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In chronic myeloid leukemia white cells from
cytogenetic responders and non-responders to imatinib
have very similar gene expression signatures

Imatinib induces a complete cytogenetic
response (CCR) in over 80% of newly
diagnosed patients with chronic myeloid

leukemia (CML) in chronic phase (CP), and
in 41% of patients in first CP (CP1) after fail-
ure of interferon-a treatment.1 In a land-
mark study, achievement of CCR was asso-
ciated with progression-free survival, while
patients who failed to attain CCR had a sig-
nificant risk of relapse.2 Predicting failure to
achieve CCR would be clinically relevant, as
patients unlikely to respond to standard
treatment may benefit from more aggres-
sive up-front therapy, such as higher doses
of imatinib. As the mechanisms underlying
cytogenetic refractoriness are unknown, we
decided to explore gene expression profiling
for identification of genes associated with
failure to achieve CCR. Expression profiling
has been shown to allow prediction of
patients’ responses to treatment in several
hematologic malignancies, including the
response of Philadelphia-positive acute lym-
phoblastic leukemia to imatinib.3-8

Design and Methods
Patients

A training set of 14 patients with CML
in CP1 was selected from several hundred

CML patients who had been enrolled in
consecutive Novartis-sponsored trials at
the Department of Hematology of the
University of Leipzig, Germany. Selection
was based on each patient’s response to
imatinib and the availability of sufficient
material (cellular lysates for RNA extrac-
tion stored prior to imatinib therapy). An
independent test set of 15 patients was
selected, using the same criteria, from the
co-ordinating center of the German CML
Study Group at the Faculty of Clinical
Medicine Mannheim of the University of
Heidelberg, Germany. Local institutional
review boards approved these studies, and
informed consent was obtained according
to the Declaration of Helsinki.One patient
from the training set was excluded due to
an apparent physical defect of the chip,
which was identified by the pseudo-
image of the .cel file. Details on the
remaining patients are given in Table 1.
There were no significant differences in
median age [Leipzig: 46.3 years (range, 29
to 58.1 years), Mannheim: 51.6 years
(range, 34 to 72.9), p=0.11] and duration of
disease [Leipzig: 1.2 years (range, 4 days
to 7.6 years), Mannheim: 4 years (range 87
days to 11.3 years), p=0.12]. Fifteen
patients were female and 13 were male.
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Background and Objectives. Imatinib induces complete cytogenetic responses (CCR) in
the majority of patients with chronic myeloid leukemia (CML) in chronic phase (CP).
However, a subgroup of patients is refractory at the cytogenetic level. Clinically, it would
be advantageous to identify such patients a priori, since they may benefit from more
aggressive therapy.

Design and Methods. To elucidate mechanisms underlying cytogenetic refractoriness,
we used Affymetrix oligonucleotide arrays to determine the transcriptional signature
associated with cytogenetic refractoriness in unselected white blood or bone marrow
cells from 29 patients with CML in first CP prior to treatment with imatinib.  Patients
with CCR within 9 months were defined as responders (n = 16) and patients lacking a
major cytogenetic response (>35% Philadelphia-positive metaphases) after 1 year were
defined as non-responders (n = 13).

Results. Differences in gene expression between responders and non-responders were
subtle. Stringent statistical analysis with multiple comparison adjustments revealed
very few differentially expressed genes. Differentially expressed genes could not be
confirmed in an independent test set.

Interpretation and Conclusions. We conclude that transcriptional profiling of unselect-
ed white cells is of limited value for identifying genes consistently associated with cyto-
genetic refractoriness to imatinib. 
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All patients studied achieved a complete hematolog-
ic response to imatinib. Patients were defined as
responders (R) to imatinib if they achieved CCR
within nine months or less (n=16), while non-respon-
ders (NR) were defined as those who had failed to
achieve a major cytogenetic response (MCR) within
one year of treatment (n=12). 

RNA extraction and microarray analysis 
RNA samples for the microarray analysis were iso-

lated from total bone marrow (BM) white cells, or
peripheral blood (PB) white cells, using guanidine-thio-
cyanate/phenol-chloroform extraction9 with RNA
purification by RNeasy (Qiagen, Hilden, Germany)
(Leipzig cohort) or cesium chloride-gradient purifica-
tion10 (Mannheim cohort). RNA was processed by the
DNA Core of the IZKF (Interdisciplinary Center for
Clinical Research) at the University of Leipzig (Leipzig
cohort) or by the Affymetrix Microarray Core at
Oregon Health & Science University (Mannheim
cohort). In the latter core, each sample of RNA under-
went quality assessment on the RNA 6000 LabChip
using the 2100 Bioanalyzer (Agilent, Palo Alto, CA,
USA). Those samples whose electropherogram
showed the presence of discrete 18S and 28S riboso-
mal RNA peaks and the absence of irregularly-sized
low molecular weight RNA species (i.e., degraded
RNA) were considered to be of good quality and were
used for microarray analysis.

Microarray assays were performed according to the
standard protocol described in the Affymetrix
GeneChip Expression Analysis Technical Manual, rev.
3 (http://www.affymetrix.com/support/index.affx). 

Messenger RNA was amplified and labeled from 5 mg
(Leipzig) or 4 mg (Mannheim) of total RNA. An aliquot
(200 ng) of the resulting cRNA underwent quality
assessment on the RNA 6000 LabChip using the 2100
Bioanalyzer (Agilent). Samples that produced a suffi-
cient cRNA yield and had cRNA electropherograms
that showed a size distribution pattern predictive of
acceptable microarray assay performance were consid-
ered to be of good quality. These samples were frag-
mented and combined with array hybridization con-
trols consisting of biotinylated cRNAs for four bacteri-
al genes (Affymetrix, Santa Clara, CA, USA) in
hybridization buffer. Ten micrograms of cRNA target
were then hybridized with the GeneChip HG_U95Av2
array (Affymetrix) and scanned using the GeneArray
laser scanner (Affymetrix). The HG_U95Av2 array con-
tains 12,625 transcripts, including 67 control genes.
The array image scans were processed with Affymetrix
Microarray Suite software, version 5.0 (MAS 5.0). All
GeneChip expression arrays contain control probe sets
for both spiked and endogenous RNA transcripts (e.g.,
bacterial genes BioB, BioC, BioD, CreX and species-
specific actin and GAPDH). Following image process-

ing and single array analysis of the array pattern with
the MAS statistical expression analysis algorithm,11,12 six
values are examined: background, noise, average sig-
nal, percent present and ratio of signal values for probe
sets representing the 5’ and 3’ ends of actin and
GAPDH transcripts. All assays in this study met stan-
dard performance thresholds for background (less than
90) and RNA integrity (housekeeping control gene
3’/5’ratios of less than 2).

Data analysis
MAS 5.0 was initially used for image analysis, sig-

nal quantification and intra-chip normalization (i.e.,
global scaling). A hierarchical clustering of samples
based on MAS 5.0 signal data showed a noticeable dif-
ference between the two sites. In order to reduce the
site difference, robust multichip analysis (RMA)13

implemented in the Bioconductor (http://www.biocon-
ductor.org) was used as an alternative method of signal
quantification, pre-processing, and intra- and inter-
chip normalization. Significance analysis of microar-
rays (SAM)14 was performed on the training set to iden-

Table 1. Patients’ characteristics.

Patient Treatment Disease Material Response Ph+ Months Ph+
identity center category to metaphases until metaphases

imatinib prior to CCR at 12 
starting months [%] 

imatinib [%]

1399 M ND PB R 100 3 0
2205 M ND PB R 100 6 0
201 M IFN (R) BM R 92 6 0
11008 M IFN (R) PB R 72 6 0
1229 M IFN (R) PB R 100 3 0
1035D M IFN (R) PB R 92 3 0
962 M IFN (I) PB R 100 3 0
2023 M IFN (I) PB R 100 6 0
695696 L ND BM R 100 9 0
481 L ND BM R 100 3 0
518 L ND BM R 100 3 0
998 L IFN (R) PB R 100 9 0
1169 L IFN (R) PB R 100 3 0
96 L IFN (R) BM R 47 6 0
988 L IFN (R) BM R 100 9 0
40 L IFN (I) BM R 98 9 0
2028 M IFN (R) PB NR Dry tap* - 88
1866 M IFN (I) PB NR 100 - 100
2115 M IFN (I) BM NR 100 - 100
92239 M IFN (I) BM NR 96 - 98
1844 M IFN (I) PB NR 100 - 100
2210 M IFN (I) PB NR 100 - 92
1 M IFN (I) BM NR 100 - 100
316 L IFN (R) BM NR 100 - 100
70 L IFN (R) BM NR 100 - 88
1290 L IFN(R) PB NR 100 - 100
1258 L IFN (R) PB NR 100 - 100
67 L IFN (I) PB NR 100 - 100

BM: bone marrow; CP: chronic phase; IFN (I): interferon intolerant; IFN (R): inter-
feron resistant; L: Leipzig; M: Mannheim; ND: newly diagnosed; NR: non-responder;
PB:  peripheral blood; R: responder. *Results at 3 months from starting imatinib
showed 90% Ph-positive metaphases.



tify differentially regulated genes associated with a
lack of response to imatinib. Genes that met a q value
of ≤10% were selected for further validation in the test
set. The unadjusted t-test p value and fold change of
these genes were computed using the test set. As the
test set failed to replicate the findings from the training
set, we performed analysis of variance (ANOVA) on all
patients (n=28) in the training and test sets in order to
identify sources of variation. For each gene, the
ANOVA model included the site (Leipzig vs.
Mannheim), source of samples (PB vs. BM), the
response status (R vs. NR) and two-way and three-way
interaction terms. The p values from the ANOVA F sta-
tistics for each effect were adjusted for multiple com-
parisons using the false discovery rate (FDR) of
Benjamini and Hochberg.15 Data visualization was per-
formed using a hierarchical clustering analysis and
multidimensional scaling (MDS). Gene annotation was
obtained through the Affymetrix NetAffx site
(http://www.affymetrix.com/analysis/index.affx).

Results

Gene expression profiling of unselected white cells
Oligonucleotide microarrays were used to explore

the gene expression profiles of unselected white
blood or bone marrow cells from 29 patients with
CML in CP1. Unsupervised hierarchical clustering of
samples, based on log 2 transformed MAS 5.0 signal
values, revealed clustering of patients based on the
site of sample processing and sample source but not
on cytogenetic response (Figure 1). The site effect
was substantially attenuated after RMA normaliza-
tion (Figure 1). With both methods, one patient’s
sample (67) was found to be an outlier. No reason
was identified by review of clinical parameters,
image file or sample quality parameters; therefore,
this sample was retained in further analysis.

Significance analysis of microarrays
Since unsupervised hierarchical clustering failed to

separate the patients according to cytogenetic
response, it was reasoned that the effects of sample
source and processing might have prevented the
identification of genes associated with response to
imatinib. Employment of SAM revealed 15 genes dif-
ferentially expressed between R and NR in the train-
ing set (Table 2); however, differential expression
was not confirmed in the test set (Figure 1).

Analysis of variance
Since there was no overlap in the differentially

expressed genes between the two patient cohorts,
analysis of variance was performed in order to identi-
fy sources of variability. All samples were combined,

and we performed gene-by-gene ANOVA to evaluate
the impact of the site and sample source, in addition
to the response status. Using a false discovery rate of
0.10 or less, ANOVA identified genes differentially
expressed between the two sites (4421 genes) and
between BM and PB samples (439 genes). None of the
genes met the statistical significance criteria for
response status or for two or three-way interactions
between the sites, source and response status.

Sample size and power considerations
Since the results indicated that the differences

between R and NR were subtle, the observed differ-
ences were used to estimate the theoretical number
of samples required to identify genes significantly
associated with cytogenetic refractoriness. Using
gene-specific mean squared errors (MSE) from the
ANOVA model, the average sample size required to
detect a 1.5-fold change between R and NR, using
80% power and a 1% significance level to adjust for
multiple comparisons, was 258 patients (129 respon-
ders and 129 non-responders). An even larger sample
size would be required to develop a robust test set
for validation of a classification algorithm.

Discussion

Predicting cytogenetic response prior to imatinib
would be clinically useful, since it would allow for
early risk stratification. The patients for our study
were selected from patient populations treated at two
different centers, based on cytogenetic response and
availability of sufficient RNA. Most of the non-
responders did not achieve even a minor cytogenetic
response, whilst 46.7% of responders with available
data were in CCR at 3 months. Our patient popula-
tion therefore represented, for most part, the
extremes of the spectrum of responses. Nonetheless,
we found that the pre-therapeutic gene expression
profiles of unselected white cells were of limited
value in identifying genes consistently associated
with lack of cytogenetic response to imatinib. Our
results fail to confirm two recently published studies.
Using cDNA arrays on mononuclear cells from 22
CML patients (18 in CP), Kaneta et al.16 reported 71
genes associated with MCR. McLean et al.17 analyzed
the transcriptional profile of total PB from 66 newly
diagnosed patients in CP. From a list of 55 genes with
at least a 1.7-fold difference between patients with
CCR and patients with >65% Ph-positive metaphas-
es after 13 months of treatment, they selected an opti-
mal list of 31 predictive genes using a leave one out
strategy. Remarkably, the discriminating genes did
not overlap between the two studies, or with the 15
most significant genes in our training set. Using RMA
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and the published genes (with the exception of eight
genes reported by Kaneta et al. for which the probe ID
were missing in the published manuscript),16 we could
not distinguish between R and NR in our data set.

There are several potential explanations for the dis-
crepant results. Firstly, different cells were analyzed.
RNA extracted from whole blood, as in the study by

McLean et al.,17 contains large amounts of globin tran-
scripts, and yields significantly lower present calls
than RNA extracted from selected white or mononu-
clear cells.18 Secondly, our study included patients in
late chronic phase pre-treated with various drugs and
the cytogenetic response in such patients may be
influenced by factors different from those in newly

Figure 1. Two dendrograms (A, B) showing unsupervised hierar-
chical clustering of all 28 patient samples and one 2D multidi-
mensional scaling graph (C) of all patients, based on the 15
most significantly differentially expressed genes between R and
NR in the training set. A. Unsupervised hierarchical clustering,
based on log 2 transformed MAS5.0 signal values, showing
clustering of patients by site of sample origin and sample
source, but not by cytogenetic response. B. Unsupervised hier-
archical clustering, based on RMA signal values, showing no
obvious clustering by any parameter. C. 2D Multidimensional
scaling of patients from both training (Leipzig patients) and test
sets (Mannheim patients). Using the 15 genes most significant-
ly differentially expressed between R and NR in the training set,
we were unable to separate R from NR in the test set.
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diagnosed patients. In addition, since we do not have
data on patients’ serum imatinib concentrations, it
may be that adequate drug levels were not achieved
in some patients. Most importantly, we used an inde-
pendent control group for validation, and applied rig-
orous statistical methods for data analysis.

Significant differences were evident between sam-
ples from Leipzig and Mannheim, likely reflecting
different methods of sample preparation, and
between samples derived from PB vs. BM, confirm-

ing previously published data.19 However, regardless
of these potential confounding factors, the differ-
ences between R and NR were extremely subtle in
both cohorts, and associated with very high false dis-
covery rates. In addition, our power calculations indi-
cate that although it would theoretically still be pos-
sible to identify a more robust set of predictive genes,
this would require a very large cohort of patients.

In addition to these considerations, CML may dif-
fer from other hematologic malignancies, such as
acute myeloid leukemia20-22 or acute lymphoblastic
leukemia,4,5,23 in which gene expression signatures
have been shown to correlate with response to
chemotherapy and survival. In these disorders refrac-
toriness to therapy may be a quality of all blast cells
and thus its signature may be detectable in the pop-
ulation. In CML, this may be more comparable to
hematologic than to cytogenetic refractoriness. The
latter may be mediated by refractory progenitor cells,
the transcriptional signature of which may be unde-
tectable in the noise of unselected white cells. Thus,
it is conceivable that enriching for progenitor cells
(e.g. CD34+ cells) may sufficiently reduce the noise to
uncover the transcriptional signature associated with
cytogenetic refractoriness. We are currently testing
this hypothesis by analyzing expression profiles of
CML CD34+ progenitor cells, for correlation with
cytogenetic response.
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Table 2. The 15 most significantly differentially expressed genes
identified for responders and non-responders in the training set (q
value <0.10), together with the fold change and level of signifi-
cance of these genes when examined in the test set. 

Training Set Test Set

Probe Set ID Gene Title Public Database Fold Fold Unadjusted
(Locus Link) Change Change T Test

Number p Value

40215_at UDP-glucose ceramide 7357 +2.1 -1.4 >0.05
glucosyltransferase

37985_at lamin B1 4001 +1.9 -1.3 >0.05

38402_at lysosomal-associated 3920 +1.8 -1.1 >0.05
membrane protein 2

2065_s_at BCL2-associated 581 +1.4 1.0 >0.05
X protein

39064_at 5,10- 10588 +1.4 +1.1 >0.05
methenyltetrahydrofolate 

synthetase

1360_at X-ray repair 7518 +1.3 1.0 >0.05
complementing defective repair

in Chinese hamster cells 4

138_at mitogen-activated 11184 -1.3 +1.1 >0.05
protein kinase kinase 

kinase kinase 1

33134_at adenylate cyclase 3 109 -1.3 -1.1 0.043

39709_at selenoprotein W, 1 6415 -1.4 1.0 >0.05

36811_at lysyl oxidase-like 1 4016 -1.6 -1.2 >0.05

36757_at histone 1, H3h 8357 -1.6 -1.1 >0.05

41337_at amino-terminal 166 -1.7 1.0 >0.05
enhancer of split

41743_i_at optineurin 10133 -1.8 +1.2 >0.05

39081_at no gene title given 4502 -1.9 +1.1 >0.05

36780_at clusterin 1191 -2.6 -1.9 >0.05

The fold change (FC) is defined as: ±2|D|, where |D| is the absolute value of the
difference in mean log (signal) between R and NR groups.  The positive sign (+)
indicates up-regulation of R compared to NR, while the negative sign (-) indicates
down-regulation.  Note that a fold change of 1.0 is equivalent to no difference
in gene expression.
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