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Clinical studies with the Abl tyrosine kinase inhibitor STI-571 in chronic myeloid 
leukemia demonstrate that many patients wi th  advanced stage disease respond 
initially but then relapse. ~ h r o u g h  biochemical and m o l e ~ u l a r ~ n a l ~ s i s  of clinical 
material, we find that drug resistance is associated with the reactivation of 
BCR-ABL signal transduction in  all cases examined. In six of nine patients, 
resistance was associated with a single amino acid substitution in  a threonine 
residue of the Abl kinase domain known t o  form a critical hydrogen bond with 
the drug. This substitution of threonine with isoleucine was sufficient t o  confer 
STI-571 resistance in a reconstitution experiment. In three patients, resistance 
was associated with progressive BCR-ABL gene amplification. These studies 
provide evidence that genetically complex cancers retain dependence on an 
initial oncogenic event and suggest a strategy for identifying inhibitors of 
STI-571 resistance. 

C ‘Inter\ drc' chdrdctenzed by multiple oncogenlc chronic phase, is characterized by the expansion 
e~crlts that collectnel~ contribute to the pheno- of terminally differentiated neutrophils. Over 
t\ pe of ad\ anced stage disease W~th  the advent several years the disease progresses to an acute 
of nea drugs that target spec~fic molecular ab- phase termed blast crisis, characterized by mat- 
normal~t~ei. uration arrest with excessive numbers of undif- ~t 15 Important to know whether the 
lnlt~al oncogenlc merit continues to play a fimc- ferentiated myeloid or lymphoid progenitor 
t~onal role at later stages of tumor progression cells. The BCR-ABL oncogene is expressed at 
dncl at relapse n ~ t h  the debelopment of chemo- all stages. but blast crisis is characterized by 
therap! res~\tJnce Th~s  quest~on has been ad- multiple additional genetic and molecular 
dressed in  transgenic mice through regulated changes. STI-571 is a 2-phenylamino pyrimi- 
expressloll of the in~t~al  oncogene In three mod- dine that targets the adenosine triphosphate 
el, testlng d~fferent oncogenes In different tls- (ATP) binding site of the kmase domain of ABL 
sue\. the pnmanj oncogene was requued to (11). In phase I clinical trials, STI-571 induced 
malntain the tumor phenotype, despite the pres- remissions in patients in chronic phase as well 
ence of numerous additional oncogene and tu- as blast crisis (4, 5). Whereas responses in 
11101suppresmr mutat~ons (1-3) Recent cl~nical chronic phase have been durable, remissions 
mdls of the Abelson tyrosine lunase (Abl) in- observed in blast crisis patients have usually 
h~bitor ST1-i7 1 in chron~c myeloid leukem~a lasted only 2 to 6 months, despite continued 
ICbIL) 'llloa this question to be addressed dl- drug treatment (4). 
rectly In human cancer (4, 5 )  To characterize the mechanism of relapse in 

CML I >  a plunpotent hematopo~et~c stem STI-571-treated patients, we first assessed the 
ccll d~sorder charactenzed by the Philadelphia status of BCR-ABL signaling in primary leuke- 
(Ph) ch~omosome translocat~on (6. ') The re- mia cells (12).Our goal was to distinguish be- 
sultlng BCR-.ABL fusion gene encodes a cyto- tween BCR-ABL-dependent and BCR-ABL- 
plasmic protein w~th constitutive tyrosine kinase independent mechanisms of relapse. If BCR- 
activity ( 8 ) .  Numerous experimental models ABL remains critical for the proliferation of the 
have established that BCRdBL is an oncogene leukemia clone, then the BCR-ABL signaling 
and is sufficient to produce CML-lke disease in pathway should be reactivated. Alternatively. if 
mice ( 9. 10).CML progresses through distinct the expansion of the leukemia clone is indepen- 
clinical stages. The earliest stage, termed the dent of BCR-ABL. then signaling through the 

BCR-ABL pathway should remain impaired by 
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reproduc~ble, quantitative fashon with clinical 
material because BCR-ABL is subject to rapid 
degradation and dephosphorylation upon cell 
lysis (15). In a search for alternative measures of 
BCR-ABL kinase activity, we found that the 
phosphotyrosine content of Crkl, an adaptor 
protein that is specifically and constitutively 
phosphorylated by BCR-ABL in CML cells 
( IbIR) ,  could be measured reproducibly and 
quantitatively in clinical specimens. Crkl binds 
BCR-ABL directly and plays a functional role 
in BCR-ABL transformation by llnlung the ki- 
nase signal to downstream effector pathways 
(19). When phosphorylated. Crkl migrates with 
altered mobility in SDS-polyacrylamide gel 
electrophoresis (PAGE) gels and can be quanti- 
fied by means of densitometry. As expected, 
Crkl phosphorylation in primary CML patient 
cells was inhibited in a dose-dependent manner 
when exposed to STI-571 and correlated with 
dephosphoxylation of BCR-ABL (Fig. 1A) (20). 

To establish the dynamic range of this assay 
in patient material, we measured Crkl phospho- 
rylation in cells from BCR-ABL-negative indi- 
viduals (n = 4). untreated CML patients (n = 

4). and patients who responded to STI-571 ther- 
apy but whose bone marrow cells remained 
100% Ph chromosome-positive ( , I  = 8). The 
mean level of Crkl phosphorylation in cells from 
CML patients before STI-571 treatment was 
73 F 13.3% (Fig. 1B). At the time of response 
the mean was 22 ? 9.9% (Fig. lB), similar to 
the mean level of Crkl phosphorylation in cells 
from BCR-ABL-negative individuals (22 i-
6.0°4) (21). We next measured levels of Crkl 
phosphorylation in primary leukemia cells from 
11  patients who responded to STI-571 but sub- 
sequently relapsed on treatment. In these cases. 
which included one patient with lymphoid blast 
crisis. three with Ph+ acute lymphoid leukemia. 
and seven with myeloid blast crisis, the mean 
level of Crkl phosphorylation at relapse was 
59 2 12.5% (Fig. 1C). Antibodies to phospho- 
tyrosine (anti-phosphotyrosine) irnrnunoblot 
analysis of a subset of these samples c o n f i e d  
that BCR-ABL was phosphorylated on tyrosine 
at relapse (Fig. 1C). Longitudinal analysis of 
blood or bone marrow samples obtained from a 
subset of these patients before and throughout 
the course of STI-571 treatment confirmed that 
Crkl phosphorylation fell during the response to 
treatment but increased at the time of relapse 
(Fig. ID). Therefore, disease progression in pa- 
tients ~vho initially respond to STI-571 is asso- 
ciated with the failure to maintain effective in- 
hibition of BCR-ABL lunase activity. 

A recent preclinical study of STI-57 1 resis- 
tance in mice engrafted with a human blast crisis 
CML cell line demonstrated that a 1 acid glyco- 
protein, an acute-phase reactant synthesized by 
the liver, can bind STI-571 in serum and block 
its activity against BCR-ABL (22). This obser- 
vation raises the possibility that STI-571 resis- 
tance in patients is due to a host-mediated re- 
sponse against the drug. Altematively. resis- 
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tance might be mediated by a cell-autonomous 
event in a leukemia subclone that allows escape 
h m  kinase inhibition by STI-571. To distin-
guish between these two possibilities,we deter-
mined the sensitivity of patient cells taken be-
fore treatment and at the time of relapse to 
STI-571 by measuring inhibition of Crkl phos-
phorylation (23). If STI-571 resistance is a con-
sequence of a host response, pretreatment and 
relapse leukemia cells should be equally sensi-
tive to ex vivo STI-571 treatment. However, if 
STI-571is cell-intrinsic, leukemia cells obtained 
at relapse should be less sensitive to STI-571 
than pretreatment cells. In those patients for 
whom we had sufficient matched clinical mate 
rial, a 10-fold or greater shift in sensitivity to 
STI-571 was observed at relapse (Fig. 2A). Ag-
gregate analysis of 11 samples confirmed that 
higher concentrations of STI-571are requiredto 
inhibit Crkl phosphorylation in patients' cells 
obtained at relapse compared with pretreatment 
(Fig. 2B). 

Because these ex vivo studies provide evi-
dence that STI-571 resistance is cell-intrinsic, 
we considered several possible mechanisms. 
Some CML cell lines that develop resistance to 

STI-571 after months of in vitro growth in sub-
therapeutic doses of the drug show amplification 
of the BCR-ABL gene (24-26). We performed 
dual-color fluorescence in situ hybridization 
(FISH) experiments to d e t h e  if BCR-ABL 
gene amplification could be similarlyimplicated 
in STI-571resistance in human clinical samples 
(27). Multiple copies of the BCR-ABL gene 
were detected in interphasenuclei in three (two 
myeloid blast crisis, one lymphoid blast crisis) 
of the 11 patients who relapsed after initially 
responding to STI-571 (Fig. 3). Further cytoge-
netic and FISH characterization of metaphase 
spreads from these patients showed a unique 
inverted duplicate Ph chromosomewith intersti-
tial amplification of the BCR-ABL fusion gene 
(Fig. 3C). In one patient, the inverted duplicate 
Ph chromosome could be detected before the 
initiationof STI-571.In all three cases, addition-
al copies of the aberrant Ph chromosome were 
observed as STI-571 treatment continued, as 
well as ring chromosomes harboring multiple 
copies of the BCR-ABL. Patient MB14 was 
reevaluated by FISH 1 month after receiving 
alternative treatment for her leukemia. BCR-
ABL amplification was no longer detectable 4 
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Fig. 1. Clinical relapse of STI-571-treated patients is associated with 
persistent BCR-ABL kinase activity. (A) lmmunoblot analyses of one CML 
patient's bone marrow cells after a 2-hour incubation with different 
concentrations of STI-571 in vitro. Whole-cell lysates were separated by 
SDS-PACE, transferred to  nitrocellulose, and probed with antiserum to  
Crkl (top), anti-phosphotyrosine (middle), and antibodies to Abl (bottom). (B) 
Crkl immunoblot of whole cell lysates from CML patients before STI-571 
therapy (left) and from Ph-positive blast crisis patients who achieved hema-
tological remission (<5% blasts) on STI-571 but remained 100% BCR-ABL-
positive (right). (C) Crkl immunoblots of whole-cell lysates from lymphoid 
blast crisis or Ph-positive acute lymphoid leukemia patients (top) and myeloid 
blast crisis patients (middle) who relapsed after initially responding to 

r,-g a-~c 

weeks after discontinuation of STI-571, raising 
the possibility that persistent STI-571 adminis-
tration might select for increased copies of the 
BCR-ABL gene in some patients. Quantitative 
polymerase chain reaction (F'CR) analysis of 
genomic DNA (gDNA) obtained from these 
three patients confirmed increased ABL gene 
copy number at relapse when compared to a 
patient without BCR-ABL gene amplification 
(Fig. 3D) (28). 

We also considered the possibility that mu-
tations in BCR-ABL might confer resistance to 
STI-571. A 579-base pair (bp) region corre-
sponding to the ATP binding pocket and the 
activation loop of the kinase domain of BCR-
ABL was sequenced in the nine patients for 
whom RNA was available at the time of relapse 
(Fig. 4A) (29). A single, identical C -+ T nu-
cleotide (nt) change was detected at ABL nt 944 
in six of nine cases examined (Fig. 4A). In all 
six patients a mixture of wild-type and mutant 
cDNA clones was found, with the fiquency of 
mutant clones ranging from 17 to 70%. The 
mutation was found in three of three patients 
with lymphoid disease [twoPh+acutelymphoid 
leukemia ( a L ) ,  one lymphoid blast crisis] and 
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STI-571 therapy. Phosphotyrosineirnrnunoblot of patient cell lysates at 
time of relapse (bottom). A Ph-positive cell line, K562, was used as a 
positive control for autophosphorylated BCR-ABL (D) Crkl immunoblots 
of cell lysates from relapse patients (LB3 and LB2) taken before (pre-Tx) 
and duringthe course of (Tx and relapse) STI-571 therapy. Densitometric 
analyses of Crkl immunoblots (expressed as a percentage of phospho-
rylated Crkl over total Crkl protein) are presented in bar graphs. 
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Fig. 2. Altered sensitivity of re- 
lapsed patient cells to  STI-571. 
(A) STI-571 dose-response curves 
of Crkl phosphorylation in cells 
taken from blast crisis patients 
(LB3 and LBZ) before STI-571 ther- 
apy (open circles) and at the time 
of relapse (solid circles). Cells from 
both time points were exposed to  
increasing concentrations of STI- 
571, harvested, and analyzed by 
Crkl immunoblot and densitome- 
try. (B) The median inhibitory con- 
centration (ICso) values for STI- 
571 inhibition of Crkl phosphoryl- 
ation determined by exposure of 
cells isolated from untreated ver- 
sus relapsed CML patients to  
increasing concentrations of STI- 
571 and subsequent Crkl immuno- 
blot and densitometric analyses. 
Crkl phosphorylation in one re- 
lapsed patient sample (LBZ) could 
not be inhibited with high concen- 
trations of STI-571. 

IC CRKLP (pM) 

N MEAN f S.D. RANGE - 
Prrtmatment 6 0.45 f 0.33 (0.21 - 1.1) 

Relapse 5 7.5 f 5.2 (2.5 - 14.5) 

in  three o f  six patients with myeloid blast crisis. 
The presence o f  the mutation was confirmed by 
analysis o f  gDNA (Fig. 4A) (30). Analysis o f  
RNA or gDNA from pretreatment samples 

LB3 failed to provide evidence o f  the mutation be- 
fore STI-571 therapy; however, we cannot rule 
out the possibility that rare cells bearing the 
mutation exist before treatment. 

This single nucleotide C -, T change results 
in  a threonine to isoleucine substitution at posi- 
tion 315 (Th?I5 + Ile; T315I) o f  c-Abl. The 
recently solved crystal structure o f  the catalytic 
domain o f  Abl complexed with a variant o f  
STI-571 identified both the amino acid residues 

LB2 within the ATP binding site and the activation 
loop o f  c-Abl that are required for STI-571 
binding and, thus, the inhibition o f  Abl kinase 
activity (31). Th?I5 is among those that form 
critical hydrogen bonds with STI-571. The po- 
tential consequence o f  the T3 151 substitution on 
the STI-571 binding pocket was modeled based 
on the crystal structure o f  the wild-type Abl 
kinase domain i n  complex with STI-571 (Fig. 
4B). The absence o f  the oxygen atom normally 
provided by the side chain o f  Thr)I5 would 
preclude formation o f  a hydrogen bond with the 
secondary amino group o f  STI-571. I n  addition, 
isoleucine contains an extra hydrocarbon group 
i n  the side chain, which would result in  a steric 
clash with STI-571 and presumably inhibit 
binding. Notably, the model predicts that the 

Fig. 3. BCR-ABL amplification in patients who relapsed after an initial 
response to  STI-571. (A) BCR-ABL FlSH analyses of interphase nuclei 
from blast crisis patient M13 before and during STI-571 therapy. 
Nuclei are visualized with 4',6'-diamidino-2-phenylindole stain (blue), 
ABL probe is labeled with Spectrum Orange (red signal), and BCR probe 
is labeled with Spectrum Green (green signal). BCR-ABL gene fusions, 
indicated by yellow signals, show an increase in BCR-ABL gene ampli- 
fication during STI-571-resistant disease progression. (Bar, 10 pm.) (B) 
BCR-ABL FlSH analyses of interphase nuclei from blast crisis patient 
M I 4  before, during, and after removal from STI-571 therapy showing 
BCR-ABL-amplified phenotype and the reversion to  nonamplified phe- 
notype on removal from STI-571 therapy. (Bar, 10 pm). (C) Giemsa- 
stained image (left; bar, 5 pm) and dual color FlSH images (middle and 
right; bars, 3 pm) of sample from patient LB1 showing duplicated 
inverted Ph-chromosome. Arrows indicate BCR-ABL gene fusions. (D) 
Quantitative PCR analysis of gDNA from BCR-ABL-amplified patients 
(MB13, MB14, and LB1) and one nonamplified patient LB3 (control) 
confirming increased ABL gene copy number in all three patients. 

CONTROL M l l b  M I 1 4  
O I N O M I C  DNA 
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T3 151 mutation should not interfere with ATP 
binding (32). 

To confirm that this amino acid substitution 
interferes with STI-571 activity, we engineered 
the T315I mutation into wild-type p210 BCR- 
A B L  (33). Cells were transfected with wild-type 
or T3 151 p210 BCR-ABL and cultured in  the 
presence o f  increasing concentrations o f  STI- 
571 (34). As shown by Abl imrnunoblot analy- 
sis, the expression o f  wild-type and T3 151 mu- 
tant BCR-ABL proteins was similar and was not 
changed by STI-571 (Fig. 4C, bottom panels). 
On the basis o f  anti-phosphotyrosine immuno- 
blot analysis, the kinase activities o f  wild-type 
BCR-ABL and the T3 151 mutant appear com- 

BCR 
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parable i n  the absence o f  STI-571. Whereas 
wild-type BCR-ABL kinase activity was inhib- 
ited by STI-57 1, the T3 151 mutant retained high 
levels o f  phosphotyrosine at all concentrations 
o f  the inhibitor tested (Fig. 4C, top panels). 

Our analysis o f  11 patients with advanced 
stage C M L  who underwent disease progression 
after an initial response to STI-571 shows that 
reactivation o f  BCR-ABL signaling occurred i n  
all patients, despite continued STI-571 treat- 
ment. Therefore, the primary explanation for 
disease progression in  these patients appears to 
be BCR-ABL-dependent proliferation rather 
than secondary oncogenic signals that permit 
BCR-ABL-independent growth. It is possible 

that studies o f  a larger number o f  patients may 
identify exceptions to this theme, as has been 
reported i n  transgenic mice expressing condi- 
tional oncogenes where an occasional tumor can 
escape dependence on the initiating oncogene 
(1-3). I n  8 o f  the 11 patients we studied, the 
mechanism o f  resistance was a consequence o f  
mutation (six patients) or amplification (three 
patients) o f  the target oncogene BCR-ABL (one 
patient had both events). These results provide 
evidence i n  a genetically complex human cancer 
that a single molecular target remains relevant in  
late stage, relapsed disease. 

The identity o f  the Abl kinase domain mu- 
tation found in  these patients bears remarkable 

ABL 
Fig. 4. Point mutation in the ATP binding pocket of 
the Abl kinase domain confers STI-571 resistance in 
relapsed patients. (A) Schematic of PCR strategy to 
determine the sequence of a 579-bp region of BCR- 
ABL that corresponds to  the ATP binding pocket and 
activation loop of the kinase domain in patient 
samples. Amino acid sequence of the region of Abl 
analyzed is shown in black (40). Residues predicted 
to form hydrogen bonds with STI-571, on the basis 
of crystal structure data, are in boldface and are 
numbered from the first amino acid of c-Abl (Cen- 
Bank accession number M14752). Corresponding 
nucleotide sequence (shown in red) was aligned 
with sequences obtained from nine patient cDNAs. 
The C + T mutation at ABL nt  944 (detected in six 
patients at relapse and in no pretreatment samples) 
is shown in blue. The sequence of wild-type ABL 
exon 3 (CenBank accession number NT008338.2) 
was aliened with seauences obtained from ~a t ien t  

~+.ori~ DNA (ABL rmm 3): ~ D N A  b o r e  treatment and at relapse. ~ x a m ~ l e s  of 
r e , .  primary sequence data (represented as chromato- ." + .  graphs) from wild-type BCR-ABL (left) and BCR-ABL 
.-. . with the C + T point mutation (riaht). (B) Model of 

B 
WILDTYPE 13151 MUTANT 

I I I 

BCR-AEL wt BCR-ABL T315l mutant 
0  .1 .6 1  6 10 .6 1  S 10 S W l  (pM) 

BCR 
+, 4@ 4RJ " & - $, 

I 

STI-571-binding pocket of wild-type ~ b i  in complex 
with STI-571 (left) and predicted structure of STI- 
571-binding pocket of T3151 mutant Abl in com- 
plex with STI-571 (right). In the molecular struc- 
tures representing STI-571 and Abl residue 315, 
nitrogen atoms are shown in blue and oxygen atoms 
are shown in red. Van der Waals interactions are 
depicted in gray for STI-571 (both panels), in blue 
for wild-type Abl residue Thr315 (left), and in red for 
mutant Abl residue lle315 (right). The polypeptide 
backbone of the Abl kinase domain is represented in 
green. (C) lmmunoblots of whole-cell lysates isolat- 
ed from transfected 293T cells (wild-type p210 
BCR-ABL shown in left panels and T3151 mutant 
shown in right panels) after a 2-hour incubation 
with different concentrations of STI-571. Blots were 
probed with phosphotyrosine (top) and antibodies 
to  Abl (bottom). 
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,~iniid~~tLr o  ,I TI11 -+ lie change in 1-Src xersus 
L i i dt i>osltion 338 to~ whlch corresponds 
Thr ' In i-4bl Desp~te the fact that x-Src and 

I - \ IL hint: almost Identical hnase domaln se- 
quence\ ( 9 8 ° ~ ~  h-Src is about 50-fold identit)) 
111ore re5lstant than c-Src to klnase inh~bit~on by 
t i l t  k c  ~nh~birorPPI (3.5) 

Ilthough the dehelopment of STI-571 resls-
t,li~cc piesents nea therapeutic challenges. the 
t . ~ tthat BCR-4BL lemains acme m STI-571-
ic\istdnt cells suggests that the chlmenc onco- 
potein remalnq a rational drug target Because 
\c\ erd p'itlents examlned to date share an ~den- 
t i i ' i i  ~nutat~onassociated w~th  drug resistance. ~t 
inLn I>e poss~ble to ~dentlfy an ~nhlb~torof the 
niutailt BC R-4BL allele that would habe broad 
r~t~lit)In dddlt~on knowledge of th~s  mutatlon 
h u l d  pemllt the debelopment of assays to 
detect drug-res~stant clones before clmmcal re- 
1'1p.e It ~liould be noted that this study has 
t o ~ ~ ~ s e don a small. selected group of patients 
L\ndl\se5 of larger sample sizes are requlred to 
detem~lne the true frequency of th~s  mutatlon 
,Inlong resistant pat~ents 
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The interactive regulation between clock genes is central for oscillator function. 
Here, we show interactions between the Arabidopsis clock genes LATE ELONGATED 
HYPOCOTYL (LHY), CIRCADIAN CLOCKASSOCIATED 7 (CCA 7), and TIMING OFCAB 
EXPRESSION 7 (TOC7). The MY0 transcription factors LHY and CCAl negatively 
regulate TOC7 expression. We show that both proteins bind to a region in the TOC7 
promoter that is critical for its clock regulation. Conversely, TOCl appears to 
participate in the positive regulation of LHY and CCA7 expression. Our results 
indicate that these interactions form a loop critical for clock function in Arabidopsis. 

Circadian clocks represent a widespread en- activities controlled by the circadian clock 
dogenous mechanism that allows organisms are the regulation of transcription in cya-
to time different processes appropriately nobacteria. the rhythmic movement of leaves 
throughout the day-night cycle. Among the in plants. and more complex activities such as 
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