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1 The platelet-lowering drug anagrelide inhibits bone marrow megakaryocytopoiesis by an unknown
mechanism. Recently, it was found that anagrelide is bio-transformed in humans into two major
metabolites (6,7-dichloro-3-hydroxy-1,5 dihydro-imidazo[2,1-b]quinazolin-2-one (BCH24426) and
2-amino-5,6-dichloro-3,4,-dihydroquinazoline (RL603). Whether these metabolites have biological
activities that may underlie the mode of action of the parent drug is presently unclear. To clarify this
question here we have compared the activities of anagrelide, BCH24426 and RL603 on the growth and
differentiation of CD34þ haematopoietic progenitor cells in liquid culture and on the migration of
differentiated megakaryocytes.

2 Incubation with either anagrelide, BCH24426 or RL603 did not affect the early expansion of
CD34þ cells stimulated by thrombopoietin. In contrast, both anagrelide and BCH24426 potently
inhibited the development of megakaryocytes (IC507s.e.m.¼ 2674 and 4476 nM, respectively),
whereas RL603 showed no significant effect.

3 Anagrelide and BCH24426 did not affect erythroid or myelomonocytic differentiation stimulated
by erythropoietin or granulocyte–macrophage colony-stimulating factor, demonstrating the selectivity
of these compounds against the megakaryocytic lineage.

4 Neither anagrelide nor its metabolites showed a significant effect on the migratory response of
megakaryocytes towards stromal cell-derived factor-1a.
5 Although BCH24426 was shown to be considerably more potent than anagrelide as an inhibitor of
phosphodiesterase type III (PDEIII) (IC50¼ 0.9 vs 36 nM) this activity did not correlate with the
potency of inhibition of megakaryocyte development. Furthermore, other PDEIII inhibitors of widely
differing potency were shown to have negligible effects on megakaryocytopoiesis.

6 Taken together our results demonstrate that anagrelide and BCH24426 target a cellular event
involved specifically in the megakaryocyte differentiation programme, which is independent of
PDEIII inhibition.
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Introduction

Anagrelide is an imidazoquinazoline derivative that was

initially developed as an inhibitor of platelet aggregation

(Fleming & Buyniski, 1979). However, when first tested in

humans it showed profound thrombocytopenic effects (Abe

et al., 1984). This unexpected action prompted evaluation of

the possible clinical utility of this property, which ultimately

demonstrated the usefulness of the drug for the treatment of

thrombocytosis in patients with chronic myeloproliferative

disorders (reviewed in Pescatore & Lindley, 2000). Initial

studies in humans indicated that anagrelide does not sig-

nificantly affect platelet-survival time (Abe et al., 1984) nor

that it acts by inducing haematopoietic progenitor cell toxicity

(Silverstein et al., 1988). Later on, in vitro studies of human

megakaryocytopoiesis suggested that, in vivo, the thrombo-

cytopenic activity of this compound results primarily from an

inhibitory effect on the postmitotic phase of megakaryocyte

(MK) maturation (Mazur et al., 1992). However, notwith-

standing its clinical success and these pioneering cellular

studies, unravelling the primary mechanism of action by which

anagrelide reduces platelet count has remained elusive (Hong

& Erusalimsky, 2002).

Anagrelide is extensively metabolized by the liver

(Pescatore & Lindley, 2000). Early studies identified*Author for correspondence; E-mail: j.erusalimsky@ucl.ac.uk
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2-amino-5,6-dichloro-3,4,-dihydroquinazoline (RL603) as a

major metabolite of the drug. Lane et al. (2001) investigated

the activity of RL603 in MK cultures and also in the mouse.

Their work suggested that this compound might be endowed

with platelet-lowering activity, arising from inhibitory effects

on MK maturation and migration. However, in vitro studies in

our laboratories did not support this contention (Erusalimsky

et al., 2002). A second major metabolite of anagrelide, 6,7-

dichloro-3-hydroxy-1,5 dihydro-imidazo[2,1-b]quinazolin-2-

one, has recently been identified (Figure 1). Known as

BCH24426, the activity of this metabolite has not been

previously investigated.

To date the only known primary target of anagrelide is

a type III phosphodiesterase (PDEIII) found in platelets and

the myocardium (Gillespie, 1988; Beavo, 1995). While it would

seem improbable that inhibition of this enzyme could account

for the effects of anagrelide on MK development, this

possibility has not been formally investigated.

To assess the potential role that the metabolites of

anagrelide may play in the antithrombopoietic action of the

parent compound in this study we have compared the activities

of anagrelide, RL603 and BCH24426 for their effects on

thrombopoietin (TPO)-induced haematopoietic progenitor

CD34þ cell expansion, as well as MK development and

migration in culture. Furthermore, we have compared these

compounds with other known PDEIII inhibitors in order to

evaluate whether PDEIII inhibition could explain the anti-

thrombopoietic activity of anagrelide.

Methods

Chemicals

Anagrelide hydrochloride monohydrate (Batch No CML-227/

01-RS6, 499% purity) was obtained from Cambridge Major

Laboratories Inc., Germantown, WI, U.S.A. BCH24426

(Batch No MSC114/15, 494% purity) was synthesized by

Tocris Cookson, Bristol, U.K. RL603 was obtained from

Ultrafine, Manchester, U.K. (Batch No 116-44-1, 98% purity)

or from York Bioanalytical Solutions, Upper Poppleton, U.K.

(Batch No 130-24-1, purity B100%). Cilostazol was obtained

from Sigma-Aldrich, Poole, U.K. Trequinsin hydrochloride,

milrinone and cilostamide were purchased from Calbiochem,

Nottingham, U.K. Isobutyl-1-methylxanthine (IBMX) was

from Sigma, Poole, U.K. Trequinsin hydrochloride was

dissolved in water. Stocks solutions of RL603 were made in

dimethyl sulfoxide (DMSO) or in acidic (pH 5.0) phosphate-

buffered saline (PBS). All other test compounds were dissolved

in DMSO. Stock solutions (10mM) were stored at �201C in

small aliquots and when required, diluted in culture medium

immediately before addition to cell suspensions.

Cells

Umbilical cord blood was obtained from normal donors

undergoing scheduled caesarean births and who gave informed

written consent in accordance to University College London

Ethics Committee guidelines. CD34þ haematopoietic progeni-

tor cells were isolated by magnetic immunoselection using the

anti-CD34 monoclonal antibody QBEND/10 (Miltenyi Biotec

Ltd, Surrey, U.K.) as previously described (Mathur et al.,

2004). Cell purity was checked by flow cytometry and ranged

between 92 and 98%.

Cell culture and treatments with test compounds

To examine the effect of test compounds on the expansion

of CD34þ cells resulting from TPO stimulation, these cells

were grown under conditions which support the proliferation

of MK progenitors in serum-free medium (Lam et al., 2001;

van den Oudenrijn et al., 2001). Freshly isolated cells were

cultured with 40 ngml�1 recombinant human TPO (R&D

Systems, Abingdon, U.K.) in Stemspant medium (Stem Cell

Technologies, London, U.K.) which consisted of Iscove’s-

modified Dulbecco’s medium (IMDM) supplemented with

1% bovine serum albumin, 10mgml�1 recombinant human
insulin, 200 mgml�1 iron-saturated transferrin, 0.1mM 2-

mercaptoethanol and 2mM glutamine. Cells were seeded

onto flat bottom 96-well microtitre plates (Falcon) at an

initial density of 1.5� 105 cellsml�1 in a volume of 100ml
and incubated at 371C in a humidified incubator under 5%

CO2/95% air. At 1 day after the initial seeding, test

compounds or vehicle were added at the indicated doses

in a volume of 10ml and the cells were cultured for a further 5
days. At the end of the culture period the relative number of

viable cells was determined using a tetrazolium salt-based

colourimetric assay (XTT, Cell proliferation kit II, Roche

Diagnostics GmbH, Mannheim, Germany) as described by the

manufacturers.

To promote terminal differentiation, unless otherwise

indicated, freshly isolated CD34þ cells were cultured in
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Figure 1 Metabolic pathway of anagrelide in man. Determined by
mass spectrometric analysis of urine from volunteers given a single
oral 1mg dose of [14C]-labelled anagrelide.
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standard differentiation medium consisting of IMDM (Sigma)

supplemented with 10% human umbilical cord blood plasma,

0.2% bovine serum albumin, 2mM glutamine, 1mM sodium

pyruvate, 0.1mM nonessential amino acids (Gibco BRL),

minimal essential medium vitamins (Gibco BRL), 0.1mM

2-mercaptoethanol, 100Uml�1 penicillin, 0.1mgml�1 strepto-

mycin and specified haematopoietic growth factors. In some

experiments cells were cultured in the above-described

Stemspant serum-free medium. Cells were grown for 12 days

at 371C in a humidified incubator under 5% CO2/95% air.

The final cell density of the differentiated cultures was

determined using a Sysmex CDA-500 Particle Analyser

fitted with a 5–20 mm probe. Treatments with test compounds

under differentiation conditions were carried out according

to two alternative schedules. Schedule A was used to evaluate

the activity of test compounds on the growth and differentia-

tion of developing MKs. In this case cells were plated at a

density of 2.0� 105 cellsml�1 in medium containing 40 ngml�1

TPO. After 4 days of culture, cells were counted and

then diluted (B3-fold) to 1.5� 105 cellsml�1 by addition of

fresh medium supplemented with 10 ngml�1 TPO. Following

dilution, cell aliquots of 1ml were replated into 24-well

plates and test compounds or vehicle were added at the

appropriate doses in a volume of 20 ml. Cells were then left
to grow undisturbed until the end of the 12-day culture

period. Schedule B was used to compare the activity of

test compounds against the differentiation of CD34þ cells

into different lineages as follows: Cell aliquots of 1ml were

seeded onto 24-well plates at a density of 1.5� 105 cellsml�1
with medium containing either 40 ngml�1 TPO, 8Uml�1

recombinant human erythropoietin (EPO, Roche Diagnostics

GmbH) or 20 ngml�1 recombinant human granulocyte–

macrophage colony-stimulating factor (GM-CSF, R&D

Systems). After an overnight incubation, drugs or vehicle

were added as described above. Subsequently, the cells were

left to grow undisturbed until the end of the 12-day culture

period.

Flow cytometric analysis of cell differentiation

Phenotypic differentiation was monitored by flow cytometry

using the following fluorescein isothiocyanate (FITC)-con-

jugated monoclonal antibodies: Y2/51 (DAKO, U.K.), which

detects the megakaryocytic lineage-specific marker CD61;

CLB-409 (Cymbus Biotechnology, Hants, U.K.), which

recognizes the erythroid differentiation marker glycophorin

A (GpA) and MFP9 (Becton Dickinson, U.K.), which detect
the antigen CD14 on myelomonocytic cells. Cells were stained

and analysed as previously described (Bobik et al., 1998;

Mathur et al., 2004). The boundary between antigen-positive

and -negative cells was established according to the fluores-

cence distribution of cells stained with an isotype-matched

control antibody. The number of differentiated cells was

estimated by multiplying the total number of cells in the

culture by the percentage of antigen-positive cells. Relative cell

size was determined by flow cytometry from the mean forward

scatter signal of the cell population. Determination of DNA

ploidy distributions in megakaryocytic cultures was carried out

by double labelling with FITC-conjugated Y2/51 and propi-

dium iodide (Sigma) as previously described (Mathur et al.,

2004).

Transmigration assay

Transmigration experiments were carried out using a bicom-

partmental system (Costar, U.K.) consisting of a Transwells

chamber (5 mm membrane pore size) inserted onto the well of a

24-well tissue culture plate essentially as we have previously

described (Mathur et al., 2001). Experiments were performed

using unfractionated terminally differentiated MK cultures

(1.0–1.5� 106 cellsml�1) that had been previously grown in

standard differentiation medium containing 40 ngml�1 TPO

as described above. The proportion of CD61þ cells in these

cultures ranged between 65 and 80%. Cell suspensions were

used in their own conditioned medium without further

processing. Aliquots of the cell suspension (0.1ml) were placed

onto the Transwell and test compounds, or an equivalent

amount of vehicle, were added to give a final concentration of

1mM. The lower compartment was filled with fresh 0.6ml

standard differentiation medium with or without 150 ngml�1

stromal cell-derived factor 1a (SDF-1a, R&D Systems). Plates

were placed in an incubator at 371C under 5% CO2 for 4 h.

At the end of this period the Transwell insert was removed and

migrated cells were collected from the bottom well. Both the

bottom well and the external surface of the insert were rinsed

with 1ml PBS containing 2mM EDTA to ensure that all

cells were collected. SDF-1a-induced MK migration was

quantified by flow cytometry following staining of the

collected cells with FITC-conjugated Y2/51 monoclonal

antibody as described above. Each sample was resuspendend

in a final volume of 0.4ml and cells were counted twice using

the flow cytometer time parameter, which was set to acquire

events for 30 s. Analysis gates were established to assess the

migration of CD61-positive and -negative cells. Regular checks

were made to ensure that the volume of cells processed by the

instrument during the 30-s acquisition period remained

constant.

Data processing and statistical analysis

Each experiment was carried out in 2–3 replicates with cells

derived from the same donor and the results were averaged.

Experiments were repeated at least three times using each time

CD34þ cells from a different donor. To account for variations

in the differentiation responses between different batches of

CD34þ cells, results were normalized to percentages of control

(no drug added) and then averaged. Statistical analysis was

carried out using SPSS software (release 12, SPSS Inc.,

Chicago, IL, U.S.A.). A two-tailed Student’s t-test was used

to establish levels of significance for differences between two

values. For comparing dose–responses levels of significance

were determined by two-way analysis of variance (ANOVA).

Differences resulting in Po0.05 were considered significant.

IC50 values were calculated using Prism software (release 3.0,

GraphPad Software Inc., San Diego, CA, U.S.A.).

Results

Activity of anagrelide and its metabolites against the early
expansion of CD34þ cell cultures stimulated by TPO

Figure 2 shows the dose–responses for the effects of

anagrelide, RL603 and BCH24426 on the early expansion of
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CD34þ cell cultures grown with TPO in serum-free medium.

Under these experimental conditions (6 days of culture),

control cells underwent 6.971.9-fold expansion (n¼ 5). Each
of the test compounds had weak inhibitory activity against this

process (5–15% inhibition at 1mM, reaching 10–30% at

10 mM). Of the three compounds anagrelide appeared to

be the weakest (ANOVA, P¼ 0.06 vs vehicle), whereas

RL603 and BCH24426 showed stronger comparable activity

(ANOVA, Po0.01 for each treatment vs vehicle). However,

due to the variability in the responses only the latter

demonstrated a significant effect of dose (ANOVA, P¼ 0.02
vs vehicle) and this was accounted exclusively by a reduction

in the number of viable cells at the highest concentration tested

(B30% inhibition at 10 mM BCH24426, P¼ 0.004 vs vehicle by
t-test). Furthermore, comparison between the dose–responses

of anagrelide and BCH24426 showed the two compounds

to be indistinguishable (ANOVA, P¼ 0.12).

Differential effects of anagrelide metabolites against
megakaryocytopoiesis

To compare the effects of anagrelide and its metabolites on the

ex vivo production of MKs, CD34þ cells were grown in

differentiation medium supplemented with TPO and test

compounds were added after 1 or 4 days of culture (schedules

B and A, respectively). Preliminary experiments demonstrated

that there was no substantial difference in the final effect of

the test compounds using these alternative schedules (data

not shown). However, because schedule A allows for the

expansion of the MK progenitors before they are exposed to

the test compounds, a much large number of samples can be

tested in parallel under these conditions. Hence schedule A was

used in most of the subsequent experiments in which MK

development was examined. Figure 3 shows representative

flow cytometric profiles of CD61 expression (a measure of

differentiation) after 12 days of culture. In control cultures, the

majority of cells expressed very high relative levels of this

megakaryocytic differentiation marker (B100-fold above

those of the negative fraction). Addition of anagrelide or

BCH24426 reduced the fraction of CD61bright cells in a dose-

dependent manner, with a maximal effect observed at B1mM
(Figure 3 and data not shown). In contrast, flow cytometric

profiles of RL603-treated cultures were virtually indistinguish-

able from those of control cultures (Figure 3a and data

not shown). As shown on Table 1 at a concentration of 1mM
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Figure 2 Dose–responses for the effects of anagrelide and its
metabolites on TPO-induced CD34þ cell expansion. CD34þ cells
were cultured for 6 days in Stemspant serum-free expansion
medium supplemented with TPO. The indicated compounds or an
equivalent amount of vehicle (DMSO) were added after 24 h. Cell
expansion was determined by the XTT assay and is expressed
relative to untreated samples grown in parallel. Results represent the
mean7s.e.m. of three to five experiments.
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Figure 3 Flow cytometric histograms of CD61 expression in
cultured MKs treated with anagrelide or its metabolites. CD34þ

cells were cultured for 12 days in differentiation medium supple-
mented with TPO in the presence or absence of the indicated
compounds as described in schedule A under Methods and then
analysed by flow cytometry. The marker encompasses the
CD61bright-positive cells. The inset tables show both the total
number of cells and the number of CD61bright-positive cells in the
respective cultures.
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anagrelide and BCH24426 reduced the fraction of positive

cells by an average of 60–65%. In addition, these compounds

reduced significantly the median fluorescence intensity of

the CD61bright subpopulation (a measure of the relative level

of antigen expression per cell), the average cell size of the

whole culture (the latter is a function of both cytoplasmic

maturation and DNA content) and its final cell density. In

contrast, RL603 had no significant effect on any of these

variables (Table 1). Furthermore, flow cytometric analysis of

ploidy distributions showed that anagrelide and BCH24426

reduced the proportion of MKs in each ploidy class to similar

extents whereas RL603 again showed no significant effect

(Figure 4).

Figure 5 shows the dose–responses for the overall activity of

anagrelide and its metabolites against in vitro megakaryocy-

topoiesis as assessed by evaluating their effects on the total

number of MKs (CD61bright cells) produced in the culture.

These results show that anagrelide and BCH24426 inhibit

MK development with high efficacy and very similar poten-

cies (mean IC507s.e.m.¼ 2674 and 4476 nM, respectively;

ANOVA, P¼ 0.8 between compounds). In contrast, in the

same concentration range RL603 showed only weak activity

and no significant effect of dose (ANOVA, P¼ 0.5 compared
to vehicle); hence in this case an IC50 value could not be

established.

The poor effect of RL603 on MK development compared

to the strong inhibition of this process by anagrelide or

BCH24426 seen in the above described experiments was

reproduced when cultures were grown for 12 days in serum-

free medium, when RL603 was prepared in acidic PBS or when

material from an alternative supplier was tested (data not

shown).

Selective inhibition of megakaryocytopoiesis
by anagrelide and BCH24426

To assess whether the inhibitory activities of anagrelide and

BCH24426 in these cultures were selective for the megakar-

yocytic lineage, we examined the effects of these compounds

on the growth of the nonmegakaryocytic cells (CD61�). In 12-

day control cultures, these cells represent 20–35% of the total

Table 1 Effects of anagrelide and its metabolites on the growth characteristics of MK cultures

CD61 expression
Treatment Cell densitya (%) Relative cell

sizea (%)
CD61bright cell
fractiona (%)

Median CD61
fluorescenceb (%)

Vehicle 95.872.2 105.573.0 99.171.6 98.573.4
Anagrelide 48.074.0** 80.474.5** 41.976.6** 51.3711.9**
BCH24426 45.873.9** 78.775.3** 34.574.4** 54.4714.7*
RL603 93.977.2 103.174.1 94.272.2 90.2713.3

CD34+ cells were cultured in differentiation medium supplemented with TPO in the presence or absence of the indicated compounds
(1.0mM) or an equivalent amount of vehicle (0.01% DMSO) as described in Figure 3 and then analysed by flow cytometry. Results are
expressed in percentages relative to untreated cells grown in parallel. Values represent the mean7s.e.m. of four experiments. *Po0.05;
**Po0.01 vs vehicle.
aValues correspond to the total cell population.
bValues correspond to the CD61bright cell fraction.
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Figure 4 Effects of anagrelide and its metabolites on the ploidy
distribution of cultured MKs. CD34þ cells were cultured with the
indicated compounds (1.0 mM) as described in Figure 3. Results show
the total number of CD61bright cells and the number in each ploidy
class relative to untreated samples grown in parallel. Values
represent the mean7s.e.m. of three or four experiments.
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Figure 5 Dose–responses for the effects of anagrelide and its
metabolites on TPO-induced MK development. CD34þ cells were
cultured with the indicated compounds as described in Figure 3.
Results show the total number of CD61bright cells relative to
untreated samples grown in parallel. Values represent the mean7
s.e.m. of eight experiments.
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population (Figure 3). As depicted in Figure 6, in sharp

contrast to the reduction in the final number of cells expressing

CD61, neither anagrelide nor BCH24426 inhibited the growth

of nonmegakaryocytic cells.

To obtain further evidence for the selectivity of these

compounds their effects on the differentiation of CD34 cells

into other haematopoietic lineages was also tested. As shown

in Figure 7, neither anagrelide nor its metabolites had a

significant effect on erythroid or myelomonocytic differentia-

tion induced by EPO or GM-CSF. In contrast, in the same

experiments, both anagrelide and BCH24426 had a strong

inhibitory effect on megakaryocytic differentiation induced

by TPO.

Lack of activity of anagrelide and its metabolites against
SDF-1a-stimulated MK migration

Figure 8 shows the results of a representative experiment

in which anagrelide and its metabolites were tested for their

effects on the migration of cells derived from CD34þ cell

cultures. Both CD61þ megakaryocytic cells and CD61�

nonmegakaryocytic cells exhibited a strong migratory response

to the chemotactic factor SDF-1a. However, neither anagrelide
nor its metabolites showed a significant effect on the migratory

response. It has been suggested that preparation of RL603 in

acidic aqueous buffers increases its solubility and hence its

activity (Rafii & Lane, 2002). However, as shown in Figure 8,

when RL603 was prepared in this manner it still failed to

inhibit SDF-1a-induced migration.
In order to confirm these findings experiments were repeated

several times using cells from different donors. As shown in

Table 2, on average all the compounds caused a small

inhibition of SDF-1a-dependent MK migration. However,

none of the effects reached statistical significance.

Evidence that phosphodiesterase inhibition is not related
to the antimegakaryocytopoietic activity of anagrelide
and BCH24426

As shown in Table 3, consistent with previous reports

(Gillespie, 1988) anagrelide was found to inhibit PDEIII in

vitro. Furthermore, BCH24426 was found to be 40-fold more

potent than anagrelide against this activity. These findings

contrasted with the fact that both compounds had similar

potencies when tested for their effects on megakaryocytopoi-

esis (Figure 5) and thus suggest that the mechanism by which

they abrogate this process is unrelated to PDEIII inhibition.
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Figure 6 Effect of anagrelide and BCH24426 on the growth on
nonmegakaryocytic cells. CD34þ cells were cultured with the
indicated compounds as described in Figure 3. Results show the
total number of CD61� and CD61þ cells relative to untreated
samples grown in parallel. Values represent the mean7s.e.m. of four
experiments. *Po0.05; **Po0.01 vs vehicle.
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Figure 7 Comparison between anagrelide and its metabolites for
their effects on haematopoietic lineage differentiation. CD34þ cells
were cultured for 12 days in differentiation medium supplemented
with TPO, EPO or GM-CSF in the presence or absence of the
indicated compounds (1.0 mM) or an equivalent amount of vehicle
(0.01% DMSO) as described in schedule B under Methods. Results
show the total number of megakaryocytic (MK, CD61þ ), erythroid
(ERY, GpAþ ) and myelomonocytic (MONO, CD14þ ) cells relative
to untreated samples grown in parallel. Values represent the
mean7s.e.m. of four experiments. **Po0.01 vs vehicle.
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In order to substantiate this contention, further experiments

were carried out with a number of commercially available

PDEIII inhibitors. As summarized in Table 3 while both

anagrelide and BCH24426 showed strong and significant

inhibitory effects against MK development, apart from

trequinsin (t-test, P¼ 0.04 vs untreated cells), none of the

other PDEIII inhibitors showed a statistically significant effect

against this process. In the case of trequinsin, however, the

overall effect was small, even though the compound was used

at a concentration equivalent to 3000-fold its IC50 for PDEIII.

Discussion

In these investigations we have examined the activity of two

major metabolites of anagrelide, RL603 and BCH24426,

against several in vitro parameters related to the process of

megakaryocytopoiesis and platelet production in vivo. These

parameters included the early expansion of undifferentiated

MK progenitors, the degree of MK maturation (relative cell

size, ploidy and level of CD61 expression), the overall number

of CD61-expressing cells and the migration of MKs stimulated

by SDF-1a. Our results demonstrate that BCH24426 is a

potent inhibitor of megakaryocytopoiesis, with virtually

identical effects to those observed with anagrelide, in terms

of potency, efficacy, mode of action and specificity. These

conclusions are based on the following findings: Firstly,

anagrelide and BCH24426 affected the same MK differentia-

tion parameters and to similar extents (Table 1, Figures 3 and

4). Secondly, both drugs showed similar IC50 values for their

overall effect on the generation of differentiated MKs

(Figure 5). Thirdly, in the 0.1–1 mM concentration range, that

is, at concentrations that effectively inhibited MK develop-

ment, neither compound showed a substantial effect against

the TPO-induced early expansion of progenitor cells (Figure 2),

against the growth of nonmegakaryocytic cells (Figure 6),

against the differentiation of haematopoietic progenitor cells
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Figure 8 Effects of anagrelide and its metabolites on the transmi-
gration of CD61þand CD61� cells. Transmigration experiments
were carried out in the presence or absence of the indicated
compounds (1.0mM) or 0.01% DMSO as described under Methods.
Results represent the mean7s.e.m. number of migrated cells for
three determinations in one representative experiment. RL603 was
dissolved in DMSO (D) or in acidic PBS (P).

Table 2 Effects of anagrelide and its metabolites on
MK migration

Treatment SDF-1a-dependent
MK migration (%)

P*

DMSO, 0.01%, n¼ 5 98.077.9
Anagrelide, n¼ 5 83.3710.3 0.29
BCH24426, n¼ 5 74.278.9 0.08
RL603 (D)a, n¼ 5 83.678.3 0.25
RL603 (P)a, n¼ 3 80.4718.2 0.29

Transmigration experiments were carried out as described in
Figure 8. Results show the total number of CD61+ cells that
migrated towards the SDF-1a gradient, expressed as a
percentage of cells migrating towards the gradient in the
absence of test compound. Values represent the mean7s.e.m.
of the indicated number experiments.
*P values were calculated by a t-test; RL603 (P) was
compared to untreated cells and the remaining compound
treatments were compared to DMSO.
aThe letters in brackets denote whether RL603 was dissolved
in DMSO (D) or acidic PBS (P).

Table 3 Comparison between PDEIII inhibitors for
their activity against megakaryocytopoiesis

Treatment PDEIII activity
IC50 (nM)

MK cell
numbera(%)

DMSO, 0.01% F 91.877.3
Trequinsin 0.3b 83.575.3#

BCH24426 0.9c 27.573.9**
Cilostamide 27b 86.377.1
Anagrelide 36c 26.172.7**
Cilostazol 200b 79.178.0
Milrinone 450b 94.677.1
IBMX 3950b 85.878.6

CD34+ cells were cultured in differentiation medium supple-
mented with TPO in the presence or absence of the indicated
compounds (1.0mM) or an equivalent amount of DMSO as
described in schedule A under Methods.
aThe number of MKs in the cultures is shown in percentages
relative to untreated cells; values represent the mean7s.e.m.
of three experiments.
bIC50 values for trequinsin (Ruppert & Weithmann, 1982),
Cilostamide (Sudo et al., 2000), cilostazol (Sudo et al., 2000),
milrinone (Sudo et al., 2000) and IBMX (Tang et al., 1994)
were obtained from the literature.
cPDEIII activity was measured by assessing the production of
50-AMP from cAMP using enzyme isolated from human
platelets.
#Po 0.05 vs untreated cells; **Po0.01 vs DMSO.
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into other lineages (Figure 7) or against MK migration

(Figure 8). Thus, taken together these findings suggest that

both anagrelide and BCH24426 act selectively on the growth

and maturation of committed MK precursors.

Cell culture studies carried out by another laboratory had

previously suggested that RL603 is 50 times more potent than

anagrelide as an inhibitor of MK maturation and that this

compound also inhibits MK migration (Lane et al., 2001). In

preliminary studies (Erusalimsky et al., 2002), which we have

now extended by the present work, we could not confirm those

claims. Indeed, while we found some evidence that RL603 has

antimegakaryocytopoietic activity, the overall inhibition was

small, even at relatively high doses (Figure 5). Furthermore, we

have not found any evidence that RL603 inhibits MK

migration to a significant extent (Figure 8 and Table 2). Rafii

& Lane (2002) have previously indicated that in order to

increase the solubility of RL603, the compound ought to be

prepared in acidic aqueous media and/or that the presence of

DMSO may interfere with the sensitivity of MK development

bioassays. However, in the present work we could not

corroborate those claims. Indeed, in our hands the activity

of RL603 did not improve when the drug was prepared in

acidic aqueous media and when there were no traces of DMSO

in the assay. Another possibility is that differences in

experimental culture conditions accounted for these contra-

dictory findings. Rafii & Lane (2002) carried out their in vitro

studies in plasma-free medium. However, in our studies the use

of plasma-free or plasma-containing media did not affect the

activity of RL603. Consistent with these in vitro findings, in

vivo studies conducted by one of the authors failed to show any

effect of RL603 on platelet counts when administered to rats

or mice (Franklin, unpublished data). Thus, an explanation for

these apparently conflicting data on the activity of RL603

would require further experimental work.

A salient finding of the present study is that anagrelide and

BCH24426 inhibited MK development at low nanomolar

concentrations (Figure 5). In the case of anagrelide these doses

are well within the range of therapeutic concentrations reached

in the human circulation. For instance, after administration of

a typical 1mg oral dose to patients with essential thrombo-

cythaemia the mean maximum plasma concentration was

6.2 ngml�1¼ 24 nM (data on file at Shire Pharmaceuticals). In

the case of BCH24426 the corresponding mean maximum

plasma concentration was 8.7 ngml�1¼ 32 nM, which again lies
within the range observed to be effective in the current in vitro

studies.

Previous findings have suggested that anagrelide acts

primarily on the postmitotic phase of MK maturation (Mazur

et al., 1992; Solberg et al., 1997). More recently work by

another laboratory has shown that in vivo anagrelide also

reduces MK cell numbers (Tomer, 2002). Consistent with this

finding our results in liquid cultures show that nanomolar

concentrations of anagrelide and BCH24426 not only affect

the degree of maturation (Figure 3 and Table 1) but also

caused a dose-dependent decline in the overall number of MKs

(Figure 5). This reduction in MK cell number could not be

attributed to indiscriminate cytotoxic effects, as the com-

pounds did not reduce the number of nonmegakaryocytic

cells in cultures grown with TPO (Figure 6), nor did they

significantly affect the number of erythroid or myelomonocytic

cells in cultures grown with EPO and GM-CSF, respectively

(Figure 7). Furthermore, the lack of significant interference

with the expansion of early MK progenitors at concentrations,

which effectively inhibited overall MK development, that is, in

the 0.1–1.0 mM range (compare Figure 2 with 5), suggest that

anagrelide and BCH24426 inhibit proliferation at a late stage

in the mitotic phase of megakaryocytopoiesis, that is, once

a substantial degree of differentiation has taken place. This

possibility is entirely consistent with the notion that there is a

considerable degree of overlap between the proliferative and

maturation phases of megakaryocytopoiesis (Long, 1993;

Hong & Erusalimsky, 2002).

It could be argued that the reduction in MK numbers is due

to the active compounds having a selective toxic effect on the

developing MK subpopulation. However, this possibility is

unlikely because effective concentrations of anagrelide did not

increase the basal level of cell death in these cultures (Hong &

Erusalimsky, manuscript in preparation).

Anagrelide inhibits PDEIII found in platelets and as a result

raises cAMP levels in these cells (Gillespie, 1988; Seiler et al.,

1987). This action may explain its inhibitory effect on platelet

aggregation. Although after in vivo administration of doses

which are effective in reducing blood platelets, this activity is

very short lived, the role of PDEIII inhibition in the

thrombocytopenic action of the drug has never been entirely

discounted. BCH24426 like anagrelide inhibits PDEIII in vitro,

the former being 40 times more potent. These wide differences

in potency with regards to PDEIII inhibition but not with

regards to megakaryocytopoiesis, and the fact that a number

of other known phosphodiesterase inhibitors did not have any

effect on the latter (Table 3) strongly suggests that PDEIII

inhibition is not the mechanism by which anagrelide inhibits

platelet production. In conclusion, our data indicate that

anagrelide and BCH24426 target a cellular event involved

specifically in the megakaryocytic differentiation programme.

These findings suggest that in vivo BCH24426 could also play a

role in the platelet-lowering action of the parental compound.

We thank Dr Maggi Moss for her valuable advice during the course of
this work.
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