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Methodologic and biological variability of
quantitative real-time polymerase chain reaction
analysis of Bcr-Abl expression in Philadelphia 
chromosome-positive acute lymphoblastic leukemia

We examined to what extent technical and biological fac-
tors may affect the validity of Bcr-Abl polymerase chain
reaction quantification in Philadelphia chromosome-positive
acute lymphocytic leukemia and found that technical vari-
ance is the predominant limitation of the method and was
not exceeded by biological variance. Interestingly, the num-
ber of p210Bcr-Abl (b2a2 or b3a2) transcripts per blast was
more then 10-fold higher than the number of p190Bcr-Abl

copies per blast.
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Bcr-Abl RNA transcripts1 are suitable molecular markers for
minimal residual disease (MRD) analysis in Philadelphia-pos-
itive acute lymphoblastic leukemia (Ph+ALL) and may be used
to guide therapy. However, MRD analysis by real time poly-
merase chain reaction (RT-PCR) may be affected by intra- and
inter-assay variability as well as potentially by changes in Bcr-
Abl copies per blast and differences between bone marrow
(BM)  and peripheral blood (PB).

PB and BM samples were obtained from 56 patients with
relapsed or refractory Ph+ ALL who were treated in phase II
studies with imatinib (CSTI571 109 and CSTI571 114) as
described previously.2,3 Total RNA was extracted from mononu-
clear cells (Ambion) and cDNA synthesized from 1-5 µg RNA
(RNA at 70°C for 10 min, 4°C until addition of core mix includ-
ing 500 U SuperScript II RNase H- RT (Invitrogen), 50 U RNA-
guard (Amersham), 6.25 µM pDN6 (Amersham), 1 mM dNTP
and 10 mM DTT in 50 µL; then thermocycled at 25°C for 10
min, 42°C for 45 min and 99°C for 3 min) before undergoing
column purification (Qiagen). Ten-fold plasmid standard dilu-
tions with 10 to 106 copy numbers of Bcr-Abl and GAPDH
(housekeeping gene) were analyzed simultaneously with
patients’ samples in duplicate reactions employing an ABI
PRISM 7700 (Applied Biosystems) and Taqman PCR  under
standard conditions already described.3 Bcr-Abl levels were
calculated as the logarithm of the ratio between Bcr-Abl and
GAPDH copies and, if appropriate, normalized to 100%
leukemic blasts by cytology and flow cytometry at successive
relapses. Statistical analysis included t-tests, ANOVA tests and
F tests. Ranges including 90% of Gaussian distribution of
intra- and inter-assay variability were calculated by the for-
mula × +/- tp,n-1. s (×: mean; tp,n-1: specific factor for n data
points from table for t-values; s: standard deviation).4

The method permitted detection of 10-5 SD1/Nalm6 cells,
10-6 K562/Nalm6 and 10-4 BV173/Nalm6 cells. Leukemic blasts
from patients (n=3, respectively) expressing e1a2, b2a2 or
b3a2 were titrated into normal PB and BM cells. The average
sensitivity of detection was 4×10-5, 8×10-6 and 2×10-6 in BM
samples and 6x10-6, 7×10-7 and 4×10-6 in PB samples.

Intra-assay variability of SD1 cells (diluted 1:500) was ±0.20
log for RNA extraction plus cDNA synthesis plus PCR (n=5),
±0.17 log for separate cDNA synthesis plus PCR and ± 0.11 log
for PCR only (differences not significant).

The inter-assay variability of patients’ samples ranged from
±0.3 log at high MRD (log Bcr-Abl/GAPDH: -1.5) to ± 0.9 log
at low levels (-5) and ± 1.4 log at a MRD level at the detec-
tion limit (-7) (Figure 1).

The correlation coefficient of paired PB and BM levels of
e1a2, b2a2, or b3a2 was high (0.9, 0.85 and 0.93, respective-
ly). Levels of Bcr-Abl were higher in BM than in PB: by 0.8 log
for e1a2 (p<0.001), 0.3 log for b2a2 (p=0.20) and 0.7 log for
b3a2 (p=0.004). Since Bcr-Abl levels normalized to 100%
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blasts did not differ significantly between BM (–1.31) and PB
(–1.10), differences in Bcr-Abl levels between PB and BM in
individuals appear to reflect different proportions of leukemic
blast cells.

The numbers of Bcr-Abl transcripts per blast in 25 sequen-
tial BM and 8 sequential PB sample pairs did not change sig-
nificantly during evolution of Ph+ ALL. Furthermore, intra-indi-
vidual variance did not differ from technical variance.

The mean number of p210 copies per blast was more than
1.1 log higher than that for p190 (p=0.0006) (Figure 2).

We found a sensitivity between 10-5 and 10-6 with patients´
blasts, which is similar to the 10-5 sensitivity in other reports.5
The technical variability increased with decreasing MRD lev-
els. At high (>10-4), low (<10-4 to >10-6) and very low (<10-6)
Bcr-Abl/GAPDH levels, changes by more than 0.6 log, 1.0 log
and 1.5 log, respectively, are considered significant. However,
clinical therapeutic decisions should be based on more than
one sample.

Our data confirm previous reports that BM samples offer a
greater sensitivity in B-lineage ALL monitoring.5-8 However,
the degree of divergence between PB and BM levels may vary
according to treatment phase.3

The fact that we found higher copy numbers of p210Bcr-Abl

per blast than p190Bcr-Abl, confirming observations of others
who found a 6- to 7- fold difference,5 suggests that specific
prognostic criteria may be required for these subgroups.
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Figure 1. Technical inter-assay variability of Bcr-Abl quantification in aliquots (n=5) of one patient’s sample is depicted for tran-
scripts e1a2 (a), b2a2 (b) and b3a2 (c) at various MRD levels. Technical variability reflects inter-assay variability of RNA extrac-
tion, cDNA synthesis and Taqman PCR for Bcr-Abl and GAPDH. Logarithmic values of Bcr-Abl/GAPDH ratios are shown with
means and calculated range including 90% of the Gaussian distribution. A change of the Bcr-Abl level to a value outside this
range in a subsequent sample would indicate an actual biological increase or decrease of Bcr-Abl expression (5% probability
of error).

Figure 2. Logarithmic Bcr-Abl/GAPDH values normalized to
100% leukemic blasts in patients with p210Bcr-Abl (b2a2 or
b3a2) were 1.1 log higher than those in patients with
p190Bcr-Abl (e1a2) (p=0.0006). Individual statistical sub-
testing revealed a difference between both e1a2 and b2a2
(p=0.014) as well as betwenn e1a2 and b3a2 (p=0.008),
but not between b2a2 and b3a2 (p=0.98). Within a group
of patients with the same fusion transcript, inter-individual
variance did not exceed intra-individual variance signifi-
cantly.
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A novel translocation t(14;15)(q32;q24) bearing
deletion on der(14) in Philadelphia-positive chronic
myeloid leukemia

We report the molecular cytogenetic characterization of a
case of Philadelphia positive chronic myeloid leukemia (CML)
with a t(14;15)(q32;q24) at onset, showing deletions on
der(14) in addition to the loss of chromosome 22 sequences
on der(9). To our knowledge, the presence of deletions on
chromosomes involved in distinct and concomitant rearrange-
ments other than t(9;22) has never been observed  in CML
patients.
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The Philadelphia chromosome (Ph) is the cytogenetic hall-
mark of chronic myeloid leukemia (CML) and is present in
approximately 90–95% of patients.1 The loss of genomic

sequences on der(9) chromosome has been described in approx-
imately 9% of CML patients. These deletions identify a sub-
group with a worse prognosis.2 Albano et al.3 recently reported
the occurrence of deletions on the third chromosome involved
in variant complex t(9;22) translocations. In the present paper,
we report the molecular cytogenetic characterization of a Ph+
CML case with a t(14;15)(q32;q24) at onset, showing deletions
on der(14) in addition to the loss of chromosome 22 sequences
on der(9). Conventional cytogenetic analysis of a 24-48 hour
culture was performed on bone marrow cells at diagnosis by
giemsa-trypsin-giemsa (GTG) banding. The patient was tested
by reverse transcription polymerase chain reaction (RT-PCR)
and fluorescence in situ hybridization (FISH). 

BAC RPCI-11 164N13 and a mixture of PACs RPCI-5 835J22
and 1132H12 were used to identify BCR and ABL genes,
respectively.3 Whole-chromosome paints (WCPs) for chromo-
somes 14 and 15, derived from flow-sorted chromosomes,
were DOP-amplified. A series of 15 PAC/BAC clones specific for
chromosomes 14 and 15 was used to define the t(14;15)
breakpoints. Probe locations and gene mapping were derived
from the University of California Santa Cruz database (Novem-
ber 2002 release).  Primers specific for WDR20 (exons 2: 5’TCT-
GCTGTGGCTGTTAGGTG3’; exon 3: 5’TTCCTCGTG-
GATTTGCTCTT3’) and PML4 (PML-C2: 5’AGCGCGACTACGAG-
GAGAT3’) genes were selected and employed in the RT-PCR
experiments. 

In March 2002 a 64-year old female was admitted to our
Institution with leukocytosis and splenomegaly. The diagnosis
of chronic phase-CML was made. After initial cytoreduction
obtained with hydroxyurea, the patient started Glivec thera-
py. She is now doing well in hematologic remission.

The t(14;15) translocation was detected in all analyzed
metaphases, in addition to the classical t(9;22) rearrangement,
providing the following karyotype: 46, XX, t(9;22)(q34;q11),
t(14;15)(q32;q24)[25]. FISH experiments with probes specific

Figure 1. A) FISH co-hybridization with clones specific for
ABL (red) and BCR (green) genes showed a fusion signal on
both Ph and der(9) chromosomes. A faint BCR signal was
observed on the der(9) chromosome, suggesting a partial
deletion. B) WCP#14 (red) and WCP#15 (green) revealed
the t(14;15) translocation. C) FISH experiments with clones
RP11-796G6 (red) and RP11-356L8 (green) allowed us to
map the breakpoint in 14q32.31. D) Clones RP11-350L3
(red) and RP11-114H15 (green), both mapping in
14q32.31, gave hybridization signals only on the normal 14
chromosome,  indicating  deletion of the chromosomal
region encompassed by the two clones.




