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Comparison of effects of the tyrosine kinase inhibitors AG957, AG490, and
STI571 on BCR-ABL—expressing cells, demonstrating synergy between

AG490 and STI571

Xuemei Sun, Judith E. Layton, Andrew Elefanty, and Graham J. Lieschke

STI571 (formerly CGP57148) and AG957
are small molecule inhibitors of the pro-
tein tyrosine kinase (PTK) p145 2 and its
oncogenic derivative p210 ber-abl | AG490 is
an inhibitor of the PTK Janus kinase 2
(JAK2). No direct comparison of these
inhibitors has previously been reported,
so this study compared their effects on
factor-dependent FDC-P1, 32D, and MO7e
cells and their p210 ber-abl_expressing fac-
tor-independent derivatives. STI571 was
a more potent inhibitor of  3H-thymidine
incorporation in p210 ber-abl_expressing
cells than was AG957, and it showed
superior discrimination between inhibi-
tory effects on parental cell lines and
effects on their p210 berabl-expressing de-

Introduction

rivatives. Assays performed with and with-
out growth factor demonstrated that
STI571 but not AG957 reversed the
p210ber-abl driven factor independence of
celllines. p210 ber-abl_expressing cells were
less sensitive to AG490 than to AG957 or
STI571. However, for p210 ber-abl_express-
ing clones from all 3 cell lines, synergistic
inhibition was demonstrated between
STI571 and concentrations of AG490 with
no independent inhibitory effect. Inhibi-
tion of nucleic acid synthesis with AG957
treatment was associated with reduced
cell numbers, reduced viability, and small
pyknotic apoptotic cells. At concentra-
tions of STI571 that reversed the p210  ber-abl
factor-independent phenotype, STI571

treatment and growth factor deprivation
together were sufficient to induce apopto-
sis. This study concludes that, for the
cell lines studied, (1) STI571 is a more
potent and more selective inhibitor of a
p210ber-abl . dependent  phenotype than
AG957; (2) AG490 synergizes with STI571 to
enhance its inhibitory effect on p210  ber-abl.
driven proliferation; and (3) the combination
of p210 berabl tyrosine kinase inhibition and
growth factor signal withdrawal can be suffi-
cient to induce apoptotic death of trans-
formed cells. (Blood. 2001;97:2008-2015)

© 2001 by The American Society of Hematology

The tyrosine kinase protein (PTK) product of the BCR-ABL fusiorthe ABL tyrosine kinasé® STI571 is equipotent at inhibiting
gene that results from the t(9;22) translocatiorof chronic pl145% and p216°-abl10 byt it is not completely selective for ABL
myelogenous leukemia (CML) and some acute leukemias is kimases and shows similar inhibitory potency in biochemical
attractive therapeutic target. This has been particularly so since thaluations on the platelet-derived growth factor receptor (PDGF-
demonstration that a myeloproliferative syndrome results from tf1° and c-kit, the receptor for stem cell fact&rin vitro cellular
overexpression of the commonest fusion protein resulting from thétudies confirmed the ability of STI571 to reverse the pZeo-
translocation (p210-2°) in the bone marrow cells of mi&, driven conversion of a cell line from hematopoietic growth factor
although the degree to which the murine model recapitulatdependence to factor independence and showed selective in vivo
human CML is somewhat dependent on the murine genefatitumor activity against tumor-forming p2%?°-positive cell

background. That the overexpression of p2E@! is sufficient to

lines in murine model& Similar in vitro effects of STI571 have

drive the disease phenotype suggests that a selective inhibitor ofleen shown for a PDGF-R-driven cellular phenot{#®T1571 has
p210c-adl or even an inhibitor active against both wild-typenow entered early phase clinical studies, and preliminary data
p145® and its oncogenic variants such as p2t®, may be able indicate it to be safe and to have clinical activity*
to suppress or reverse the CML disease phenotype. Because thédnother ABL inhibitor is AG957, a tyrphostin identified in a
kinase activity of the BCR-ABL fusion protein is integral tolarge-scale evaluation of molecules designed as competitive antago-
its transforming ability, this has led to the development ofnists of ATP binding to PTK$? Unlike STI571, it is a more potent
several small molecules with inhibitory activity against p®45 inhibitor of p21®°-a'than p145°' (50% inhibitory concentrations
[ICses], 1 and 7.1uM, respectively)t® although this is less potent
One particularly promising inhibitor is STI571 (formerly knownthan that reported for STI571 in similar noncellular biochemical
as CGP57148), a 2-phenylaminopyrimidine class molecule thegsays (0.02pM).1°AG957 inhibits proliferation of the BCR-ABL-
was designed, based on the structure of the adenosine triphosppatitive cell line K562 (derived from a CML patie#t)and related
(ATP)-binding site of PTKs, and was selected for its specificity falyrphostin inhibitors promote differentiation of this cell life.

and/or p216rr-abl,
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Recently, AG957 was shown to have greater potency against soimgunofluorescence and flow cytometry

subpopulation.s of BCR-ABL-positiye hematopoietic progenitorazm,cr_abl and p148° expression in cell lines was detected by indirect
than genotypically normal progenitors isolated from CML P&mmunofluorescence FACS profilifg.Briefly, cells were fixed for 10
tients!® Despite its action on the ABL kinases, AG957 is not totallyninutes at room temperature in 1% paraformaldehyde in PBS and
specific; for example, it is a more potent inhibitor of the epidermgjlermeabilized in 0.3% saponin and 0.5% Triton X-100 in PBS with 1% FCS
growth factor receptor (EGF-R) (kg 0.25uM).15 at 4°C for 15 minutes prior to staining with the monoclonal anti-ABL
Although both these semi-selective ABL inhibitors have eacimtibody 24-21 (Oncogene Science, Manhasset, NY), using a fluorescein
been studied individually, there is no direct side-by-side compai$othiocyanate-conjugated goat anti-mouse immunoglobulin G (IgG)
son of them, even though the separately published data cited abgvgrmingen, San Diego, CA) as secondary antibody. Cells were analyzed
suggests that STI571 is the more potent ABL kinase inhibitdf @ FACScan (Becton Dickinson, San Jose, CA).
Because both STI571 and AG957 have assumed prominence as
relatively “specific” BCR-ABL inhibitors, we undertook thesecell proliferation assays

studies to directly compare their effects on a g210-dependent . ) o
Assays were performed in duplicate across 96-well microtiter plates and set

cellular phenotype. 4 ) ) .
. . s o up with robotic assistance (Biomek 2000, Beckman, Fullerton, CA).
AG490 is not an effective ABL inhibitor, but rather it is pre-diluted inhibitor from frozen stocks was added to the first well to

tyrphostin that has received attention _because of its _'nh_'b'togt\éhieve the desired starting concentration in g00and titrated as serial
effects on the nonreceptor PTK Janus kinase 2 (JAR@hich is 5 foiq dilutions across the plate, leaving 100 of medium with inhibitor
critical in signaling from many hematopoietic growth factéts. per well. Cells were harvested and washed twice, and aliquots<of @
JAK2 activity is implicated in the pathogenesis of some leukesells in 100uL were added to each medium-containing well to make a final
mias?! its expression is significantly increased in oth€rand a assay volume of 20QL. The assay medium was RPMI 1640 and 0.5% FCS
signaling interaction between the JAK2 and BCR-ABL proteins igith or without the appropriate growth factor and containeq.Qi of
recognizec??AG490 is not, however, totally specific for JAK2 (eg’3H-thymidine. Cells were exposed to the inhibitors for either 30 minutes or
it also inhibits JAK3)23 We were interested to include AG490 inlg hours. For b30_'m"_‘“t_eh?§p°5“res’ cells Wedr_e W""Sh;dhz timd?s after a

' - - -minute incubation in inhibitor-containing medium, and the medium was
our comparison as a non-ABL-inhibiting tyrphostin control, bur% placed with fresh medium containing.Ci of 3H-thymidine for 18 hours

we also hypothesized that its actions to interfere with JAllit lacking inhibitor. In assays testing for synergistic effects between

,S'gna,‘“ng pathways might .prOV'de additive or even synerglsqﬁhibitors, the second (nontitrated) inhibitor was added in a volumeuadf,5
inhibitory effects on leukemic cells. making a total final assay volume of 2p%.. Cells were harvested onto a
glass fiber filter, and®H-thymidine incorporation was counted on a
microplate scintillation counter (Top Count.NXT; Canberra Packard, Meri-

den, CT).
Methods and materials In some experiments, cell number was determined by setting up the
) assay under identical conditions except that the final assay volume was 2
Celllines mL, but the concentration of cells remained at 20°/mL at the start of the

The following cell lines used were all as previously described: FD&-p13SSaY- _After 18-h_our_ _Exposure, total cell number was determlr_1ed, _and
and its derivative cell lines transfected to overexpress humang220 proportional cell viability was measured by trypgn blue dyg exclusion with
under control of either a retroviral promoter (FDrv210, 3 independentf}r/'e use of a hemo_cytomgter. In parallel, Cyt"?P'” preparatlons_ of cells were
derived clones C, F, and H) or a weaker human BCR promoter (FDbchld?E?pared and s_ta_une_d with May-Grunwald-Giemsa and examined &0
independently derived clones A, E, and3&82D cell€® and their human t0 X1000 magnification.
p210c-abloverexpressing derivative 32Dp210, a gift of Dr B. Druker
(Po_rtland, OR},O MO7e cell$” and their human p2Pg-2PLoverexpressing pna integrity analysis
derivative, a gift of Dr B. Druket® and K562 cell$82°

All cell lines were propagated in RPMI 1640 medium (Gibco BRLCytosolic and nuclear DNA was prepared fronx5L0° cells. Briefly, to
Grand Island, NY) supplemented with 10% fetal calf serum (FCS) (CSurepare cytosolic DNA, cells were lysed in 5QQ of lysis buffer (0.5%
Ltd, Parkville, Victoria, Australia) at 37°C in an atmosphere of 5%,@0 Triton X-100, 20 mM Tris-HCI, 1 mM EDTA, pH= 7.4) for 5 minutes on
air. Cultures of the factor-dependent FDC-P1 and 32D cell lines weige. Lysates were spun at 13 000 rpm in a bench-top Eppendorf centrifuge
further supplemented with 10% WEHI-3BD-conditioned medium as éderaeus “Biofugeico,” Osterode, Germany) for 20 minutes, the superna-
source of interleukin-3 (IL-3), and of MO7e with 10 ng/mL humantant was transferred to a fresh tube, and DNA was precipitated with
granulocyte-macrophage colony-stimulating factor (GM-CSF), a gift frofNaCl/isopropanol. To prepare nuclear DNA, the pellets remaining from
Amgen (Thousand Oaks, CA). All BCR-ABL-expressing transfectantsytosolic DNA preparations were washed twice in PBS and incubated
were maintained in medium without growth factor. overnight at 55°C in 75@.L lysate buffer (50 mM Tris-HCI, 0.1 M EDTA,

0.1 M NaCl, 1% SDS, pH= 8.0) to which 40pL Pronase 20 mg/mL had
been added. Then, 330L 5 M NaCl was added, samples were spun as

Reagents above, 80QuL of the supernatant was transferred to a new tube, and DNA
The tyrphostin inhibitors AG957 and AG49@° were provided as white WaS Precipitated with S04L isopropanol. DNA was pelleted, washed with
powders by Dr A. Levitski (Hebrew University of Jerusalem, Jerusalenf0% €thanol, air-dried, electrophoresed through a 0.8% agarose gel, and
Israel). Mass spectroscopic analysis by electrospray (Quattro 11, Micr§i€Wwed by ethidium bromide staining and UV illumination.
mass, Manchester, United Kingdom) confirmed these to be of the calculated
molecular mass (273 Da and 294 Da, respectively). Stock solutions at é&tistics
mM in dimethyl sulfoxide (DMSO) were prepared and stored as aliquots at
—20°C, from which fresh working solutions were prepared in RPMI 1640nless otherwise stated, data presented in figures are means of duplicate
for each experiment. assays. Figures present data generated simultaneously in a representative

STI571° was a gift of Dr E. Buchdunger (Novartis, Basel, Switzer experiment. Experiments were replicated 3 times or more except for the
land). A 10-mM stock solution in phosphate-buffered saline (PBS) watata shown in Figure 5 and 6 (2 replicates) and in Figure 3C (1 experiment).
prepared and stored at20°C, from which fresh working solutions were The effect of IL-3 on p218~aLexpressing cell lines (Table) lwas
prepared in RPMI 1640 for each experiment. evaluated with a 2-sided sign test.
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Table 1. ICs for the tyrosine kinase inhibitors AG957, AG490, and STI571 in proliferation assays

I1Cs0 (M) inhibitor + growth factor

AGY57 AG490 STI571
Cell line +GF —-GF +GF —GF +GF —-GF
FDC-P1 5.0 (5) N/E 12.5 (5) N/E >10(3) N/E
FDbcr210A 2.0 (3) 2.5(3) 10.0 (3) 10.0 (3) — —
FDbcr210E 35(2) 35(2) 12.5 (3) 11.0 (3) 0.65* (5) 0.08* (5)
FDbcr210G 32(2) 322 12,5 (2) 12,5 (2) — —
FDrv210C 2.7 (3) 2.5(3) 10.0 (3) 11.2 (3) — —
FDrv210F 2.0(2) 2.5(2) 11.3 (2) 12,5 (2) — —
FDrv210H 35(2) 35(2) 15.0 (3) 15.0 (3) 2.0* (4) 0.25* (6)
32D 1.0 (2) N/E 12.5 (3) N/E 25.0 (4) N/E
32Dp210 — — 12.5 (3) 10.0 (3) 4.0* (3) 0.08* (3)
MO7e 1.0 (3) N/E > 40 (2) N/E 12.5 (4) N/E
MO7p210 402 322 26.7 (2) 26.7 (2) 0.7* (4) 0.2* (4)
K562 8.0 (3) 8.0 (3) > 40 (1) > 40 (1) 0.81 (3) 0.8t (3)

Data are median values for (n) experiments.

For MO7e and MO7p210, the growth factor (GF) was granulocyte-macrophage colony-stimulating factor. In all other cases, the growth factor was interleukin 3 (IL-3)
supplied by WEHI-3BD-conditioned medium.

ICsp indicates 50% inhibitory concentration; N/E, nonevaluable (the nontransfected cell lines were factor dependent).

*Analysis by 2-sided sign test. There were 16 tests across these cell lines, each providing a test of the effect of adding IL-3. In all 16 tests, the +IL-3 result was greater than
the —IL-3 result. The chance of this occurring at random is only 1 in 32,768.

TAnalysis by 2-sided sign test. There were 3 tests for the K562 cell line. In only 1 of 3 tests was the +IL-3 result noticeably greater than the —IL-3 result; there was no
discernible difference in the other 2 tests.

being representative of each group, because they showed the
highest level of BCR-ABL expression. K562 cells, which have
previously been shown to overexpress BCR-ABLwere con
firmed to overexpress ABL, based on higher fluorescence intensity

The EDC-P1 cell line and its derivative clones FDbcr210A°bserved compared to negative controls omitting one or both

FDbcr210E, FDber210G, FDrv210C, FDv210H, and FDrv210fetection antibodies (data not shown).
were studied to confirm p2%@3! overexpression because theyetfects of inhibitors in proliferation assays
formed the basis of all initial observations in these studies. Flow
cytometric detection of ABL protein expression by indirect immuJ0 evaluate the effects of inhibitors on proliferation of pZte-
nofluorescence was used to parallel the previous characterizatigigressing cell lines, we measuréd-thymidine incorporation.
of these cell linegs employing the anti-ABL antibody 24-21 Because both AG957 and AG490 are hydrophobic and 50-mM
directed against the C-terminus of ABL, which hence recogniz&§0cks were prepared in DMSO, we first ascertained that there was
both p143° and p216=-2¢. This process demonstrated that FDbcho effect of this vehicle in the residual concentrations remaining in
clones and FDrv clones showed higher fluorescence intensity tHB# final assay incubations for the method of serial dilution in the
parental FDC-P1 cells (Figure 1). The clones driving the BCRnedium employed (Figure 2A).
ABL p210 complementary DNA (cDNA) from the stronger retrovi- FDC-P1 cells are dependent on IL-3, whereas their 230
ral promoter showed higher level expression (clone-HF > C) expressing derivatives have acquired factor independence. This
than those driven from the weaker BCR promoter (clore Eand phenotypic change provided a useful opportunity to test for the
G), confirming retention of transduced p23@° expression de reversal of a p210-a.dependent biological effect in vitro. The
spite the passaging and storage of these cell lines since previdependence of parental FDC-P1 cell proliferation on IL-3 is
studies?®> For some studies (eg, those comparing AG957 ariiustrated in Figure 2B: In the presence of IL-3, the mediag$C
STI571), the clones FDrv210H and FDbcr210E were selected fas inhibition by AG957 and AG490 were 5.0 and 12.M (Figure

2B and Table 1). Interestingly, thesesh€ were similar to those of
B all 6 clones of p21®-ablexpressing derivatives, and there was
60 little effect of adding IL-3 to the incubations in the presence of
inhibitor, suggesting that little of the inhibitory effect reflected
reversal of the p220-2bLdriven factor independence. However, the
effect of STI571 was quite different (Table 1 and Figure 2B,C).
Parental FDC-P1 cells displayed ansd@r STI571 of more than
10 uM, whereas 2 p2109-ablexpressing clones were significantly
more sensitive (median kg, 0.65 and 2uM). Furthermore, unlike
0 AG957, STI571 reverted both these p21@--expressing clones to
10° 10" 102 10° 10t 10° 10! 10?2 10° 10¢ IL-3 responsiveness (Figure 2C). This abrogation of a phenotypic

Results

Confirmation of BCR-ABL overexpression

F
c\u& il

Cell Number

Fluorescence Intensity

Figure 1. High-level ABL expression in BCR-ABL-transfected cell lines used in
these studies. Fluorescence intensity profiles of parental FDC-P1 cells (shaded)
and its derivative clones FDbcr210A, E, and G (solid lines, panel A) and FDrv210C, F,
and H (solid lines, panel B). Cells were permeabilized and stained with an anti-ABL
antibody detected by a fluorescein-labeled secondary antibody.

consequence of p2192abl overexpression (reversion to the parental
cell phenotype of IL-3 responsiveness) implicates §228 inhibi-
tion as a functionally significant component of the actions of
STI571 in the context of these IL-3-dependent cell lines.

The superiority of STI571 compared to AG957 was replicated
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Figure 2. Comparison of anti-proliferative effects of 30
AG957, AG490, and STI571 on BCR-ABL-express-
ing cell lines. 3H-thymidine incorporation in varying — - 25
concentrations of vehicle AG957, AG490, and STI571 Inhibitor | -IL-31+IL-3
i(r; the presence or absence of growth factor. (A) Vehicle v v 20
omparison of AG957, AG490, and vehicle in pres- 15
ence of IL-3 for the cell line FDbcr210E; 18-hour AG957 o n
exposure to inhibitor. (B) Comparison of AG957 and AG490 o ® 10 ]
STI571 = IL-3 for untransfected FDC-P1 cells; 18-hour STI571 A A %,
incubation in inhibitor. (C) Comparison of AG957 and & 5 ‘.A Q\
STI571 = IL-3 for the BCR-ABL-expressing cell line Q- ’ * » ‘.*
FDbcr210E; 18-hour incubation in inhibitor. (D) Com- ,? LR IR ALY
parison of AGO57 and STI571  IL-3 for the BCR-ABL- ¢ 0 0.1 1 10
expressing cell line FDbcr210E; 30-minute incubation
in inhibitor. (E) Comparison of AG957 and STI571 for X 120 140
the human BCR-ABL-expressing cell line K562; 18- ¢ 12
! SLR-ABL-EXPT 100 0
hour incubation in inhibitor in absence of IL-3. o 100
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for other cell lines and their p22@aLexpressing derivatives. IL-3 and GM-CSE° we tested whether there was any synergistic
Parental 32D cells were 25-fold more sensitive to AG957 thagffect between STI571-mediated inhibition and AG490.
STI571 (consistent with AG957s nonspecific effect on parental Data are presented for the FDC-P1-derivative cell line express-
FDC-P1 cells), and significant STI571-mediated reversion a@fg the highest level of p22@-2° (FDrv210H) and 18-hour assay
p210c-ablexpressing 32Dp210 cells to IL-3 responsiveness wascubations (Figure 3A). STI571-mediated IL-3-rescuable inhibi-
demonstrated (Table 1). Similar observations applied to MO7e ation is displayed for this cell line (Figure 3A). AG490 alone had no
its GM-CSF-independent p21®3lexpressing derivative effect on proliferation of this cell line at a concentration of.®!.
MO7p210 (Table 1). However, when this no-effect concentration of AG490 was added
The initial assays all involved 18-hour incubations in thgo STI571, significant synergy occurred with a suppression of
presence of inhibitor. We also evaluated the effect of a 30-minutgaximal 3H-incorporation by 42%. AG490 (5uM) did not
exposure to inhibitor (Figure 2D). There was a significant inhibsuppress all IL-3-mediated signaling, and IL-3 rescue could still be
tion by AG957 (1G, > 10 M) but again little rescue of this effect demonstrated in its presence. Similar observations were obtained
by IL-3. In contrast, although the cells were now less sensitive {or studies with the cell line FDbcr210E (data not shown).

STI571, IL-3 rescue of STI571 inhibition was demonstrated. Studies with 32Dp210 cells replicated this phenomenon (Figure
We compared the effects of AG957 and STI1571 on K562 cellsgg)_ For this cell line also, 5uM AG490 was a no-effect
human BCR-ABL-positive cell line that has been employedoncentration for this agent alone. Figure 3B displays the typical

previously in studies of these 2 and related inhibit8f$:17K562  effect of STI571, with an 1§ of 0.03 M in the absence of IL-3
cells were 10 times more sensitive to STI571 than to AG9%hd more than 2uM with IL-3. Addition of 5 uM AG490
(Figure 2E and Table 1). Although K562 cells are growth fact§uppressed maximal proliferation by approximately 31%. Figure
independent, the exact role of BCR-ABL in conferring the indeper3C  demonstrates this synergistic effect for a third cell line,
dence of this cell line to any particular growth factor is not knownvio7p210. Furthermore, this titration demonstrates that for a given
and so comparative experiments with and without growth fact@g-effect concentration of STI571 on this cell line of 0,0, the
were not performed. cells are sensitized to the synergistic inhibitory effect of increasing
no-effect doses of AG490. Consistent with the notion that this
synergy was dependent on inhibition of p21@° by STI571,
Because AG490 is known to inhibit JAK2 and JAK2 is a synergy was not detected between STI571 and AG490 for nontrans-
component of signaling mediated by many cytokines, includinfigcted FDC-P1, 32D, and MO7e cell lines.

Synergistic inhibition by STI571 and AG490

20z aunr g0 uo jsenb Aq jpd 800201 0.08U/6842.291/8002/L/L6/sPpd-0]d11e/pO0|q/ARU SUOKED!INAYSE//:d)Y WO papeojumoq



2012 SUNetal BLOOD, 1 APRIL 2001 + VOLUME 97, NUMBER 7
A~ thymidine incorporation observed for these conditions. Approxi-
g_ 50 mately 80% to 85% of FDC-P1 cells were viable over noninhibi-
T? _i tory concentrations of STI571, but there was increased death (54%
of, 407 viable) at 10pM STI571. For both AG957 and AG490, FDC-P1
T % 30 cell numbers were 26% and 18% lower than control giNa
g: . inhibitor, and there was increased death. No FDC-P1 cells were
£9 204 viable after 18 hours in 5AM AG957.
lI_' © 10:_ FDbcr210E cells in IL-3 also proliferated under all assay
] 8__ - conditions (Figure 4B), with total cell number increasing in the
8 0 : assay period by 2.5- to 4-fold, except in high tyrphostin concentra-
c HF T T tions that also suppresseti-thymidine incorporation (Figure
0 0.1 1 10 2A,C). At 50 .M, AG957 killed all cells in 18 hours, whereas 65%
Concentration of Inhibitor [UM] of cells remained viable in AG490. In the absence of IL-3, the
profile of final cell numbers was essentially similar, except that the
B ~ fold increase overall approximated 3-fold rather than 3- to 4-fold,
g_ 50 consistent with the previously documented residual IL-3 responsive-
o é __________________________ ~0-0-O-y ness of this particular FDC-P1-derived p2T€F-expressing clorfé
o 5 409 (Figure 4C). The different total cell yields in STI571 with and
© x 30 without IL-3 (comparing Figure 4B,C) reflect the effect of the
£ ‘g . restoration of IL-3 dependence for this particular clone.
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Figure 3. Synergistic inhibitory effects of STI571 and AG490 on BCR-ABL- 16
expressing cell lines. (A) Experiments using the cell line FDrv210H (18-hour b
incubation in inhibitors), titrating STI571 in a constant concentration of AG490. In 124
panels A and B, solid (+1L-3) and open (—IL-3) symbols identify curves for varying -
concentrations of AG490 alone (®,0) STI571 alone (A,A), and serial dilutions of 8 -
STI571 in a constant concentration AG490 [5 pnM] (®,<). (B) Experiment using the i
cell line 32Dp210 (18-hour incubation in inhibitors), titrating STI571 in a constant 2]
concentration of AG490. (C) For a constant STI571 concentration (0 or 0.01 M), 4
AG490 was added at the concentrations shown (MO7p210 cell line; 18-hour il
incubation in inhibitors without GM-CSF). 0- o 8 8 “oOoOWWO WL O
3 = o - o w o o
_— . e 1l I |
Effects of inhibitors on cell numbers and viability
STI571 AG957 AG490

Because3H-thymidine incorporation only indirectly measures

cellular proliferation by the surrogate of nucleic acid synthesis, we
determined whether cell numbers and viability were changing over
the duration of these relatively short proliferation assays.

Concentration of
Inhibitor (uM)

Figure 4. Total cell number and viability following assays with 18-hour

Even in 10pM of STI571, FDC-P1 cells in IL-3 proliferated incubation in AG957, AG490, and STI571.  Total cell number shown as the sum of

(because the total cell number exceeded the starting cell number‘cjgﬁz

(darkly shaded column part) and viable (lightly shaded column part), for the
entrations of STI571, AG957, and AG490 shown. Assays started with 4 X 105

3.1-fold) (Figure 4A), although there was an increased proportiQys iy 2 mL. (a) FDC-P1 cell in media + IL-3. (B) FDber210E cells in media + IL-3.

of dead cells, correlating with the 20% below-maxind-

(C) FDbcr210E cells in media without IL-3.
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Figure 5. Morphology of cell lines incubated with
AG957, AG490, and STI571 for 18 hours. May- | A B .. C
Grunwald-Giemsa stained cytospin preparations of cells . @ .

incubated for 18 hours in media with FCS, growth factor,
and inhibitor concentrations as listed. (A) FDC-P1 cells,
10% FCS + IL-3, no inhibitors. (B) FDC-P1 cells, 0.5%
FCS + IL-3, no inhibitors. (C) FDC-P1 cells, 0.5% FCS +
IL-3, STI571 = 10 uM. (D) FDC-P1 cells, 0.5% FCS +
IL-3, AG957 = 50 pM. (E) FDrv210H cells, 10% FCS no
IL-3, no inhibitors, (F) FDrv210H cells, 0.5% FCS no IL-3,
no inhibitors. (G) FDrv210H cells, 0.5% FCS + IL-3, no
inhibitors. (H) FDrv210H cells, 0.5% FCS + IL-3,
AG490 = 5 uM. (I) FDrv210H cells, 0.5% FCS no IL-3,
STI571 = 10 pM; arrows indicate 2 cells with fragment-
ing apoptotic nuclei. (J) FDrv210H cells, 0.5% FCS +
IL-3, STI571 =10 uM; arrow indicates one cell with
fragmented apoptotic nucleus. (K) FDrv210H cells, 0.5%

e" & ©
’o@ L

G H

FCS no IL-3, AGI57 = 50 uM. (L) FDv210H cells, 0.5% K L
FCS + IL-3, AG957 = 50 M. -«
-
@
LY ¢
.
&

Induction of apoptosis by inhibitors

There were significant morphologic changes in cells under ﬂl%lscussmn

various incubation conditions. Reducing the concentration of Ffél)th AGO57 and STI571 have been extensively studied because of

ir inhibition of p143®' and its oncogenic derivative p2EwaY,
Ithin the context of the cell lines we have employed, our studies
emonstrate the superiority of STI571 over AG957 as a selective

from 10% to 0.5% for the assay itself resulted in FDC-P1 ce
assuming a vacuolated appearance and increased diameter
increased nuclear pleiotrophy (Figure 5A,B), but mitotic figurea
indicated proliferation continued (Figure 5B). Adding STI571 at a
high but noninhibitory concentration (1M) did not further affect
cell appearance (Figure 5C). A toxic concentration of AG957 (50 +|
wM) resulted in shrunken cells with pyknotic nuclei (Figure 5D), r
consistent with the nonviability of these cells (Figure 4A), but
AG957 concentrations as low as jpM resulted in a similar
appearance (data not shown). Transfected §s230expressing
FDC-P1 cells had an identical appearance to nontransfected
FDC-P1 cells in 10% FCS (Figure 5A,E) and retained a more
normal appearance under low serum conditions, whether or not kb
IL-3 was present (Figure 5F,G), consistent with a resistance to this
type of cellular stress. At the no-effect dose of AG490 used inthe 9.4 —
synergy studies above, as well as being no anti-proliferative effect,
there was no effect on cell morphology (Figure 5H). At doses of
STI571 inhibiting proliferation in the absence of IL-3 (1-ud/),
apoptotic cellular death was widely evident (Figure 5I), and IL-3
rescue of proliferation was associated with a reduced prevalence of 06—
these morphologic changes of apoptosis, although some apoptotic
cells remained evident (Figure 5J). Regardless of whether IL-3 was
present or not, anti-proliferative doses of AG957 (5-pM)
resulted in FDrv210H cells assuming an identical morphology to
that of dead parental FDC-P1 cells (Figure 5K,L).

We evaluated the integrity of cellular DNA under these conditions
(Figure 6). In the presence of IL-3, most high molecular weight cellular 9.4 -
DNA was recovered in the pellet (nuclear) cellular fraction. Despite the
appearance of these cells in the presence pNs@G957, only a small
proportion of the DNA was in the cytosolic fraction, and this was of 8w
relatively high molecular weight. In the absence of IL-3, STI57 1D 3
not only inhibited proliferation (Figure 2C) and induced an apoptotc (.6 —
cellular morphology (Figure 5I), but there was also cytosolic recovery of
laddered DNA fragments (Figure 6) consistent with classical apoptotic
cell death. In the absence of IL-3, AG957 again resulted in recovefiigure 6. DNA analysis from AG957- and STI571-treated BCR-ABL-expressing
of some cytosolic and nuclear high molecular weight DNA, bLﬁ.e”s' Ethidium bromide—staine_d agarose gel displaying DNA in cytosolic (sup_erna—

. . N . tant) and nuclear (pellet) fractions of FDbcr210E cells treated for 18 hours in the

apoptotlc deQradatlon of the DNA was not evident in thgonditions, labeled; inhibitor concentrations were STI571 =10 pM and
cytosolic fraction. AGY57 = 50 pM.

—
w

r
1

Inhibitor

STI571
i AG957 |
nil
4 STI571

nil

J AGO57 |«

Supernatant

Pellet
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p21Cer-adlinhibitor. Despite the 7-fold superior potency of AG957cell lines were similar for all 3 cell lines evaluated (Table 1). Such a
for p21(per-abl gver p145°,15 AG957 was still a much less effective comparison cannot be made in the absence of IL-3, because
inhibitor of a p216c-abl.dependent cellular phenotype (factomontransfected cells do not grow without growth factor. However,
independence) than STI571. The similarsd@f AG957 on once the growth factor dependence of pZt®-expressing cells
nontransfected cell lines and their p2T@bLexpressing derivatives was restored by STI571 treatment, addition of AG490 at a dose
suggests the inhibitory effects of AG957 are either unrelated @ving no or minimal effect in its own right resulted in a significant
p21Cerabl inhibition or are not restricted to p2492° inhibition.  further suppression of proliferation. Noting that a combination of
AG957 also appeared more toxic than STI571 because even giewth factor deprivation and p2402® inhibition by STI571
lowest inhibitory concentrations induced rapid cell death bgrovided an initiating signal for cell death to proceed by apoptosis,
apoptosis, whereas, in the presence of growth factor, inhibitoityis tempting to attribute the synergy between STI571 and AG490
concentrations of STI571 suppressed nuclear DNA replicatiéa the known ability of AG490 to inhibit JAK2, which is utilized in
measured by3H-thymidine incorporation without significant IL-3 signaling?® However, AG490’s profile of activity has only
cell death. been tested against a very small number of kin&sasd recently it

Although the previously reported effects of AG957 on K562vas shown to also inhibit JAKZ There is ample scope for this
cell proliferation were associated with inhibition of p2¥@P effect to be mediated by inhibition of another kinase or enzyme yet
kinase activityt® this association does not prove that the AG95 be identified as susceptible to inhibition by AG490. Nonetheless,
effects were primarily by its action on p2%G®. Our data suggest the combination of an effective p2#02°! inhibitor such as STI571
that AG957 has other inhibitory effects in its spectrum of activitjand inhibition or antagonism of growth factor signaling might form
that also need to be considered in analyses such as these. Bnaefficacious and highly novel signaling-based combination
comparison of AG957 effects on normal and CML patient-derivedierapy for diseases such as CML. In this regard, it would be of
hematopoietic stem cells, although statistically significant diffefaterest to evaluate this synergistic inhibitor combination using cell
ences were seen for some cell types, the discrimination was #iB€s with acquired resistance to inhibition by STIS#£#
biologically great, IGs being in the range of 12 to 1§iIM, and As expected, AG957 killed cells by apoptosisp21¢er-abl
never more than 5.3-fold for any progenitor cell tygendeed, expressing FDC-P1 cells in AG957 showed characteristic apoptotic
AG957 displays an Ig for the epidermal growth factor receptormorphologic changes, although we did not detect endonuclease-
(EGF-R) of 0.25M,5 making it a better inhibitor of the EGF-R mediated apoptotic fragmentation of DNA. It is possible, because
than of p216=-25, and leaving considerable scope for it to exer@POptosis is energy dependent and tyrphostins such as AG957 were
inhibitory effects on other kinase molecules. It is even possible thHégsigned as competitors of ATP binding to ATP-dependent en-
the spectrum of activity of AG957 includes inhibition of kinasegymes, that the apparently broad spectrum of inhibitory activities
critical for signaling from the IL-3 and GM-CSF receptors, whictPf AG957 includes paralysis of ATP-dependent steps of the
would have masked the recognition of its effect on f210'in the  apoptotic enzymic cascade. STI571 has previously been reported to
assays we performed. induce apoptosis in BCR-ABL-positive CML ceftg3¢ We have

In contrast, the inhibitory effect observed in these and étheshown that for p218-2"-expressing FDC-P1cells, the combination
assays strongly implicates an effect of STI571 on the p22® Of p21¢°2Linhibition by STI571 and growth factor deprivation
kinase. In our own experiments, in the presence of growth factéd not just to arrest of cell growth but also to apoptotic cell death.
STI571 showed up to 17-fold greater potency for peit At STI571 concentrations specifically reversing the 20
expressing derivatives of cell lines than for parental cell lingdependent phenotype, the restoration of growth factor signaling
(Table 1). As a biological test of biochemical specificity, we base@'gely reversed apoptotic death. These observations provide
our assays on cell lines with a p2¥8®Ldriven specific phenotype— evidence that, although specific inhibition of p2a8° alone may
the acquisition of factor independence—and, as has been prélg! necessarily kill a p2tg-2.driven leukemia, a rationally
ously observed® STI571 reversed this back to the factordesigned combination of interruptions to signaling pathways may
dependent phenotype of nontransfected cells. To determine ipdeed induce death of such cells. In this regard, the nonspecificity
spectrum of activity, STI571 has been specifically tested agains®hSTI571 may be advantageous—its potency againstctki
broad range of protein kinas&s!2Although our experiments and receptor (mediating growth factor signals from its ligand stem cell
those of othe’ indicate that STI571 acts on cellular p22@®! factor) may pe contributing to its efficacy in hematologic disease.
these surveys of its activity indicate that it is not totally specific. It OUr studies have demonstrated in a head-to-head comparison
is equipotent against the kinase activity of PDGF-&nd c-kit.11 the superior _speC|f|C|ty_§1nd potency of STI571 over AG957 as a
This is unlikely to be of relevance in the assays on which the§@1¢°" inhibitor. Additionally, our studies of synergy between
present studies are based, because we did not supplement medig /1 and AG490 or growth factor deprivation support the view
with ligands for these receptors, and FDC-P1 and 32D cells are fig#t there is scope for synergistic combinations of rationally
known to express activated forms of them, although MO7e Ceﬁzglected S|gnr_:1I|ng-bas_ed therapies to provide novel a_pproach_es of
express dit.3 However, this may be important in clinical situa mcrgased _antl-leukemlc potency for the treatment of kinase-driven
tions, because, for example in CML, BCR-ABL-expressing earfjfalignancies such as p2Egdriven CML.
hematopoietic stem cells are likely to expresgit and to be
responsive to its ligand. Even in the case of the PDGF-R, aberrant
activation in hematopoietic cells drives a leukemic phenotygé, Acknowledgments
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