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Imatinib mesylate (IM) induces clinical
remissions in chronic-phase chronic myeloid leukemia (CML) patients but IM resistance remains a problem. We recently
identified several features of CML CD34ⴙ
stem/progenitor cells expected to confer
resistance to BCR-ABL-targeted therapeutics. From a study of 25 initially chronicphase patients, we now demonstrate that
some, but not all, of these parameters
correlate with subsequent clinical response
to IM therapy. CD34ⴙ cells from the 14 IM

nonresponders demonstrated greater resistance to IM than the 11 IM responders in
colony-forming cell assays in vitro (P < .001)
and direct sequencing of cloned transcripts
from CD34ⴙ cells further revealed a higher
incidence of BCR-ABL kinase domain mutations in the IM nonresponders (10%-40% vs
0%-20% in IM responders, P < .003). In contrast, CD34ⴙ cells from IM nonresponders
and IM responders were not distinguished
by differences in BCR-ABL or transporter
gene expression. Interestingly, one BCR-

ABL mutation (V304D), predicted to destabilize the interaction between p210BCR-ABL
and IM, was detectable in 14 of 20 patients.
T315I mutant CD34ⴙ cells found before IM
treatment in 2 of 20 patients examined were
preferentially amplified after IM treatment.
Thus, 2 properties of pretreatment CML
stem/progenitor cells correlate with subsequent response to IM therapy. Prospective
assessment of these properties may allow
improved patient management. (Blood. 2010;
116(12):2112-2121)

Introduction
Chronic myeloid leukemia (CML) is a clonal, multistep, multilineage myeloproliferative disorder. In patients with chronic-phase
disease, the leukemic cells are characterized by the presence of a
BCR-ABL fusion gene as the sole detectable chromosomal abnormality.1-3 The BCR-ABL encodes a chimeric oncoprotein
(p210BCR-ABL) that displays constitutively elevated tyrosine kinase
activity and drives the pathogenesis of the disease.4,5 The elevated
tyrosine kinase activity of the BCR-ABL oncoprotein causes
biochemical changes that affect the growth factor dependence,
turnover, and genomic stability of primitive CD34⫹ leukemic cells
in chronic-phase patients but has little impact on their ultimate
differentiation.6-9 Recently, imatinib mesylate (IM), a small molecule inhibitor of the BCR-ABL tyrosine kinase,5 has shown great
promise in suppressing the disease in chronic-phase CML patients.10,11 However, both initial and acquired resistance to IM has
emerged as a significant clinical problem with mutations in the
BCR-ABL kinase domain accounting for 60% to 90% of relapses.9,12-14 Dasatinib (DA) and nilotinib (NL) are more potent
small molecule inhibitors of the BCR-ABL-encoded kinase than IM
and are effective in some, but not all, patients with IM-resistant
disease.15-17 Recent studies indicate that primitive CML cells are
less responsive to IM and other tyrosine kinase inhibitors and are a
reservoir for the emergence of IM-resistant subclones.18-22 We and

others have further demonstrated that CML progenitor and/or stem
cells possess multiple features that would be expected to promote
both innate and acquired resistance to p210BCR-ABL-targeted therapeutics.8,19,20,23,24 These include elevated BCR-ABL expression and
tyrosine kinase activity, increased expression of ABCB1/MDR and
ABCG2 that efflux IM and other drugs used to treat acute
leukemia,20,25 decreased expression of OCT1 that is responsible for
IM uptake,26,27 and a high degree of instability of the BCR-ABL
gene itself.23
In this study, we asked whether these properties of leukemic
CD34⫹ cells obtained from chronic-phase CML patients before
initiation of IM therapy would correlate with the subsequent
response of the patient to IM therapy. We measured the sensitivity
of their individual pretreatment clonogenic progenitors to IM
exposure in vitro, the level of expression of BCR-ABL, ABCB1/
MDR, and ABCG2 transcripts in their CD34⫹ cells, and the
frequency of mutant BCR-ABL and ATPA1 transcripts in the same
cells, and compared the results for clinically defined responders
and nonresponders. The results confirm that CD34⫹ CML cells
from individual chronic-phase patients harbor differences in all of
these properties and that one of these correlates significantly with
the patient’s clinical IM response, suggesting that it might form the
basis of a prospective test for optimizing CML patient management.
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Table 1. Characteristics of clinically classified IM responders and IM nonresponders
Characteristic

IM responders

IM nonresponders

P*

Quantitative features
WBC at diagnosis

Range: 关25.5, 450兴; mean, 149; CI: 关62.9, 235兴

Range: 关32.2, 536兴 mean, 204; CI:

.42

关101, 252兴
Age, y

Range: 关23,76兴; mean, 52.64; CI: 关49.47, 55.80兴

Range: 关29,77兴; mean, 55.71; CI:

.60

关53.86, 57.57兴
Mutant BCR-ABL transcripts, percentage

Range: 关0, 20兴; mean, 10.1; CI: 关8.3, 12.2兴

Range: 关9, 40兴; mean, 24.5; CI:

⬍ .003†

关21.5, 26.5兴
NA

1 (9.1%)

4 (28.6%)

No. of colonies as percentage of

Range: 关14.2, 53兴; mean, 35.6; CI: 关32.7, 38.4兴

Range: 关40.6, 92兴 mean, 60.1; CI:

CFC IM 5M

⬍ .001

关57.6, 62.6兴

untreated cells CFC IM 1M
Range: 关7.7, 42.6兴; mean, 22.7; CI: 关20.5, 24.9兴

Range: 关34, 64兴; mean, 48.66; CI:

⬍ .001

关47.4, 49.9兴
CFC IM 10M

Range: 关6.6, 42兴; mean, 22.3; CI: 关20, 24.6兴

Range: 关20.8, 61.3兴; mean, 44.0;

⬍ .001

CI: 关41.8, 46.1兴
Time from diagnosis to IM treatment, d

Range: 关7, 335兴; mean, 60.36; CI: 关-122, 242兴

Range: 关7, 377兴; mean, 107; CI:

.29

关-133, 347兴
Qualitative features
Sokal risk score

.928‡

Low

1 (14.3%); CI: NA§

2 (9.1%); CI: 关0.14, 1.22兴

Intermediate

7 (42.9%); CI: 关0.84, 0.94兴

6 (63.6%); CI: 关0.89, 0.96兴

High

3 (35.7%); CI: 关0.58, 2.9兴

5 (27.3%); CI: 关1.56, 2.55兴

NA

0

1 (7.14%)

Male

6 (54.6%)

8 (57.1%)

Female

5 (45. 5%)

6 (42.9%)

Yes

0

3 (21.4%)

No

11 (100%)

11 (78.6%)

Yes

7 (63.6%)

14 (100%)

No

4 (36.4%)

0

400 mg

9 (81.8%)

8 (57.4%)

400-600 mg

2 (18.2%)

4 (28.6%)

400-800 mg

0

2 (14.3%)

NA¶

11 (100%)

0

Primary resistance

0

9 (64.3%)

Secondary resistance

0

5 (35.7%)

⬎ .311储

Sex

⬎ .158储

Prior interferon

Prior hydroxyurea

.072储

Daily IM dose

.161‡

⬍ .001

Primary/secondary resistance

NA indicates not available.
*P values were calculated using the Welch 2-sample t test at the 5% significant level under the null hypothesis H0: mean (IM responders) ⫽ mean (IM nonresponders).
†P value of mutant BCR-ABL transcript frequency was calculated after all the missing values were taken out of the sample.
‡Kruskal-Wallis test was used to calculate P values of ordered categorical variable for Sokal risk score and daily IM dose.
§CI for low IM responders in the low Sokal risk group is not available because there is only one patient in this category.
储Fisher exact test was used to calculate P values of nonordered categorical variable for sex, prior interferon, and prior hydroxyurea.
¶Primary/secondary resistance is not available for all IM responders.

Cells

Methods
Patients
A total of 25 chronic-phase CML patients were studied, none of whom had been
treated previously with any BCR-ABL-targeted drug. The clinical details of these
patients and their subsequent classification as IM responders (n ⫽ 11) or
nonresponders (n ⫽ 14) are given in Table 1. Responders are patients who
achieved complete hematologic remission within 3 months, a major cytogenetic
remission within 12 months, and a complete cytogenetic remission within
18 months.28 Conversely, nonresponders were patients who did not achieve these
response criteria (primary resistance) or had evidence of loss of a complete
hematologic remission or a complete cytogenetic remission (secondary resistance) or who developed blast crisis (BC) within 3 months of achieving a
complete cytogenetic response (3 patients).

Heparin-anticoagulated peripheral blood cells, apheresis cells, or bone
marrow (BM) cells were obtained from patients before initiation of IM
therapy. Low-density cells and, in some cases, CD34⫹ cell–enriched
populations were isolated before cryopreservation.29 Cells were also
obtained from BM cells harvested from healthy adult donors for use in
allogeneic hematopoietic stem cell transplantations. In all cases, informed
consent was obtained in accordance with the Declaration of Helsinki, and
the procedures used were approved by the Research Ethics Board of the
University of British Columbia. CD34⫹ cells (⬎ 85% pure) were isolated
immunomagnetically by positive selection of thawed cells using the
EasySep CD34 selection kit (StemCell Technologies), and the purity of
these was verified by restaining the isolated cells with a fluorescein
isothiocyanate-labeled anti-CD34 antibody (StemCell Technologies) and
analysis on a fluorescence-activated cell sorter.
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In vitro colony assays

Mutational analysis

Assays for colony-forming cell (CFC) activity were performed by plating
the CD34⫹ cells in methylcellulose medium (H4330, StemCell Technologies) supplemented with 20 ng/mL interleukin-3 (IL-3, from Novartis),
20 ng/mL IL-6 (Cangene), 20 ng/mL granulocyte colony-stimulating factor
(StemCell Technologies), and 20 ng/mL granulocyte-macrophage colonystimulating factor (Novartis) in the presence or absence of IM (0, 1, 5, or
10M, Novartis). Steel factor was not added to avoid inhibitory effects of
IM on KIT-dependent colony formation because IM also targets this
receptor for steel factor.5 Colonies derived from burst-forming units–
erythroid (BFU-E), multilineage granulopoietic, erythroid, macrophage,
and megakaryocytic colony-forming units (CFU-GEMM), and granulocytemacrophage colony-forming units (CFU-GM) were scored in situ after
14 days of incubation using an inverted microscope.

cDNA was obtained as described in “Quantitative real time PCR analyses,”
and the major tyrosine kinase domain of BCR-ABL was amplified using a
2-step procedure.23,30 First, a 1.3-kb BCR-ABL fusion fragment was
generated by addition of 1 to 2 L of the cDNA to 22.5 L Accuprime Pfx
SuperMix (Invitrogen), 1 L 0.5M KCl, and 0.25 L forward BCR-ATPB1
(5⬘-GAAGCTTCTCCCTGGCATCCGTG-3⬘) and reverse ABL-ATPB2
(5⬘-GCCAGGCTCTCGGGTGCAGTCC-3) primers at 20M concentrations. The second nested PCR was performed by addition of 0.5 L of the
first PCR reaction product to 45 L of Accuprime Pfx SuperMix, 4.5 L of
PCR water, and 0.5 L of forward primer ABL-ATPB1 (5⬘-GCGCAACAAGCCCACTGTCATTGG-3⬘) and reverse primer ABL-ATPB2, each at
a concentration of 20M. The 0.6-kb product derived from the major ABL
kinase domain (residues 220-420) was run on a TAE gel, purified, and
cloned into the pCR2.1-TOPO vector (Invitrogen). Ten to 30 bacterial
colonies were produced on LB media, and plasmid DNA was then isolated
from the bacteria using standard methods. Sequencing was performed using
a 3730XL DNA Analyzer System (Applied Biosystems). A cloned 0.6-kb
fragment derived from the wild-type major ABL kinase domain in extracts
obtained from normal CD34⫹ BM cells was sequenced using the ABLATPB1 and ABL-ATPB2 primers.
Sequence analysis of the entire 3.7-kb sodium/potassium transporting
ATPase subunit ␣-1 gene (ATPA1)31 was performed using the same
procedure of PCR amplification, cloning, and plasmid extraction as
described in the previous paragraph for BCR-ABL transcripts. A total of 1 to
2 L of patient cDNA was amplified with 45 L of Accuprimer Pfx
SuperMix and 0.5 L of 20M forward and reverse primer pairs designed
to generate 3 overlapping fragments each approximately 1.2 kb in length.
Primers used to generate the N-terminus fragment were: ATPA1F1
(5⬘-TTGGACGTGATAAGTATGAGC-3⬘) and ATPA1R1 (5⬘-CCATGCGTTTGGCAGTAAGTG-3⬘), for the middle fragment were: ATPA1F2
(5⬘-GGTATCATCGTAGCCAATGTG-3⬘) and ATPA1R2 (5⬘-ACGATAGCACCCTGTCTTTGG-3⬘); and for the C-terminus fragment were:
ATPA1F3 (5⬘-ACCACACTGAGATAGTGTTTGC-3⬘) and ATPA1R3
(5⬘-GGGCGTCGCCTGATGATGAG-3⬘).
For mutation frequency determinations, a mutant transcript was defined as one or more mutations per cloned fragment to provide an indication of the prevalence of mutant CD34⫹ cells present in the population
analyzed. However, to ascertain the validity of the mutation(s) detected
required that the same sequence be confirmed in both directions by
sequencing each clone.

Suspension cultures
CD34⫹ cells were suspended in Iscove medium supplemented with bovine
serum albumin, insulin, transferrin, and low-density lipoproteins (StemCell
Technologies) and 10⫺4M 2-mercaptoethanol (Sigma-Aldrich). A total of
5 ⫻ 104 cells was then added to each well of a 24-well plate with or without
IM in the presence of the following purified recombinant human growth
factors: 20 ng/mL IL-3, 20 ng/mL IL-6, 20 ng/mL granulocyte colonystimulating factor, and 100 ng/mL Fms-like tyrosine kinase 3-ligand
(Immunex). Viable cell numbers were determined after 3 weeks of
incubation by hemacytometer counts of trypan blue-excluding cells.
Quantitative real time PCR analyses
Total RNA was extracted using the Absolutely RNA Microprep kit
(Stratagene) or the PicoPure RNA isolation Kit (Arcturus). RNA (0.10.25 g) was reverse transcribed with random hexamers in a 20-L
reaction volume using SuperScript III reverse transcriptase according to the
manufacturer’s instructions (Invitrogen). Reverse-transcribed polymerase
chain reaction (RT-PCR) was then performed as previously described23 in a
25-L reaction mixture consisting of 12.5 L of 2 ⫻ POWER SYBR
Green PCR Master Mix (Applied Biosystems), 1 L of 20M specific
primers, 1 to 2 L cDNA, and water as needed. Specific forward and
reverse primers to produce approximately 100-bp amplicons for optimal
amplification of reverse-transcribed cDNA for BCR-ABL were as follows:
5⬘-CATTCCGCTGACCATCAATAAG-3⬘ and 5⬘-GATGCTACTGGCCGCTGAAG-3⬘, for BCR were 5⬘-CCAACCTGCTCACCTTCCTTT-3⬘
and 5⬘-GTTGTGCAGGGACATCTTATTG-3⬘, for GAPDH were 5⬘CCCATCACCATCTTCCAGGAG-3⬘ and 5⬘-CTTCTCCATGGTGGTGAAGACG-3⬘, for OCT1 were 5⬘-CGCCCAACTACATGTCCATGC-3⬘ and
5⬘-CCGAGCCAACAAATTCTGTGATT-3⬘, for ABCB1 were 5⬘-CAAATGCAAGAGGAGCAGCTTA-3⬘ and 5⬘-CCACTCTTCGAATAGCTGTCAA-3⬘, and for ABCG2 were 5⬘-GCTTTCTACCTTGTCGAAAACC-3⬘
and 5⬘-GAGACCAGGTTTCATGATCCC-3⬘. Optimal reaction conditions
for the amplification of these genes were 40 cycles of 2-step PCR (95°C for
15 seconds followed by 60°C for 1 minute with a single fluorescence
measurement) after initial denaturation (50°C for 2 minutes and 94°C for
10 minutes). RT-PCR data were also analyzed by melt curve analysis for
verification of true target amplicons and absence of primer dimers. The
7500 Real Time PCR System Software (Applied Biosystems) was used for
data analysis.
To compare BCR-ABL, BCR, and transporter gene transcript levels, the
threshold cycle (Ct) values of all samples were first normalized to the Ct
value of the housekeeping gene GAPDH in the same sample. This
normalized value was compared with the normalized value of the reference
sample (eg, normal BM cells) using the following formula: relative
expression of the gene in the sample of interest normalized to that of the
reference sample ⫽ 2 ⫺ ⌬⌬Ct where ⌬⌬Ct is ⌬Ct, sample ⫺⌬Ct, reference.
⌬Ct, sample is the Ct value for any sample normalized to GAPDH, and ⌬Ct,
reference is the Ct value for the calibrator (eg, normal BM cells) also
normalized to the Ct value for GAPDH. The efficiency of amplification of
GAPDH, BCR-ABL, BCR, and transporter gene sequences was confirmed to
be close to 100% from the observed linear relationship obtained between
the value for ⌬Ct and the template cDNA dilution.

Molecular modeling and analysis
The following published x-ray structures were used as references for the
modeling and analysis: 2HYY (human C-ABL bound to IM), 1IEP (mouse
c-abl bound to IM), 2GQG (human C-ABL bound to DA), and 3CS9
(human C-ABL bound to NL).16,32,33 Molecular modeling of selected
mutants was performed using the Swiss pdb Viewer.34 (Figure 4C was
generated using the program PyMol.35)
Statistical analysis
Results are shown as the mean plus or minus SEM of values obtained in
independent experiments. Differences between groups were assessed using
the Welch 2-sample t test, Kruskal-Wallis test, and Fisher exact test. In the
multivariable analysis, a logistic model was used to study the dependence
between the clinical IM response and other independent variables listed in
Table 1. In the preliminary model, the variables that were both mathematically solvable and whose P values were less or equal to 10% were analyzed
(except BCR-ABL mutation because of some missing values, Table 1).
Because prior interferon treatment, prior hydroxyurea treatment, and
primary/secondary resistance could cause singular solutions in the preliminary model, they could not be included. Thus, the preliminary model was:
logit ([IM response ⫽ 1]) ⫽ ␤0 ⫹ ␤1 CFC1 (1M IM) ⫹ ␤2 CFC5 (5M
IM). A stepwise Akaike information criterion was used as a model selection
criterion, and the result was verified by odds ratio.36 In this context, only
inhibition of colony formation in the presence of 5M IM was selected for
use in the final multivariable model at a 5% level of significance (Table 2).
The final model was thus as follows: logit [(IM response ⫽ 1]) ⫽ ␤0 ⫹ ␤1CFC5.
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Table 2. Estimation of the coefficients of the logistic model used to
analyze endpoints assessed for their association with a positive
clinical IM response
Variable

Coefficient
estimate

Intercept

10.8

SE

P

4.82

⬍ .026*

CFC (IM 1M)

0.004

0.079

CFC (IM 5M)

⫺0.305

0.147

.962
⬍ .039*

CFC refers to the extent of IM inhibition of colony formation by CD34⫹ CFCs.
*The estimated coefficients and P values of the final model show that CFC (IM
5M) has a significant impact on the IM response at the 5% level.

Receiver operating characteristic (ROC) analysis37 was performed to test how
well the final model predicted its covariates. The data were analyzed using the
statistical software R (Version 2.8.1).38

Results
IM responders and nonresponders do not have distinguishing
clinical features

We studied 25 chronic-phase CML patients classified clinically as
chronic-phase patients before IM treatment. Eleven of these subsequently proved to be IM responders and 14 to be IM nonresponders.28
The latter group included 9 patients with primary IM resistance and
another 5 with secondary resistance, including 3 patients who developed

2115

BC within 3 months of an initial complete cytogenetic remission.
Analysis of the pretreatment clinical data showed that the 14 nonresponders tended to have higher Sokal scores than the 11 responders,
although these differences were not significant (P ⫽ .9, Table 1). It was
also noted that none of the 5 patients with secondary IM resistance had a
high Sokal risk score (⬎ 1.2) compared with the patients with primary
IM resistance (5 of 9 with a Sokal risk score ⬎ 1.2, Table 3). The
average white blood cell count was also higher for the IM nonresponders than the responders, but this difference was not significant
(P ⫽ .42, Table 1). All IM nonresponders had received hydroxyurea,
and 3 of them had also received interferon treatment before initiation of
IM treatment. Seven of 11 IM responders had received prior hydroxyurea, and none had received prior interferon (P ⫽ .07 and P ⫽ .16).
These differences could cause singular solutions in the multivariable
analysis and therefore could not be included (Table 2). The average time
from diagnosis to beginning of IM treatment was longer for the IM
nonresponders than the responders, but these differences were not
significant (P ⫽ .29, Table 1).
Exposure to IM in vitro differentially inhibits colony formation
by leukemic CFCs from IM nonresponders and responders

We assessed the IM sensitivity of the pretreatment leukemic
CD34⫹ CFCs from all patients by performing standard in vitro
colony assays in media supplemented with 0, 1, 5, or 10M IM. IM
inhibition of colony formation was consistently and significantly

Table 3. Characteristics of clinically classified IM nonresponders with primary and secondary resistance
Characteristics

Primary resistance

Secondary resistance

P*

Quantitative features
WBC at diagnosis

Range: 关32.2, 536兴; mean, 195; CI: 关39.8, 350兴

Range: 关122, 480兴 mean, 221; CI: 关36.7, 406兴

.79

Age, y

Range: 关43, 77兴; mean, 58; CI: 关49.6, 66.4兴

Range: 关29,66兴; mean, 51.6; CI: 关34.2, 69.0兴

.41

Mutant BCR-ABL transcripts,

Range: 关18, 35兴; mean, 25.8; CI: 关13.5, 38.0兴

Range: 关9, 40兴; mean, 22.6; CI: 关8.48, 36.7兴

.64†

NA

4 (28.6%)

0

No. of colonies as percentage of

Range: 关41.1, 67兴; mean, 54.1; CI: 关47.1, 61.1兴

Range: 关40.6, 92兴 mean⫽70.9; CI: 关44.3, 97.4兴

percentage
.16

untreated cells CFC IM 1M
CFC IM 5M

Range: 关36, 56.6兴; mean, 47.7; CI: 关43.0, 52.5兴

Range: 关34, 64兴; mean, 50.3; CI: 关36.0, 64.7兴

.66

CFC IM 10M

Range: 关29.1, 61.3兴; mean, 44.1; CI: 关34.9, 53.3兴

Range: 关20.8, 60.3兴; mean, 43.8; CI: 关21.0, 66.5兴

.97

Time from diagnosis to IM

Range: 关7, 302兴; mean, 127.4; CI: 关12.0, 178.5兴

Range: 关13, 377兴; mean, 127; CI: 关-66.7, 321兴

.70

treatment, d
Qualitative features
Sokal risk score

.434‡

High

5 (55.6%)

0

Intermediate

3 (33.3%)

3 (60%)

Low

1 (11.1%)

1 (20%)

NA

0

1 (20%)

Female

5 (55.6%)

1 (20%)

Male

4 (44.5%)

4 (80%)

No

8 (88.9)

3 (60%)

Yes

1 (11.1%)

2 (40%)

No

9 (100%)

5 (100%)

Yes

0

0

400 mg

6 (66.7%)

2 (40%)

400-600 mg

3 (33.3%)

1 (20%)

400-800 mg

0

2 (40%)

Sex

.21§

Prior interferon

.247§

Prior hydroxyurea

1§

Daily IM dose

.177‡

*P values were calculated using the Welch 2-sample t test at the 5% significant level under the null hypothesis H0: mean (primary resistance) ⫽ mean (secondary
resistance).
†P value of mutant BCR-ABL transcript frequency was calculated after all the missing values were taken out of the sample.
‡Kruskal-Wallis test was used to calculate P values of ordered categorical variable for Sokal risk score and daily IM dose.
§Fisher exact test was used to calculate P values of nonordered categorical variable for sex, prior interferon, and prior hydroxyurea.
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CD34ⴙ

cells from IM nonresponders and responders are not
distinguished by differences in their levels of BCR-ABL and
transporter gene expression

We also asked whether quantitative RT-PCR–determined levels of
BCR-ABL, OCT1, ABCB1, and ABCG2 transcripts might be
different in the leukemic CD34⫹ cells from IM nonresponders and

100

1 uM IM

80

No. of colonies as a % of untreated cells

60
40
20
P < .0001

0
100
5 uM IM
80
60
40
20

P < .0001

0
100

A

B

100

BFU-E

5µM IM

CFU-GM

80
60
40
20

P = .001

P = .005

0

No. of colonies as a %
of untreated cells

less (P ⬍ .001) for the 14 nonresponders, including the 3 patients
who developed BC rapidly after an initial remission (Figure 1).
Indeed, the CFCs from 2 of the latter showed the greatest resistance
to IM in vitro, producing as many colonies in the presence of 10M
IM as CFCs from normal donors (Figure 1). The greater resistance
of the CFCs from the IM nonresponder patients to IM in vitro was
shared by both primitive erythroid (BFU-E) and granulopoietic
progenitors (CFU-GM), although for both responder and nonresponder patients, the granulopoietic progenitors were generally
more IM-resistant than the erythroid progenitors (Figure 2A).
We also examined whether continuous exposure to 5M IM
in vitro would differentially affect the number of CFCs produced
in 3-week liquid suspension cultures initiated with CD34⫹ cells
from the both groups of patients. In contrast to the data for colony
formation from CFCs, IM effects on the generation of CFCs were
not significantly different (9 nonresponders and 7 responders
analyzed, P ⫽ .33, Figure 2B).

No. of colonies as a %
of untreated cells
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Figure 2. Comparison of the effect of IM in vitro on different subtypes of CD34ⴙ
cells from IM responders and nonresponders. (A) Comparison of the effect of
5M IM on the ability of different subtypes of CFCs in unmanipulated CD34⫹ CML
cells from IM responders and nonresponders to form colonies in vitro (same
experiments and method of data calculation as shown in the middle panel of Figure
1). Differences between the results for BFU-E and CFU-GM from IM responders and
nonresponders are significant (P ⱕ .005). (B) The effect of 5M IM on the patientspecific yield of CFCs in 3-week liquid suspension cultures initiated with the same
cells as plated directly in methylcellulose in panel A. (⽧) Results obtained from the
3 patients who rapidly developed BC. No significant differences were found between
the effect of IM on CFC production in 3-week cultures initiated with CD34⫹ cells from
the 2 patient groups (P ⫽ .33). In both panels, cross bars represent the mean plus or
minus SEM of data for each patient group.

responders before treatment because the expression of these genes
in CD34⫹ progenitor and/or stem cells has been found to be altered
in a fashion that would be expected to contribute to a more
IM-resistant phenotype.20 However, none of these measurements
identified significant differences between the responders and
nonresponders studied (P ⬎ .05, Figure 3).

10 uM IM
80

BCR-ABL transcripts in IM nonresponder CD34ⴙ cells contain a
higher frequency of kinase domain mutations than those from
IM responders

60
40
20
0

P = .0003

Figure 1. Comparison of the effect of different concentrations of IM on colony
formation by CFCs from IM responders and nonresponders. CD34⫹ cells from
11 patients classified clinically as imatinib mesylate (IM) responders and 14 as
nonresponders were assayed in duplicate 1-mL methylcellulose cultures containing
0, 1, 5, or 10M IM. Two weeks later, the colonies were enumerated to determine the
numbers derived from BFU-E, CFU-GEMM, or CFU-GM. The total number of
colonies obtained in the IM-supplemented cultures was then calculated as a
percentage of those obtained in the absence of IM. (⽧) Results obtained from the
3 patients who rapidly developed BC; and cross bars, mean plus or minus SEM of
data for each patient group. Differences between the results for the IM responders
and nonresponders at all doses of IM tested are significant (P ⬍ .001).

To investigate whether IM responders and nonresponders might
have different abilities to regulate their genomic integrity, we first
prepared cDNAs from RNA extracts of their CD34⫹ cells. We then
cloned the major tyrosine kinase domain of the BCR-ABL transcripts present as well as overlapping fragments spanning the
complete ATP1A1 transcript31 and amplified these in bacteria. A
similar analysis of ATP1A1 transcripts was included to determine
the genomic generality of any increased instability evident in the
BCR-ABL gene of CML stem/progenitor cells, as previously
suggested by studies of BCR-ABL-transduced murine cells.39
Finally, we sequenced the cloned fragments (10-30 clones per
sample) to determine the numbers and types of mutations present in
each. From this analysis, we found that the cloned BCR-ABL kinase
domain fragments from 18 of 20 CML patients’ CD34⫹ cells
contained at least one mutation. The actual frequency of mutant
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Figure 3. Comparison of BCR-ABL and transport gene transcript levels in
CD34ⴙ cells from IM responders and nonresponders. (A) Comparison of BCR
(left panel) and BCR-ABL (right panel) transcript levels in CD34⫹ CML cells from IM
responders (n ⫽ 9) and nonresponders (n ⫽ 14) relative to BCR transcript levels in
CD34⫹ cells isolated from normal persons (n ⫽ 6). (B) Comparison of ABCG2 (left
panel), ABCB1/MDR (middle panel), and OCT1 (right panel) transcript levels relative
to GAPDH transcripts in CD34⫹ CML cells from IM responders and nonresponders.
(⽧) Results obtained from the 3 patients who rapidly developed BC. Each data point
represents the average of a triplicate quantitative RT-PCR measurement of each
transcript normalized as described in “Methods.” Cross bars represent the mean ⫾
SEM of data for each patient group. The differences between the results for IM
responders and nonresponders are not significant (P ⬎ .05).

transcripts per sample ranged from 6% to 40% (a mutant transcript
being defined as one or more mutations per cloned fragment, Figure
4A). Mutant ATP1A1 transcripts were readily detectable in all 3 CML
patients investigated (15%-34% of ATP1A1 transcripts found to contain
one or more mutations, all IM nonresponders, Figure 5).
To evaluate the possibility of false-positive mutant transcript
detection using the method adopted here, we used the same
approach to examine the integrity of the c-ABL and ATP1A1 gene
in CD34⫹ normal BM cells. This analysis failed to reveal any
mutant c-ABL transcripts in 150 sequenced clones (from 6 normal
donors) and only a single point mutation (L767P) in 80 ATP1A1
transcript clones (from 3 normal donors). These findings demonstrate the high fidelity of the method used here to quantify the
higher levels of genomic change evident in CML CD34⫹ cells.
Interestingly, comparison of the mutant BCR-ABL transcript
data from the IM responders and nonresponders showed that the
frequencies of mutant transcripts were significantly higher in the
IM nonresponders (10%-40%, vs 0%-20%, P ⬍ .003, 10 patients
in each group studied).
Multivariable statistical analysis identifies a significant correlation
between clinical IM response and the colony-forming response of
the patient’s pretreatment CD34ⴙ cells

To evaluate the extent to which each of the various parameters
studied was independently associated with subsequent clinical
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response to IM, a multivariable statistical model was used. The
preliminary model was generated using the independent variables
that were both mathematically solvable in the model and whose P
values were less than or equal to 10% (the frequency of mutant
BCR-ABL transcripts was omitted because of some missing values). This analysis revealed a significant correlation of the clinical
IM response with the in vitro colony-forming response obtained
when CD34⫹ stem/progenitor cells were cultured in 5M IM
(Table 2); this was also verified by odds ratio (odds ⫽ exp
(⫺19.24) ⫽ 0 ⬍ 1). The finding of a significant correlation between these 2 parameters was confirmed by ROC analysis, which
tests how well a final model predicts its covariates (the data not
shown). Thus, these analyses indicate the clinically defined responders and nonresponders were significantly different from each other
with respect to the inhibited growth response of their pretreatment
CFC to 5M IM.
Characterization of BCR-ABL and ATP1A1 mutations found in
IM-naive CD34ⴙ CML cells

In total, 18 different mutations within the major kinase domain of
BCR-ABL (residues 220-420) were identified in the CD34⫹ cells
from the 20 CML patients studied (2 of whom did not show a
detectable level of mutant BCR-ABL⫹ cells). Two of the mutations
identified (M244V and T315I) have been frequently associated
with clinical IM resistance and one (T315I) with resistance to all
available BCR-ABL inhibitors.40-42 Four amino acid substitutions
(C305S, E373G, V379I, and M388T) were found at a low
frequencies. Although most of the mutations were detected in only
one sample, one (V304D) was present in 14 cases (Figure 4B).
Other mutations at amino acid residue 304 (V304G or V304S) have
been previously documented at a low frequency in clinical
specimens from IM-resistant patients,40-42 and in CD34⫹ cells from
IM-treated CML patients in complete cytogenetic remission
(V304S).21 Molecular modeling analysis of the published crystal
structures of the kinase domain of the BCR-ABL oncoprotein in
complex with IM, DA, or NL reveals that valine 304 (V304)
localizes to the hydrophobic interior of the kinase domain and
packs against a helix that forms part of the IM binding groove.16,32,33
Substituting the nonpolar V304 with the polar residue, aspartic
acid, would be predicted to dramatically perturb the conformation
and/or structure of this helix and destabilize interactions with IM
and NL (Figure 4C). A similar effect on DA binding would not be
expected because DA binds both the active (open) and inactive
(closed) conformations of the kinase domain and its binding does
not involve the aforementioned helix.33 Several of the other
mutations that we identified also map to the vicinity of or within the
drug-binding cleft, suggesting they would also disrupt IM, DA, or
NL binding (supplemental Table 1, available on the Blood Web site;
see the Supplemental Materials link at the top of the online article).
We were able to obtain post-IM treatment samples from 2 of the
nonresponders and reanalyze the sequence of the kinase domain of
the BCR-ABL transcripts in the CD34⫹ leukemic cells present at
that later time. In the first patient, 10% of the pretreatment
transcripts contained a T315I mutation and 25% contained a
V304D mutation. After IM therapy, the frequency of T315I-mutant
BCR-ABL transcripts increased 5-fold to 50% (Figure 4D), although the corresponding frequency of V304D mutant transcripts
remained the same, at 25%. In the second patient, V304D mutant
cells also persisted after IM therapy and additional mutations
(M244V, C305G, and H396R) became evident at variable frequencies in the posttreatment cells (Figure 4D). Sequencing of cDNAs
prepared from extracts of unpurified blood cells from both these
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Figure 4. Comparison of the frequency and characterization of
mutant BCR-ABL transcripts in CD34ⴙ cells from IM responders and
nonresponders. (A) BCR-ABL kinase domain transcript fragments in
extracts of patients CD34⫹ cells were cloned and sequenced (10-30 clones
per sample), and the frequency of mutant clones detected in each
patients’ sample was then calculated. Cross bars indicate the mean plus
or minus SEM of data for each patient group. The difference between the
frequencies of mutant transcripts detected in the IM nonresponders’ cells
(10 patients) and the 10 responders’ cells (10 patients) is significant
(P ⬍ .003). No mutations were found in CD34⫹ BM cells from 6 normal
persons. (B) Locations of the single amino acid substitutions identified in
relation to subdomains of the BCR-ABL kinase domain. The prevalence of
each mutation among the 20 patients studied is shown as the proportion of
patients in which each mutation was seen. Red letters indicate amino acid
changes previously associated with IM resistance in patients. P-Loop
indicates phosphate-binding loop; C-helix, catalytic domain; SH3 contact,
Src homology 3 domain contact; IM binding site, imatinib binding site; SH2
domain, Src homology domain contact; and A-loop, activation loop.
(C) Localization of the residue V304 based on the crystal structure of the
c-ABL kinase domain in complex with IM (PDB code 1IEP).32 Substitution
of V304 with a polar residue aspartic acid (V304D) would perturb the
conformation and/or structure of the helix that forms part of the IM-binding
groove. (D) Frequency of various mutant BCR-ABL transcripts in
CD34⫹ CML cells before and after IM treatment from 2 IM nonresponders
calculated as described for panel A.
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patients also revealed the later prevalence of T315I mutant cells in
patient 1 and M244V mutant cells in patient 2. However, the other
mutations (V304D, C305G, H396R, and C330Y) detectable in
their CD34⫹ cells at a relatively low frequency were not detectable
in the total blood cell population.
The mutations identified in the ATP1A1 transcripts isolated
from the CML CD34⫹ cells included point mutations, insertions,
and deletions of parts of exon 4 and 13 (Figure 5). Notably, most of
these mutations were found in the hydrolase domain of ATP1A1,
and these were found in all 3 CML samples studied. The mutations
included deletions of exon 13 within the hydrolase domain,
resulting in premature termination codons and hence truncated
proteins (Figure 5A).

Discussion
Despite the effectiveness of IM therapy in inducing high rates of
initial hematologic and cytogenetic responses in chronic-phase
CML patients, IM resistance continues to pose a major challenge
for the management of some patients. The disease may be
unresponsive to IM at the time of diagnosis, or resistance can
become a problem a few months after an initial response. Occasionally, BC may occur unexpectedly after an initial response. For
patients who have, or are prone, to develop more advanced-phase
disease, the earliest possible use of alternative therapeutic options
is critical. Predictive tests are urgently needed to identify patients
who are unlikely to benefit from IM therapy. To date, none of the
conventional clinical risk evaluation methods has proven useful for

discriminating these patients. Optimal patient management therefore currently depends on repeated quantitative RT-PCR monitoring of peripheral blood BCR-ABL transcript levels bolstered by a
search for mutant clones using sequencing when BCR-ABL transcript levels appear to be increasing despite continued IM treatment. Although these strategies can usually forecast IM-resistant
relapses, the information may come too late for application of
alternative therapies.
In chronic-phase CML, the stem/progenitor cells are intrinsically less sensitive to IM and other tyrosine kinase inhibitors than
the more mature CML cells that compose the bulk (⬎ 90%) of the
leukemic clone. These rare cells are also a critical target population
for generating genetically IM-resistant subclones.18-22 Therefore, it
has been of interest to determine whether any distinguishing
features of the leukemic (CD34⫹) stem/progenitor cells from CML
patients might vary among patients in a fashion that correlates with
the subsequent clinical response to IM therapy. Here we found that
the growth-inhibiting activity of 5M IM on leukemic CFCs in an
in vitro colony assay was a significantly distinguishing difference
between a small group of 25 patients independently defined as
clinical IM responders and nonresponders. Interestingly, in the
CD34⫹ pretreatment cells from 2 of 3 patients who developed BC
rapidly after an initial clinical response to IM, the CFCs appeared
completely resistant to IM in this assay and generated colonies at a
level comparable with normal controls. Thus, it seems likely that
biologically IM-resistant cells were already dominant in the
stem/progenitor compartments of these 2 patients before the IM
therapy was started, even though these resistant cells may not yet
have become prevalent in the bulk population. Notably, no
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Figure 5. Detection of mutant ATP1A1 transcripts in
CD34ⴙ cells from IM nonresponders. (A) Structure of the
ATP1A1 gene and location of 3 forward and reverse primer
pairs used to generate 3 overlapping fragments for PCR
amplification of the entire ATP1A1 transcript cDNA (3.7 kb).
Frameshift mutations (in red) that generate new amino acid
sequences and premature stop codons (*) within the ATP1A1
gene were identified in CD34⫹ CML cells from all 3 IM
nonresponders studied. (B) Specific ATP1A1 mutations identified in the pretreatment CD34⫹ cells from the 3 IM nonresponders studied. The mutations detected within the BCRABL tyrosine kinase domain from the same patients’ cells are
also indicated.

difference was identified between responders and nonresponders in
terms of the effect of IM on the generation of CFCs in a 3-week
liquid suspension culture system. Perhaps this is the result of the
origin of these CFCs from more primitive CML cells that are
innately more IM-resistant than the CFCs they generate.18-20
Although the numbers of responder and nonresponder cases studied
here was quite small (11 and 14, respectively), the fact that their
CFC responses to 5M IM in vitro showed little overlap (Figure 1)
suggests that pretreatment CFC sensitivity to IM in vitro may serve
as a useful predictor of subsequent clinical response to IM.
Previous studies by our laboratory20 and others26,27,42,43 have
demonstrated that primitive CML cells display a gene expression
profile and associated activities that would be consistent with their
relative IM resistance. This includes an exaggerated reduction in
the levels of OCT1 transcripts in the CD34⫹CD38⫺ stem cell–
enriched population (⬍ 5% of total CD34⫹ cells) compared with
more mature CD34⫹CD38⫹ progenitor cells (⬃ 95% of the total
CD34⫹ population).20 Conversely, expression of both ABCB1 and
ABCG2 is more highly elevated in the CD34⫹CD38⫺ cells than in
the CD34⫹CD38⫹ cells. However, in the present study, transcript
levels of these transporter genes were not found to be significantly
different in CD34⫹ CML cells from responders versus nonresponders. This is consistent with a recent study that shows OCT-1
mRNA expression is not associated with molecular response,
although significant changes may be observed by measurement of
OCT-1 protein activity.44 This suggests that transporter mRNA
expression is not always indicative of protein function, a result that
is not unexpected given the marked posttranscriptional regulation
of these transporters.27,42,44 Thus, measurement of protein activity
of these genes may be required for distinguishing differences
between IM responders and nonresponders.
Most chronic-phase CML patients fail to achieve complete
molecular remission, some experiencing an expansion of IMresistant leukemic cells that have acquired mutations that confer

additional IM-resistant features.13,45,46 The most common of these
are point mutations in the kinase domain (accounting for 60%-90%
of relapses).13,14,30,47,48 To date, mutations in more than 50 different
amino acid positions within the BCR-ABL kinase domain have
been reported in IM-resistant patients.40-42 We have recently
demonstrated that the BCR-ABL fusion gene in very primitive
(CD34⫹CD38⫺) CML cells is highly unstable.23 This is reflected in
the unusually high frequency of BCR-ABL mutations that accumulate in this compartment, even in the absence of their selection by in
vivo treatment with IM. Rapid acquisition of new mutations in the
BCR-ABL gene can also be seen in the progeny of CML stem cells
stimulated to proliferate and differentiate in vitro.23 Here we
confirm this finding and further demonstrate that a similar level of
genomic instability is not evident in the CD34⫹ BM cells from
normal adults. In addition, we show that the genomic instability
previously documented for the BCR-ABL gene in CD34⫹ CML
cells is not unique to this locus. The demonstration of a similarly
high frequency of mutations affecting the ATP1A1 gene in the
CD34⫹ cells from 3 CML patients and not in normal CD34⫹ cells is
strongly suggestive of a genome-wide instability. Taken together,
these findings support the concept that primitive leukemic CML
cells are intrinsically endowed with a tendency to continuously
acquire new mutations at a greatly elevated rate independent of
therapy. Some of the acquired secondary mutations would be
expected to confer IM resistance; others could lead to disease
progression. It is thus the nature and timing of these chance
secondary events relative to the size of the primary clone at
diagnosis and implementation of IM treatment that may explain the
variable clinical responses of individual patients.23,30,48,49 The
present study now shows, for the first time, that CML patients
defined retrospectively as clinical IM nonresponders and responders display significant differences in the frequency of mutant
BCR-ABL transcripts present in their pretreatment CD34⫹ cells.
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A surprising discovery was the presence of BCR-ABL transcripts carrying the V304D mutation at readily detectable levels
(⬎ 5% of transcripts affected) in the CD34⫹ cells from most (70%)
of the 20 patients studied. Mutations at the 304 site have been
detected previously as V304G or V304S in clinical specimens from
IM-resistant patients at a very low frequency,40-42 in CD34⫹ cells
from IM-treated CML patients in complete cytogenetic remission
(V304S),21 and in the progeny of cultured CML stem
(lin⫺CD34⫹CD38⫺) cells (V304A).23 Here we found that the
V304D mutation was also detectable in posttreatment CD34⫹ cells
from 2 of 2 nonresponders examined. Interestingly, the V304D
mutation has recently been described as a novel mutation emerging
as a DA-resistant mutation.50 Molecular modeling analysis of the
published crystal structures of the kinase domain of the BCR-ABL
oncoprotein in complex with IM, DA, and NL indicates that this
mutation is critical for IM and NL binding and would be predicted
to dramatically perturb the local structure and destabilize interactions with IM and NL. However, a similar effect on DA binding
would not be expected because DA binds both the active (open) and
inactive (closed) conformations of the BCR-ABL kinase domain,16,32,33 although the V304D mutation has recently been
reported in 4 of 15 patients resistant to DA.50 Because the V304D
mutation was not frequently detected in unpurified cells from
IM-resistant patients, it is unlikely that this mutation confers a
growth advantage on resistant cells, although the modeling analysis
suggests it affects IM binding. Whether this mutant clone plays a
role in affecting intrinsic properties of primitive CML cells
involved in drug resistance and/or disease progression or whether it
simply acts as a surrogate marker of the increased genetic
instability requires further investigation.
Interestingly, both a multivariable statistical model and ROC
analysis of the various parameters studied demonstrated a significant correlation of IM response with the in vitro colony-forming
response of CD34⫹ cells to 5M IM (Table 2). Thus, CD34⫹ CML
cells from individual chronic-phase patients harbor differences in
certain biologic properties that may be predictive of how they will
respond to IM therapy. The ability to develop rapid and robust tests
to predict individual patients’ responses to IM therapy could have a

profound impact on CML patient management by providing a
foundation for more effective treatment decisions.
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