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Antitumor activity of pyridoisoquinoline derivatives F91873
and F91874, novel multikinase inhibitors with activity against
the anaplastic lymphoma kinase
Anna Kruczynskia, Patrice Mayera, Arnaud Marchanda, Stéphane Vispéa,
Emmanuel Fourniera, Jean-Philippe Annereaua, Viviane Brela,
Jean-Marc Barreta, Georges Delsolb, Thierry Imbertc, Jacques Fahya

and Christian Baillya

The anaplastic lymphoma kinase (ALK) is a validated target

for the therapy of different malignancies. Aberrant

expression of constitutively active ALK chimeric proteins

has been implicated in the pathogenesis of anaplastic

large-cell lymphoma (ALCL) and has been detected

in other cancers such as inflammatory myofibroblastic

tumors, diffuse large B-cell lymphomas, certain

non-small-cell lung cancers, rhabdomyosarcomas,

neuroblastomas and glioblastomas. In the course of

a screening program aimed at identifying kinase inhibitors

with novel scaffolds, the two pyridoisoquinoline derivatives

F91873 and F91874, were identified as multikinase

inhibitors with activity against ALK in a biochemical screen.

F91873 and F91874 also inhibited nucleophosmin–ALK

and signal transducer and activator of transcription

3 phosphorylation in the ALCL cell line COST with the same

potency. Both F91873 and F91874 behaved as ATP

noncompetitive inhibitors and inhibited cell proliferation

of the ALK( + ) ALCL cell lines COST, PIO, and Karpas299

ALCL. This growth inhibition effect was associated with

a G1-phase cell cycle arrest. Furthermore, administration

of F91874 to severe combined immunodeficient mice

bearing COST tumor xenografts resulted in a significant

antitumor efficacy at 15 mg/kg/day, illustrating the

potential utility of such compounds in the treatment of

ALK-related pathologies. Anti-Cancer Drugs 20:364–372
�c 2009 Wolters Kluwer Health | Lippincott Williams &

Wilkins.
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Introduction
Protein kinases play crucial roles in the regulation of

cellular functions, such as cell proliferation, differentiation,

migration, and apoptosis. Altered function of protein

kinases is responsible for tumor development and progres-

sion and it is now clear that small molecule inhibitors

directed toward kinases dysregulated in tumors can be

clinically useful for the treatment of specific cancers [1–3].

Now there is a general agreement that the simultaneous

modulation of multiple targets is often required to alter

a clinical phenotype because biological redundancies and

alternative pathways can often bypass the inhibition of a

single target or multiple targets along a single pathway [4].

Anaplastic large-cell lymphomas (ALCLs) are a distinct

subset of non-Hodgkin lymphomas, usually of T-cell

origin and characterized by the expression of the CD30

antigen [5,6]. In the late 1980s, the t(2;5)(p23;q35)

translocation was described as the most frequent in

ALCL [7–9] and in 1994 the product of this translocation

was identified as the receptor tyrosine kinase ALK, for

anaplastic lymphoma kinase fused to nucleophosmin

(NPM) [10]. Subsequently, other fusion partners of ALK
were also reported in ALCL [5]. These chromosomal

translocations leading to dysregulated expression and

constitutive activation of the ALK protein was shown in

60–70% of ALCLs, termed ALK(+) lymphomas [11–13].

In contrast, expression of the wild-type ALK receptor

in adult human tissues is restricted to selected neural

and perivascular endothelial cells in the brain [14,15].

Preclinical experimental studies have shown that the

aberrant expression of constitutively active ALK is impli-

cated as a critical causative factor in the pathogenesis of

ALCL and that ALK downregulation or inhibition can

markedly impair the growth of ALK-positive lymphoma

cells [5,16–18]. These studies and some other studies

validated ALK as a target of choice for the design of new

therapeutic agents active against ALK(+) ALCL.
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In this study, we report the pharmacological properties of

two novel multikinase inhibitors with activity against

ALK: the dimeric pyridoisoquinoline derivatives F91973

and F91874, which differ by a methyl group on the central

bis-thiazole unit (Fig. 1). Their effects on ALK(+) ALCL

cells were investigated both in vitro and in vivo and their

mechanism of action is described.

Materials and methods
Compounds

F91873 and F91874 were identified in a screening program

and synthesized in Pierre Fabre Laboratories (Toulouse,

France). They were solubilized in dimethyl sulfoxide

(DMSO) to achieve a concentration of 1 or 0.1% in the

final reaction volume for the in-vitro or cellular assays,

respectively. For in-vivo studies, they were solubilized in a

solution of 20% DMSO and 80% of 5% glucose.

Cells

The selected ALCL cell lines Karpas299, COST [19], and

PIO ALCL cells harbor a t(2;5)(p23;q35) chromosomal

translocation and express the NPM–ALK fusion protein.

In contrast, FEPD cells do not express ALK and

were thus selected as an ALK( – ) ALCL cell line. COST,

PIO, and FEPD were established by one of us (Professor

G. Delsol, INSERM U563, Purpan Hospital, Toulouse,

France). The other cell lines Karpas299, A549 (non-

small-cell lung cancer), and SKOV3 (ovary carcinoma) were

purchased from the American Type Culture Collection

(Molsheim, France). COST and PIO cell lines were

cultured in Iscove’s modified Dulbecco’s medium from

‘Gibco’ (Cergy, Pontoise, France) supplemented with 10%

fetal calf serum, sodium pyruvate (1 mmol/l), fungizone

(1.25mg/ml) and penicillin/streptomycin (100 U/100mg/ml).

All the other cell lines were propagated in RPMI

1640 medium supplemented with 10% fetal calf serum,

fungizone (1.25mg/ml) and penicillin/streptomycin (100

U/100mg/ml) – plus sodium pyruvate (1 mmol/l) for FEPD

cells. Cell culture reagents were obtained from Gibco.

Cells were maintained at 371C in a humidified

atmosphere with 5% CO2 and maintained using standard

cell culture techniques.

In-vitro kinase assays

In-vitro anaplastic lymphoma kinase activity assay

The cytoplasmic tyrosine kinase domain of ALK (according

to the sequence deposited in the databank SWISS-PROT

Q9UM73) was cloned into pFastBac and fused to histidine.

The production was performed by GTP Technology

(Toulouse, France). Enzyme activity was assayed using

an enzyme-linked immunosorbent assay (ELISA)-based

technique. ELISA 96-well black plates (Perkin Elmer,

Coutaboeuf, France) were coated with 100 ml of GST-

PLCg1 fusion protein (Sigma, St Louis, Missouri, USA)

at 0.1 mg/ml in phosphate-buffered saline (PBS) pH 7.2

(Gibco) for 3 h at room temperature. Then, wells were

saturated with 200 ml of 0.5% electrophoresis grade

bovine serum albumin (A7906, Sigma) in PBS pH 7.2

for 3 h at room temperature. To detect the enzymatic

activity in a total volume of 100 ml per well, 0.06 ml of

recombinant ALK was incubated at 301C in the kinase

reaction buffer containing, 20 mmol/l Tris–HCl pH 7.5

(Sigma), 10 mmol/l MgCl2 (Sigma), 1 mmol/l DL-1-4

dithiothreitol 99% (Acros Oorganics, Geel, Belgium, USA),

60 mmol/l disodium b-glycerophosphate (TCI Europe;

Zwijndrecht, Belgium) and 1 mmol/l sodium orthovanadate

(Aldrich, St Louis, USA), 2% glycerol (minimum 99%,

Sigma), 20 mmol/l adenosine 50-triphosphate disodium

salt (grade 1 minimum 99%, Sigma). After 45 min, wells

were washed three times with 200 ml of PBS containing

0.1% Tween 20 (Sigma) and then incubated with an anti-

phosphotyrosine (4G10) antibody coupled to horseradish

peroxidase (Upstate, Molsheim, France) in PBS pH 7.2

containing 0.5% bovine serum albumin for 1 h at room

temperature. The wells were washed again three times

with 200 ml of PBS containing 0.1% Tween 20 before the

signal detection with 100 ml of super signal ELISA Pico

Chemiluminescent substrate (Pierce, France). Then, the

luminescent signal was recorded on a Spectra Max M5

(Molecular Devices, St Grégoire, France) after a 2 min

time lapse. To analyze the results, raw data were con-

verted into percentages of inhibition according to the

formula, % Inhibition = [1–(Raw Data–Negative Control)/

(Positive Control–Negative Control)]�100, where Nega-

tive Control (containing the kinase reaction buffer with

1% DMSO but without ALK) was the mean of the

negative controls and Positive Control (with ALK and 1%

DMSO but no compound) was the mean of the positive

controls. Then a curve fitting was done on the converted

data with Prism 4.03 (GraphPad Software Inc., La Jolla,

California, USA). The half maximal inhibitory concentra-

tion (IC50) value was calculated and corresponds to the

drug concentration that inhibits 50% of ALK activity.

Fig. 1
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Chemical structures of F91873 and F91874. These pyridoisoquinoline
derivatives are a mixture of diastereoisomers, and were not separated.
H2 and H11b are in cis relationship as shown by 1H-NMR spectra. This
figure shows only one configuration.
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Other in-vitro kinase activity assays

The kinases IGF1R, PLK1, Aurora A, Aurora B, CHK1

and CAMKII were evaluated according to the same type

of assay and conditions except for the following modi-

fications: 0.05 ml IGF1R (Panvera, Madison, Wisconsin,

USA) was incubated for 30 min at 301C in 10 mmol/l

imidazol pH 7.3 (Sigma), 10 mmol/l MgCl2, 1 mmol/l MnCl2,

10 mmol/l disodium b-glycerophosphate, 0.5 mmol/l EGTA

(Sigma). PLK1 (0.5 ml) was incubated for 30 min at 301C

in ALK buffer (see above) with 1 mg/ml dephosphory-

lated a-casein (Sigma) as substrate. Aurora A (0.5 ml),

Aurora B (1 ml), and CHK1 (1 ml) were allowed to react

with 0.1 mg/ml myelin basic protein (Globozyme, Carlsbad,

California, USA). CAMKII (Panvera) was incubated for

30 min at 301C in 20 mmol/l Tris pH 7.5, 5 mmol/l MgCl2,

5 mmol/l CaCl2, 1 mmol/l dithiothreitol, 0.5 mmol/l EGTA,

1 mmol/l calmodulin with 0.1 mg/ml histone IIa (Sigma)

as substrate. For all Ser/Thr kinases, the signal of phos-

phorylation was detected by an anti-phosphothreonine

antibody (Cell Signaling, France) followed by a goat anti-

rabbit HRP secondary antibody (Amersham, Waltham,

Massachusetts, USA).

Cellular anaplastic lymphoma kinase

phosphorylation assay

After seeding in 25 ml flasks, COST cells were allowed to

reach logarithmic growth (48 h) before adding F91873, or

F91874, or solvent (0.1% DMSO) at selected concentrations

for 4 h. Then, protein lysates of COSTcells were fractionated

by 10% acrylamide SDS–polyacrylamide gel electrophoresis

and transferred onto nitrocellulose membrane for assess-

ment of the levels of phospho-ALK and phospho-signal

transducer and activator of transcription 3 (STAT3).

After blocking nonspecific sites with a Tris-buffered

saline–Tween 20 solution containing 5% fat-free milk, the

transfer membrane was probed overnight with an anti-

phospho-Y1604-ALK (Cell Signaling) or an anti-phospho-

STAT3 (Cell Signaling), followed by a 2-h incubation

with a secondary antibody conjugated to peroxidase

(Jackson Immuno-Research, West Grove, Pennsylvania,

USA). Proteins of interest were visualized by enhanced

chemoluminescence (Pierce, Rockford, Illinois, USA) and

signals acquired by a CCD camera were quantified using

QuantityOne software (BioRad, Ivry-sur-Seine, France). To

normalize these quantifications, the same extracts were

similarly processed before probing the membranes with

either an anti-total ALK (Dako, Glostrup, Dennmark) or

an anti-total STAT3 (Santa Cruz, California, USA).

Cell proliferation assay

The antiproliferative activity of F91873 and F91874 was

measured using the ATPlite assay (Perkin Elmer).

Adherent cells were seeded in 96-well plates (104 cells/ml

for A549 and 2.5� 104 cells/ml for SKOV3) on day 0,

and then incubated for 24 h. Nonadherent cells (COST,

PIO, FEPD, Karpas299) were seeded in 96-well plates

(3� 105 cells/ml) on day 1, at a concentration to ensure

that cells remained in a logarithmic cell growth phase

throughout the 72-h drug treatment period. All cells were

treated on day 1 and then placed in a 5% CO2 incubator

at 371C. On day 4, cell viability was evaluated by dosing

the ATP released by viable cells. The IC50 values were

determined with curve fitting analysis (nonlinear regression

model with a sigmoidal dose response, variable Hill

slope coefficient), performed with the algorithm provided

by the GraphPad Software.

Flow cytometry analysis

After treatment of COST cells with F91873, F91874, or

solvent (0.1% DMSO) as control for 24–72 h, flow

cytometry was performed with the Guava EasyCyte

mini system and the percentage of cells in the G0/G1,

S, and G2/M phase of the cell cycle were assessed using

the Guava Cell Cycle reagent kit (Guava Technologies,

Burlingame, California, USA). A total of 5000 ungated

events were acquired for each sample. The data were

further analyzed using the CytoSoft software (Guava

Technologies). The number of cells represented at least

75% of all acquired events.

In-vivo studies

Mice

Female severe combined immunodeficient (SCID) mice

(C.B.-17/Icr Ico-scid, Charles River, St Aubin-les-Elbeuf,

France) were used for implanting the human COST ALCL.

Animals were monitered and cared for in accordance with

the Guide for the Care and Use of Laboratory Animals

(National Research Council, 1996) and the European

Directive EEC/86/609, under the supervision of authorized

investigators.

Experimental chemotherapy

All experiments were conducted in compliance with

French regulations and regional ethics committee guide-

lines, based on the UKCCCR guidelines for the welfare of

animals in experimental neoplasia, as described earlier [20].

Subcutaneously 4 �106 COST cells/mouse were implanted

into SCID mice on day 0 and allowed to increase to a

median value of 70–130 mm3. After randomization in treat-

ment cages, F91873 or F91874 compounds were adminis-

tered intraperitoneally as daily injections over 2 weeks.

Mice were checked daily, with any adverse clinical

reactions noted, and deaths recorded. Mice were weighed

five times weekly during treatments and twice weekly

thereafter. Tumors were measured with callipers twice

weekly and tumor volumes (cubic meter) were estimated

as equal to 0.5 (length� width2). Results are presented

for experiments involving five mice per experimental group.

Evaluations of antitumour activity

Treatment efficacy was assessed by measuring the effects

of compounds on tumor volumes of tumour-bearing

relative to control vehicle-treated mice. Two evaluation
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criteria were used in parallel: (i) growth inhibition, calcu-

lated as the ratio of the median tumor volumes of drug-

treated (T) versus control (C) groups: T/C, % = (median

tumor volume of drug-treated group on day X/median tumor

volume of control group on day X)�100, the optimal value,

being the minimal T/C ratio which reflects the maximal

tumor growth inhibition achieved [21]; (ii) relative area

under the tumor growth curve, rAUC (%), representative

of the tumor growth curve as a whole, reflects the overall

effect of a test compound over time [20]. Relative

AUC = median [(area under the tumor growth curve of

an individual experimental mouse/median area under the

tumor growth curve of the control group) � 100]. The

more active the compound, the lower the rAUC value.

The nonparametric Mann–Whitney Rank Sum test was

used for statistical comparisons of the respective rAUC

population values.

Results
Chemistry

F91873 and F91874, two closely related pyridoisoquino-

lines (Fig. 1) were identified as inhibitors of ALK in a

biochemical enzymatic screen of an in-house chemical

library of pure compounds. The synthesis of these com-

pounds is described in the Fig. 2. Known ketone 1 [22]

was reacted with TosMIC in the presence of tBuOK in

DME led to the two racemic diastereoisomer nitriles 2a

and 2b, which could be separated on column chromato-

graphy. Stereochemical assignments of these cis and trans
nitriles, 2a and 2b, respectively, were determined by

examination of their 1H-NMR spectra. Reduction with

AlH3 (a mixture of AlLiH4 and H2SO4 in THF) of cis nitrile

2a led to primary amine 3. Reaction of 3 with ben-

zoylisothiocyanate in methylene chloride yielded 4, and

direct saponification gave the thiourea 5. Heterocycliza-

tion of the thiourea with phenacyl bromide in ethanol

smoothly furnished the phenylaminothiazole derivative 6,

as starting material for dimerization. A Mannich-like

reaction with formol or acetaldehyde in acidic conditions

afforded F91873 and F91874, respectively. Both com-

pounds were obtained as a mixture of their diastereoiso-

meric forms, they appeared as a single spot on thin layer

chromatography and were not separated.

A preliminary chemical modulation of the pyridoisoquino-

line structure revealed that the dimeric nature of this

molecule is required for ALK inhibition as the monomers

proved to be inactive. Furthermore, the modulation of the

R group (Fig. 1) showed that H and CH3 were the best

substituents for ALK inhibition, followed by the phenyl

group.

F91873 and F91874 are active against several protein

kinases, including ALK, and inhibit cell proliferation

The activity of F91873 and F91874 was evaluated against

a panel of kinases in biochemical assays, including ALK,

IGF1-R, PLK1, Aurora A, Aurora B, CHK1, EGFR, PKC,

DNAPK, PKA, and CAMK II. Both F91873 and F91874

inhibited ALK activity in a concentration-dependent

manner, with IC50 values of 3 mmol/l (Table 1 and Fig. 3).

F91873 and F91874 inhibited IGF1-R, Aurora B, and

CHK1 as well, with IC50 values in the micromolar range,

Fig. 2
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that is, 3–6mmol/l, whereas they showed an approximately

10-fold lower activity against CAMK II (Table 1).

Interestingly, F91874 exhibited a more potent inhibitory

activity against PLK1 than F91873, with an IC50 value of

2 versus 50 mmol/l. In contrast, these compounds did not

induce any inhibition against EGFR, DNA-PK, PKA, and

PKC (data not shown).

Furthermore, F91873 and F91874 impaired the growth

of several tumor cell lines, namely FEPD (ALCL), A549

(lung) and SKOV3 (ovary), with similar values of IC50,

that is, 1–2.5 mmol/l (Table 2).

F91873 and F91874 inhibit anaplastic lymphoma kinase

in a cell-based specificity screen

In a cell-based specificity screen, using the COST cell

line as a model of ALK(+) ALCL, F91873 and F91874

inhibited tyrosine phosphorylation of NPM–ALK, also in

a concentration-dependent manner, with IC50 values of 5

and 1 mmol/l, respectively (Fig. 4a). Furthermore, F91873

and F91874 inhibited the phosphorylation of STAT3,

one of the various partners of NPM–ALK, with IC50

values of 8 and 2 mmol/l, respectively, in COST cells

(Fig. 4b). This first set of data indicates that the two

compounds inhibit the phosphorylation of both the target

kinase and its substrate.

F91873 and F91874 are ATP noncompetitive inhibitors

of anaplastic lymphoma kinase

To determine the mechanism of drug-induced inhibition,

kinase assays with increasing ATP concentrations were

performed. At high ATP concentrations, a weak but

reproducible decrease in signal was observed, even in the

Table 1 F91873 and F91874 inhibit several kinases, including
anaplastic lymphoma kinase

Kinase inhibition, IC50(mmol/l)

Compound ALK IGF1-R Aurora B CHK1 Aurora A PLK1 CAMKII

F91873 3 ± 0.3 5 ± 0.2 5 ± 0.8 6 ± 0.1 10 ± 4 50 ± 2 30 ± 2
F91874 3 ± 0.5 3 ± 0.4 4 ± 0.7 6 ± 0.1 10 ± 5 2 ± 0.2 30 ± 2

Kinase activity was assayed in the presence of vehicle or increasing concentrations
of F91873 or F91874, using an ELISA-based technique. IC50 values ( ± standard
deviations) are representative of two independent experiments.
ELISA, enzyme-linked immunosorbent assay; IC50, half maximal inhibitory concentration.

Fig. 3
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Software Inc.) on data, expressed as percentage of inhibition of ALK
activity, as described in the Materials and methods. Data are
representative of two independent experiments carried out in sextuplet.

Table 2 F91873 and F97874 inhibit tumor cell proliferation

Inhibition of cell proliferation, IC50(mmol/l)

Compound FEPD A549 SKOV3

F91873 3.1 ± 0.2 1.4 ± 0.3 2.0 ± 0.3
F91874 2.4 ± 0.8 1.6 ± 0.5 1.9 ± 0.2

Designated cell lines were treated with increasing concentrations of F91873 or
F91874 or vehicle for 72 h. An ATPlite assay was carried out to determine the
relative cell numbers. IC50 values ( ± standard deviations) are representative of
two independent experiments.
IC50, half maximal inhibitory concentration.

Fig. 4
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Data are representative of two independent experiments.
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absence of inhibitory compound (Fig. 5a and b). This type

of behavior can easily be explained by substrate inhibition.

Consequently, data were fitted to a modified Michaelis–

Menten equation accounting for the decrease in signal at

high ATP concentration [23], as follows: v = Vmax� [S]/

(Km +[S]�(1+[S]/Ki
S), where ‘S’ is the ATP concentra-

tion and Ki
S is the substrate inhibition constant

(Ki
S approximately 17 mmol/l). For a given concentration,

the capacity of F91873 and F91874 to inhibit the catalytic

activity of ALK was not decreased in the presence of

increasing concentrations of ATP, suggesting that these

pyridoisoquinoline compounds were not displaced by

the natural ligand of ALK (Fig. 5a and b). Considering

the fixed GST-PLCg1 (ALK substrate) assay concen-

tration, apparent Vmax and Km obtained by nonlinear

regression curve fitting (modified Michaelis–Menten

equation) were used to generate Lineweaver–Burk 1/v

versus 1/ATP concentration graphs. The reciprocal plots

clearly highlight the noncompetitive binding behavior

of both compounds regarding the ATP binding on

ALK (Fig. 5c and d). This second dataset shows that

F91873 and F91874 do not bind to the ATP-binding site

of ALK.

F91873 and F91874 inhibited cell proliferation

in a series of ALK(+) ALCL cells

As the NPM–ALK fusion protein is implicated in the

dysregulation of cell growth pathways, the effects of

F91873 and F91874 on cell growth in ALCL lines were

evaluated. ALCL cell lines expressing a high level of

NPM–ALK were chosen for this assay, namely Karpas299,

COST, and PIO. Treatment of these cells with F91873 or

F91874 led to a significant inhibition of cell proliferation,

with IC50 values ranging from 1 to 5 mmol/l (Table 3).

Fig. 5
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Michaelis–Menten equation, as follows: v = Vmax� [S]/(Km +[S] � (1+ [S]/Ki

S), where ‘S’ is the ATP concentration and Ki
S is the substrate inhibition

constant. (c and d) Data were represented as Lineweaver–Burk double-reciprocal, 1/velocity versus 1/ATP concentration plots. Data are
representative of two independent experiments.

Table 3 Effects of F91873 and F97874 on growth of ALK(+) ALCL cells

Inhibition of cell proliferation, IC50(mmol/l)

Compound Karpas299 COST PIO

F91873 1.4 ± 0.3 2.0 ± 0.5 4.6 ± 1.5
F91874 1.0 ± 0.1 1.4 ± 0.3 3.5 ± 0.3

Designated cell lines were treated with increasing concentrations of F91873 or
F91874 or vehicle for 72 h. An ATPlite assay was carried out to determine the
relative cell numbers. IC50 values ( ± standard deviations) are representative of
two independent experiments.
ALCL, anaplastic large-cell lymphoma; ALK, anaplastic lymphoma kinase;
IC50, half maximal inhibitory concentration.
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A flow cytometric analysis of cell cycle distribution of

unsynchronized COST cells was performed to further

characterize the mechanism of growth inhibition (Fig. 6).

As both compounds induced similar effects, only one

of them, namely the methylated derivative F91874 was

selected for this assay. F91874 induced a concentration-

dependent increase in the number of cells in G1 phase

and a decrease in the number of cells in S and G2 phases

at 24 and 48 h (Fig. 6), respectively, which were

persistent at 72 h (data not shown). At a 2.8 mmol/l

concentration (2�IC50) for which more than 50% of ALK

phosphorylation was inhibited, F91874 induced approxi-

mately a 2-fold decrease in the number of COST cells in

S phase (Fig. 6).

F91874 inhibits tumor growth in the ALK(+) COST tumor

xenograft model

COST tumors were implanted subcutaneously in SCID

mice and formed established tumors that were used to

evaluate the in-vivo antitumor activity of F91874. The

compounds effects on the median tumor volumes of

COST tumor-bearing mice relative to control animals

were measured over time (Fig. 7). The administration of

F91874 at 15 mg/kg/day resulted in a significant tumor

growth inhibition, as reflected by an optimal T/C ratio of

19%, recorded on day 23, that is, 2 days after the end of

treatment (Fig. 7). Furthermore, it is noticeable that this

growth inhibition was sustained over time with significant

T/C ratios, that is, r 42%, according to the NCI criteria,

of 19–42%, recorded from day 16 to 25. A significant

(P < 0.01) rAUC measurement of 47%, indicative of an

overall tumor growth inhibition of 53% was also obtained

at this dose. These daily administrations of F91874 over

2 weeks at the most effective dose of 15 mg/kg/day

resulted in body weight losses of less than 20% of the

initial body weight. Furthermore, these body weight

losses were reversible and mice fully recovered their

initial body weight within 1 week after the end of treat-

ment. At the higher dose of 20 mg/kg/day, partial tumor

regressions were observed in all the five mice (data not

shown). However, this dose was associated with toxicity.

Discussion
NPM–ALK and related ALK fusion proteins, commonly

observed in ALCL, possess transforming potential, likely

Fig. 6
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F91874-induced G1-phase cell cycle arrest in COST anaplastic
large-cell lymphoma cells. COST cells were treated with drug vehicle
(dimethyl sulfoxide 0.1%) (white bars) or increasing concentrations of
F91874, namely, 0.1 � half maximal inhibitory concentration (IC50)
(black bars), 0.5 � IC50 (grey bars), 2 � IC50 (hatched bars), or
8� IC50 (dotted bars) concentrations (0.14, 0.7, 2.8, and 11.2mmol/l,
respectively) for 24 h (a) or 48 h (b) in growth medium. Cell cycle
distribution was assessed by fluorescence-activated cell sorting as
described in Materials and methods. Data, representative of two
independent experiments, are expressed as means with standard
deviations. RLU, relative luminometric units.
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mediated by their constitutive kinase activity. Currently,

there is no optimal therapeutic regimen for ALK(+)

ALCL. Doxorubicin-based combination chemotherapy

has limited effectiveness, resulting in a substantial

number of patients with a poor outcome, either failing

to enter remission or relapsing within a few months from

the start of treatment [24]. There is an obvious medical

need for the treatment of these ALCL and the targeting

of ALK-containing fusion protein kinases offer promising

opportunities to design new effective drugs, following

of Glivec-like approach.

In this study, we have identified two new pyridoisoquino-

line compounds as multikinase inhibitors, with activity

against ALK. The inhibitory effects of these small molecules

against the recombinant enzyme have been confirmed in

functional cellular assays. A satisfactory correlation can be

established between the drug concentrations necessary

for the inhibition of NPM–ALK phosphorylation, limitation

of cell growth of ALK(+) cells, and induction of a cell

cycle arrest of ALK(+) cells. This suggests that the anti-

proliferative effects observed in ALCL cells are, at least

in part, because of inhibition of ALK and this activity trans-

lates into a significant in-vivo antitumor efficacy as obser-

ved with the COST xenograft model of ALK(+) ALCL.

Previous studies have described selective small molecule

inhibitors of NPM–ALK that bind to the ATP-binding site

of the enzyme, therefore inhibiting the catalytic activity

of ALK by preventing the binding of ATP [17]. In contrast,

the pyridoisoquinolines F91873 and F91874 are ATP

noncompetitive inhibitors that do not bind to the

ATP-binding site of ALK. We can hypothesize that the

drugs bind to an allosteric site of ALK distinct from

the ATP pocket so as to alter the conformation of the

enzyme, whereby preventing the access of the enzyme

substrate. Allosteric sites are important in the control of

enzymes, in the case, for example, of the feedback control

loop where the final product controls its own synthesis.

Furthermore, the presence of highly conserved mutable

residues in the enzyme ATP-binding site appears to be

responsible for resistance development observed with many

ATP competitive kinase inhibitors [25]. For example,

Gumireddy et al. [25] have chosen to design compounds

that do not compete for the ATP-binding site of BCR-

ABL, because such compounds offer the potential to be

unaffected by mutations that make chronic myelogenous

leukemia cells resistant to imatinib. Several other tumor-

active ATP noncompetitive kinase inhibitors have been

described [26,27], such as tertiary aromatic amines

targeting the IGF1-R, which bind to the substrate-binding

site of the enzyme and are noncompetitive with ATP [27].

The two pyridoisoquinolines reported here exhibit a

mechanism of ALK inhibition, different from that of the

other known inhibitors of this enzyme and this might

translate into different pharmacological properties. As far

as we know, this is the first report of a tumor-active ATP

noncompetitive inhibitor of ALK.

In addition to ALK(+) lymphomas, ALK may also be

implicated in the pathogenesis of other solid and hemato-

logical tumors [5]. For example, constitutively activated

ALK fusions, including TPM3–ALK and TPM4–ALK, have

been characterized in inflammatory myofibroblastic tumors

[28]. Rare cases of large-cell B-cell lymphoma have been

found to have ALK rearrangements [29,30]. The expression

of a mutated form of ALK has also been recently reported in

neuroblastomas [31,32] and the expression of ALK receptor

protein or fusion proteins (or both) have been described for

malignant peripheral nerve sheath tumors and leiomyosar-

comas [33]. Previous studies have implicated ALK signaling

as a rate-limiting factor in the growth of glioblastomas,

where ALK was found to be overexpressed [34]. More

recently it has been shown that 3–6% of non-small-cell lung

cancers carry a novel translocation in which the echinoderm

microtubule-associated protein-like 4 (EML4) gene is

fused to ALK [35–37]. However, although it is universally

accepted that NPM–ALK plays a central role in promoting

lymphomagenesis, ALK may not be the dominant mediator

in these other cancers. It may act as a secondary event or a

partner to exacerbate the malignant properties of already

transformed cells and foster malignant progression. In that

case, an inhibitor of ALK, with activity against other

oncogenic proteins or kinases could be a more potent

antitumor agent. Furthermore, clinicians have to face the

problem of relapse, as almost invariably cancer patients

develop drug resistance after treatment with kinase

inhibitors, often because of the activation of alternative

kinase pathways. Therefore, it seems reasonable to establish

therapies that target several kinases associated with tumor

growth. Indeed most of the novel small molecule kinase

inhibitors used in the clinic target several kinases [38]. For

example, imatinib (Gleevec) inhibits the tyrosine kinases

BCR-ABL, c-KIT, and PDGFR and sorafenib (Nexavar)

targets the RAF kinase, as well as VEGFR-2 and VEGFR-3,

PDGFRb, FLT-3, c-KIT, and RET kinases [38]. In this

study, we showed that F91873 and/or F91874 exhibit

inhibitory activity against IGF1-R, Aurora B, CHK1,

and PLK1 kinases as well. Therefore, with a multikinase

profile these dimeric pyridoisoquinoline ALK inhibitors

might display antitumor efficacy against a larger number

of ALK-related pathologies.

Conclusion
This study shows that F91873 and F91874 are multikinase

inhibitors, with activity against ALK and antitumor efficacy

against ALK(+) ALCL. Furthermore, these compounds, with

a novel and original scaffold, are noncompetitive inhibitors

for ATP and therefore exhibit a mechanism of action

different from that of the other known inhibitors of ALK.
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Therefore, they might display antitumor efficacy against

ALK-related pathologies and possibly other malignancies.

Certainly, the remaining challenge is to optimize the

design of these relatively large pyridoisoquinoline com-

pounds to synthesize and evaluate more potent and

possibly simplified analogs with toxicity and activity

profiles compatible with a clinical use.
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