populations (fig 4A,
4C). When olomoucine was eliminated by washing, the protoplasts were released from the Gl arrest and entered the S
and G2 phases (fig 4B). Gl arrest caused by olomoucine
was associated with an increase in cell size (data not
shown). A G2 arrest was also observed [lo].
Caerwrhabditis elegansembryos (Nematoda)

Under normal conditions the timing and sequence of divisions iu C elegm embryos is rigotuously fixed [49,50]. At
concentrations up to 1 n&I, olomoucine had no effect on C
eleguns’ early development. Since this lack of effect might be
due to the chemical barrier provided by the vitelline membrane [50], the egg envelope was fenestrated with a laser
microbeam prior to exposure to olomoucine (table I). Below
100 @I olomoucine, no significant difference in timing,
sequence or polarity of early cleavages (from the 2-cell to 24cell stage) was observed. At 100 @vI, a slight retardation of
cleavage was observed At 1 mM olomoucine a considerable
retardation took place. C&her parameters remained unaltered,
except the size of nuclei which became enlarged. At 2 mM
olomoucine, retardation was apparently stronger than at
1 mM; however, only a few divisions occurred. The retardation effect was apparently totally reversible since cleavage
took place at essentially normal timing (n = 3) upon removal
of olomoucine (2 mM) from the medium.

Table I. Timing of Cuenorhabditiseleguns early development
(from AB to P4) in the presence of olomoucine.

Conditions
Control
(no laser fenestration)
Control
(laser fenestration,
+ 1% DMSO)
100 j/M olomoucine
1000 m olomoucine
2000 j&l olomoucine

Developmenttime
(AB to P4)(min-mar) n twrmyp
48 min (44-53)

4

100

47.5min (46-49)

4

100

50.5 rnin (46-55)
72.5 min (68-77)
(+ 1 x 94)

11
4

106
153

only early cleavages

3

cu 180

Calanus helgolandicus embryo development {Arthropoda,
Crustacea)

Embryos of the copepod Calanus helgolandicus were cultivated in the presence of various olomoucine concentrations.
After 30 h, control embryos had developed into free-swimming larvae, the nauplii (fig 5A). In contrast, olomoucinetreated embryos underwent a concentration-dependent inhibition of cell division,
and hence, of development
(fig 5B).
These abnormal embryos displayed globular, cell-like struc-
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olomoucine. This treatment released the oocytes from their
arrest: they entered into anaphase (fig 6C), eventually released
a polar body, and-reformed nuclei (not shown).
Oocyte maturation in starfish (Echirwdermata, Asteroideaj

80 -

Starfish oocytes are naturally arrested in the late prophase
of the first meiotic division; the follicle cells-derived hormone I-methyladenine
triggers re-entry into meiosis (for
review see [28]): In a previous-paper {62] we showed that
the prophaseknetaphase transition of starfish oocytes, triggered by I-methyladenine,
is inhibited by olomoucine
(K,: 30 m).. We have confirmed this inhibitory effect
with two mimetics of the hormone, calyculin A, a protein
.phosphatase inhibitor (data not shown) and 8YhydroxyeiCosatetraenoic acid.]271 (fig 7A). In order to undergo maturation the oocytes must bein contact with I-methyladenine
for a so-called ‘hormone-dependent period’ [30& Cleany
the oocytestema& sensitive to oiomoucine-beyond this-hormone-dependent perid [fig 73).
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Prophasefmetaphase
transition
(Echinodennata; Echinoidea)

in sea urchh

embryos

Addition of 100 JLM olomoucine to fertilized sea urchin
eggs did not inhibit-cleavage. However, we observed a con
sistent delay in the onset~of cleavage, When further analyzed, this delay was found to be restricted to an increased
duration of the prophase/meta$ase transition (fig 8). The
duration of the~metaphaseknapba~and
anaphaseklophase
transitions was not significantly .modified in olomoucinetreated embryos.

8
80

60

Ascidian eggs (Chardata, Ascidiacea)

0

60

Unfertilized Phallusia mammiltata oocytes are naturally
arrested in the first meiotic metaphase [l 11. At a concentration of 100 PM, olomoucine failed to trigger the release
from this arrest. CJocytes were then fertilized prior to exposure to olomoucine. Either no zygote cleavage or-abnormal
cleavages, eventually leading to some abnormal blastufae,
were observed after 90 mitt of incubation (fig-g). In contrast, non-treated zygotes underwent synchronous cleavages
leading to gastrulae, and finally to tadpole larvae.
120
140
80
100
Time after fertilization {min)

Fig 8. Olomoucine delays the prophase/metaphase transition of
sea urchin embryos. Sea urchin eggs were fertilized and exposed
to 100/rM olomoucine at 60 min post-fertilization. Aliquots of
the eggsuspension
weretakenat vtious timesandprocessed
for

microscopic determination of their cell cycle phase. Top panel,
control eggs.Lower panel,olomhucine-treated
eggs.

tures with condensed chromatin, never hatched and ultimately
died. A 50% inhibition of hatching occurred at 15 q.M (fig SC).
Oocyte matur@ion in Ruditapes philippinarslm
Pelecypoda)

(Mollusca,

Upon stimulation by serotonin (5hydroxytryptamine)
prophase-arrested clam oocytes enter the fust meiotic division up
to metaphase I [l, 141. This propha&metaphase transition
was reversibly-inhibited by olt@oucine (ICs,: 75 @4) (fig 6.5).
Metaphase I-arrested oocytes (fig 6B) were also exposed to

Xenopus laevis oocytes (Amphibia)
Prophase-arrested Xenopus oocytes were simultaneously
treated with progesterone and various concentrations of ob-~
moucine. A dose-dependent inhibition of oocyte matu+.ion~
was observed (fig 1OA) TIC&: 100 @I). Inhibition was
slowly and partially-reversed by washing and exposure to
progesterone. The effect of olomoucine on the in.vivo &wity of the cdc2 kinase was estim&ed on the phosphojlation
of the elongation factor subunits. This dde2 substrate-is
phosphorylated on its ysubunit (threonine 230) [%]Iand on
its Gsubunit (threonine 122 and an unidentified s&in@ ]37].
The-whole elongation factor 1 complex was immunoprecipitated from 32P-labelled oocytes~ (prophase-arrested, progesterone-treated, progesterone- and olomoucine-treated),
resolved by SDS-PAGE and atitoradmgraphy. Olomou@ne
inhibited the phosphorylation of EF-1 y and 6 (fig I@).
Finally, in vitro phosphorylation of elongation factor 1 by
purified cdc2 base was metied

in the pres@~~of v-a&

ous concentrations of olomoucine and 59 j&M f32p3-A’I’P. ~A
dose-dependent inhibition was observed with an .lCsa below
30 ~j.f.M(fig 100

Cellular

effects

of olomoucine

Fig 9. Olomoucine inhibits cleavage of Ascidian embryos. Oocytes were fertilized prior to exposure to 100 @4 olomoucine. Undivided
(1) or abnormally cleaved (2) embryos 5 h after fertilization, containing several mitotic spindles and nuclei (3,4); 5. Abnormal blastulae;
6. Control embryos have reached the 8-cell stage 90 min after fertilization.

25 PM) were quite similar
resistant cell lines (fig 13).

Mouse oocytes
Mouse oocytes are released from their meiotic prophase
arrest upon incubation in culture media. This process,
scored by the time-course of germinal vesicle breakdown,
was delayed in the presence of olomoucine (fig 11A). Spontaneously matured oocytes arrest in metaphase II, from
which they can be released by fertilization or by parthenogenetic activation. This metaphase/interphase transition,
measured by the formation of pronuclei, was accelerated by
olomoucine (fig 11B).
Rhudomyosarcomas

cell lines

Childhood rhabdomyosarcomas cells were grown in the
presence of increasing concentrations of olomoucine.
Growth inhibition was observed in the presence of olomoutine with IC,,s ranging from 18.4 to 85.7 j&I (fig 12).
MCF-7/MCF-7mdr

and KB-3-l /KB-A cell lines

Olomoucine has been tested on two cell lines, MCF-7 and
KB-3-1 and their adriamycin-resistant sublines, MCF-7mdr
and KB-A. After 24 h and 48 h of culture in the presence of
olomoucine, [sH]thymidine incorporation was estimated by
a 30 min pulse [sH]-Thymidine
incorporation was inhibited in a dose-dependent
manner. IC,,s (approximatively

for normal and adriamycin-

NCI disease-oriented in vitro screen
Olomoucine (0.01-100 @I; 48 h exposure) has been tested
on 60 human tumor cell lines comprising nine tumor types
(leukemia, non-small cell lung cancer, colon cancer, central
nervous system cancer, melanoma, ovarian cancer, renal
cancer, prostate cancer, breast cancer). All cell lines displayed a similar sensitivity to olomoucine (data not shown).
The average IC,, was 60.3 @4.
Non-small cell lung cancer cell line MR65
The non-small cell lung cancer cell line MR65 was grown,
pulse-labeled with BrdU and treated with various concentrations of olomoucine. After various periods of time cultures were harvested and cell cycle parameters were analyzed as described in the Materials and methods section.
Results show that olomoucine does not produce obvious
differences in cell cycle distribution, nor in the G2/M exit
rate for the cells that were originally

in GUM

(G2M-)

at the

time of BrdU labeling. However a dose-dependent decrease
in Gl phase entry rate (F+), in S phase entry rate (GlS), in
S phase transit time (relative moment) and in Gl phase exit
rate (Gl-) was observed (fig 14).
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47-

EF-1 Y

36-

EF-1 6

0

30 100 -300 1000
olomoucine

Interleukin-2-stimulated

(pM)

T lymphocytes

CTLL-2 cells were treated with various concentrations of
olomoucine.
{sH]thymidine
~incorporation in CTLL-2
cells was evaluated following interleukin-2 stimulation.
A clear dose-dependent inhibition
was observed (fig
15A). The effect of olomoucine on cell cycle distribution
was further testedby FACS analysis of cellsunder various conditions (table II). The distribution of log--growth
cells was not altered by a 100 #4 ofomoucine treatment.

Fig 10. Olqnoucine inhibits Xenopus oocyte maturation agd the
in vivo~and in vitro ~~~
of-EF-1 raMT 6. A. Q%ey%es
were exposed to progesterone and treated withinere&ng concentrations of olomoue~ne. Pementsge of i;VBl3 was seared.
B. In vivo p&r@oryl~on
of EF-1 ly and & ~~~i~~
from 32P-laWled oocytes (control, ~~~~
prqresterone + olorriou&ie-tmated). C. OIomou&e inhibi~the~Xkn~pus cdc2 kinrtse activity assayedin vitro With EF-1~yand 8

A small reduction of S phase cells and a slight increase
of G2 phase cells were obierved, probably due to the exit
of a fraction of these cells from the S phase a&, their
subsequent-arrest in G2. Cells were next synchronized in
late Gl, by. IL-2 deprivation for 12 h. CelIs were then
restimulsaed by IL-2 in the absence -or presence of olomoutiine. II-2 deprivation triggered a marl&d G.1 arrest
(table II) fromwhich:cell~s’were
released~upon IL-2
restimulatien. Cellsremained arrested inG1 in the pr@=
ence of oiomoueine (table II). Finally, olomou&e~ -was
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Fig 11. Olomoucine inhibits mouse oocyte maturation but facilitates their release from metaphase II arrest. A. The percent GVBD of
spontaneously maturing oocytes, treated or not with olomoucine, was recorded. B. Metaphase II-arrested were parthenogenetically activated in the absence or presence of 100 PM olomoucine and the time-course of pronucleus formation was scored.
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Fig 12. Olomoucine inhibits growth of rhabdomyosarcoma cell
lines. Cells were cultivated in the presence of various olomoutine concentrations and their growth was recorded after 7 days.

tested against the cdc2 and cdk2 kinases respectively
prepare:
from nocodazoleand hydroxyurea-treated
CTLL-2 cells (fig 15B). 1Csu.s were 40 j&I and 20 ,uM,
respectively.

‘.

1

Olomoucine
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concentration

100
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@Ml

Fig 13. Olomoucine inhibits [sH]-thymidine incorporation of
MCF-7 and KB-3-1 cells as well as of their adriamycin-resistant
counterparts. Cells were grown in the presence of various concentrations of olomoucine, pulse-labeled with [sH]-thymidine
and processed for determination of incorporation in DNA.

Discussion
Among 35 kinases tested, cdc2, cdk2, cdk5 (IC,,s: 3-10 pM)
and the MAP kinase erkl (IC,,: 25 PM) were found to
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II. Cell cycle distribution of CTTL-2 cells cultivated
undervariousconditions.
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Gl arrest+ restimulationat 16 h
Gl arrest+ restimulationat 16h
+ olomoucine(100 m)
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Fig 14. Olomoucineinhibits the cell cycle of non-smallcell lung
cancerceil line MR65. The non-smallcell lung cancercell line
MR65 wasgrown, pulse-labeled
with BrdU andtreated-withvariousconcern&ionsof olomoucine.After variousperiodsof time
cultureswere harvestedand cell cycle parameterswere analyzed
asdescribedin h4uteriuZs and meth@s.RM (relative moment),S
phasetransit time. F+, Gl phaseentry rate. G2M-, G2h4 exit
rate for the cells that were originally in G2/M at the time of
BrdU labeling.Gl-, Gl phaseexit rate. GlS, S phaseentry rate.
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36
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bq inhibited by olomoucine, a Cz,N!,Ng-substituted puriee
[62]. Olomoucine acts as a competitive-inhibitor
for-&P

\
.

42
48
76
42
77

binding .as shown by a classical enzytnologi&& approach
f623 and, more direct@, by strktural analysis of -acdl&Solo-

moucine co-cry&al [5 I]. lnte~estingly the purint: of alomoutine and the gurine of ATP are orientated in a t&al& different manner, .and this may be the basis for then uniqut:
selectivity of olomoucine, &spite its competitive action &
the A’P binding site. The unusu~ selectivity of ok~motmiqo

prompted us to investigate iis effects on- a variety of-cdl
cycle models.
There are a few examples where little or no effects were
observed: yeast (P Nurse, personal communication), Div-

suphih embryos (B mgar, personal communication). Sn%ilarly cleavage of nematode (C ekgans) embryos was only

Olomoucine concentration &LEVI)

Fig 15. Olomoucineinhibitsthe cell cycle of interleukin-2-stimulated
T lymphocytes(CTTL-2) (A) andtheir cdc2 andcdk2kinases(tl);
A. Cellsweretreatedwith interIe&in~2, grown in the presenceof variousconcentrationsof oiamo@ne,pulse-l&@edwi&r f%Q-thjrmi-m

dine and processedfor determmationof incorporationin DNA. B. Histork HI kinaseactivity wasassaM in anti-c@2-anb%t#&&2
immunopre$itatespreparedfrom hydroxyurea-&d nocodazokk%ted m-2
cells, regpcf;tiveiy, in-the presenceof iadreaaingconcentrationsof olomoucine.
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sensitive to very high concentrations of olomoucine. This
lack of effect can be tentatively ascribed to poor permeability of the plasma membrane of these cells to the drug, rapid
inactivating mechanisms, extrusion of the drug or fast compartmentalisation away from the potential targets.
In several examples we have observed a general inhibition of proliferation without further analyzing the stage of
cell cycle inhibition: development of algae embryos and
gametophytes (Fucus, Luminaria), copepods and ascidian
embryos, several human cell lines (rhabdomyosarcoma
cell lines, NCIs 60 human tumor cell lines, MCF-7, KB3-l).
Natural or artificial synchrony in the other models has
allowed us to analyze the cell cycle stage specificity of olomoucine action.
A Gl arrest was observed in unicellular algae (dinoflagellate, diatom), Petunia protoplasts, non-small cell lung
cancer cell line MR65, interleukin-2-stimulated
T lymphocytes. This Gl arrest is consistent with an inhibition of cdk2
in olomoucine-treated cells. A large body of evidence demonstrates the essential role of cdk2, associated with
cyclins E and A, in the regulation of the Gl/S transition (for
review see [59]). To illustrate with a genetic example, a
dominant-negative mutation of cdk2 arrests human U2OS
cells in Gl [59].
A prophase arrest (‘G2 arrest’) was observed in clam,
starfish, Xenopus oocytes, while the prophase/metaphase
transition was slowed down in sea urchin embryos and
mouse oocytes. This effect is consistent with an effect of
olomoucine on cdc2/cyclin B, the universal M phase-promoting factor. Here also a wealth of data demonstrate the
complete dependence of this cell cycle phase transition on
active cdc2 kinase (for review see [59]). To illustrate with a
genetic evidence, a mouse cell line (FT 210) carrying a tem-

perature-sensitive mutation on cdd, arrests only in G2 at
the restrictive temperature [58]. Dominant-negative
cdc2
mutants arrest human U2OS cells at the G2/M transition
[591.

Finally, in three examples (clam oocytes, sea urchin and
mouse embryos), olomoucine was found to facilitate or
even trigger the metaphase/anaphase transition. This effect
is consistent with the inhibitory effect of active cdc2 kinase
on the exit from mitosis [9,24,38].
Taken together these data show that olomoucine arrests
cells both at the Gl/S and the GUM boundaries, consistent
with the hypothesis of a prevalent effect on cdk2 and cdd,
respectively. We cannot exclude however an effect of olomoucine on MAP kinase, specially in growth-factors-stimulated cells. By its high selectivity, olomoucine provides an
anti-mitotic reagent which preferentially inhibits certain
steps of the cell cycle and may constitute a lead compound
for the design of new anti-tumor agents.
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