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Summary

Purpose: The quantitative real-time polymerase chain
reaction (qRT-PCR) is used in the detection of molecular
events involved in leukemogenesis, such as the Bcr-Abl gene
translocation, the most important factor in the pathogenesis of
chronic myeloid leukaemia (CML). The main aim of our study
was to test the reproducibility, specificity and sensitivity of the
qRT-PCR in the detection of Bcr-Abl gene translocation.

Methods: In complementary (c)DNA, isolated from
K562 Ber-Abl positive cell line, we performed gRT-PCR
analysis with Ber-Abl specific primers. For gRT-PCR analy-
sis, we used serial dilutions of the newly synthesized cDNA in
order to establish the detection threshold of this method.

Results: Using the specific primers for the Bcr-Abl

Introduction

The significant progress in the domain of transla-
tional medicine resulted in the successful application
of molecular data into clinical studies, enabling the pre-
cise molecular diagnostics and individualized targeted
therapy of leukemia. However, data of epidemiologi-
cal studies are discouraging. The mortality rate of acute
leukemia is 5.2 cases per 100,000 in the general popu-
lation, with survival rate at 5 years of 50% for the wom-
en, 75% for children and 35% for men in Europe [1].

Molecular alterations at the level of myeloid lin-
eage cells, leading to malignant transformation and
progression, are the result of accumulated mutations of
genes coding for proteins, involved in cell growth and
differentiation control [2]. Malignant myeloid lineage
cells possess numerous genetic alterations, resulting as

translocation, we obtained the specific translocation product
in cDNA sample of K562 human erythroid leukemia cell line.
qRT- PCR showed significant sensitivity with the detection
threshold for the Bcr-Abl fluorescent signal, which enabled
the precise detection that was accurate within a 10-fold di-
lution range, and a dynamic range of 5 orders of magnitude.

Conclusion: The results of our study showed that the
application of the gRT-PCR is the optimal method for the de-
tection of Bcr-Abl gene translocation, characterized by high
reproducibility, specificity and sensitivity.
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a consequence of different endogenous, as well as ex-
ogenous factors, inducing DNA damage and influenc-
ing the disease outcome [3].

The characteristic cytogenetic alteration in CML
is the Philadelphia chromosome (Ph+), found also in
samples of patients with acute lymphoblastic leuke-
mia (ALL). In CML patients it is found in 95% of bone
marrow cells, whereas the frequency in ALL patients is
3-5% in children and 15-25% in adults [4-7]. Ph chro-
mosome is the result of reciprocal translocation of ge-
netic material between the long arms of chromosomes
9and 22 [t(9: 22)(q34: q11)] [6,8].

In all CML patients and in one third of ALL pa-
tients, the main breakpoint of the chromosome 22 is
within the DNA fragment of 5800 base pairs (bp), desig-
nated as the “major breakpoint cluster region” (M-bcr).
The messenger (m) RNA transcript of M-Ber-Abl, is
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the fusion product of Ber exons b2 and/or b3 and exon
2 of Abl (Abelson murine leukemia) protooncogene
(b2a2 and b3a2). Reciprocal translocation and fusion
of genetic material from different chromosomes result
in transcriptionally active Ber-Abl chimeric gene, and
the fusion protein of 210 kDa, designated as P210. This
protein product functions as active, deregulated, intrac-
ellular tyrosine kinase. /n vivo experiments showed that
the P210 protein is responsible for the development of
acute lymphoproliferative disease in mice, thus, strong-
ly supporting the hypothesis of'its role in CML and ALL
pathogenesis in humans [6,9].

In addition to fusion protein P210, in the majority
of Ph+ ALL patients the breakpoint is situated in 5’ re-
gion, within the first large intron of Ber gene, resulting
in the expression of fusion mRNA, designated as el: a2.
This transcription product is coding for the synthesis of
chimeric P190 protein. In ALL patients, both transcripts
(P190 and P210) may be detected, whereas in CML pa-
tients, the el: a2 is very rarely detectable [6].

Numerous studies published in last two decades
showed that the Ber-Abl translocation is the most im-
portant factor in CML pathogenesis, due to tyrosine-
kinase activity of the fusion mRNA product, respon-
sible for malignant transformation of hematopoietic
cells in vitro and in vivo. The activation of multiple cas-
cade pathways of signal transduction in malignant cells
stimulates the proliferation, reducing the growth-factor
dependence, and inhibiting apoptosis. The expression
of fusion Ber-Abl protein provides to pluripotent he-
matopoietic stem cells and to their lineage the capacity
of faster proliferation and clonal advantage, leading to
clinical manifestations of CML [10].

The acronym qRT-PCR (quantitative real-time
polymerase chain reaction) indicates one of the most
sensitive methods for the detection and quantification
of mRNA in cells, tissues and organs. In order to detect
the molecular events involved in the process of leuke-
mogenesis, the qRT-PCR method was applied in our
study. This method is based on cDNA synthesis and
PCR amplification of the product, using the Ber-Abl
specific oligonucleotides (two-step qRT-PCR). The
qRT-PCR method is a rapid technique, characterized
by sensitivity, reproducibility, sensitivity and specific-
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ity, thus enabling the accurate molecular diagnosis of
Ber-Abl translocation [11].

Standardization and validation are necessary be-
fore routine use of an assay can occur, in order to con-
trol for inter- and intra-laboratory variations in results,
to reduce laboratory errors and to detect critical loss of
assay sensitivity [12]. Therefore, we aimed to test the
serial dilutions of the cDNA originating from the hu-
man leukemic cell line K562, which expresses the fu-
sion gene Ber-Abl.

Methods

The synthesis of cDNA was performed using 1
pg of commercial RNA as a template. The RNA orig-
inated from human erythroleukemia K562 cell line,
and cDNA was synthesized using the cDNA synthesis
kit (Superscript 111, Invitrogen, USA). For the reverse
transcription, we used the combination of the oligo dT
and random hexamers in order to achieve the optimal
cDNA synthesis. For the qRT-PCR analysis, we per-
formed serial dilutions of the newly synthesized cD-
NA in order to establish the detection threshold of this
method. The dilution was within a 10-fold range, with
a dynamic range of 6 orders of magnitude.

Both couples of primers (the sequence of primers
is shown in Table 1) were used in concentration of 1.2
uM each. The qRT-PCR analysis was performed using
the instrument StepOne Plus (Applied Biosystems,
USA); the standard software PCR product fluores-
cence detection and analysis (Applied Biosystems Ste-
pOne™ Real-Time PCR software v. 2.0) was used.

DNA sequencing and subsequent in silico anal-
ysis of the products were performed using the PCR
products amplified by qRT-PCR analysis. PCR prod-
ucts were purified using BioGel P-100 (Bio-Rad labo-
ratories, USA). To 2 pl sense or antisense sequencing
primer (1.5 pM) and 3 pl Bigdye terminator mix (Ap-
plied Biosystems, Foster City, CA, USA), 1 ul puri-
fied PCR products was added. The amplification con-
sisted of an initial 5 min denaturation step at 96° C, 25
cycles of 10 sec of denaturation at 96° C, and a 4 min
annealing/extension step at 60° C. The purified reac-

Table 1. The sequence of oligonucleotides used for qRT-PCR analysis

Oligonucleotide Sequence Gene

B2A q F ACAGCATTCCGCTGACCATCAATAAG Ber

CA3 q R TGTTGACTGGCGTGATGTAGTTGCTTG Abl

3’GAPDH_f TCTCCTCTGACTTCAACAGCGAC Reference gene (GAPDH)
3’GAPDH r CCCTGTTGCTGTAGCCAAATTC Reference gene (GAPDH)
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tion products (G50 Sephadex spin column, Boehringer
Mannheim) were sequenced on an ABI PRISM 3700
DNA Analyzer (Applied Biosystems, Foster City, CA,
USA). Alignment analysis was performed with Ge-
nalys software [13].

Results

Using specific primers for the Ber-Abl transloca-
tion, we obtained the specific translocation product in
cDNA sample of K562 human erythroid leukemia cell
line. Figure 1 shows the specific sequence, indicating
the translocation t(9: 22)(q34: q11). The confirmation
of the specificity of the sequenced PCR product was the
in silico BLAST analysis, showing the specific hybrid-
ization of the obtained sequence with Bcr and Abl gene
(chromosomes 22 and 9, respectively).

Our bioinformatic analysis of the sequenced PCR
product showed that the use of the Ber primer within
the exon 13 (Figure 2) resulted in amplification of the
predicted PCR fusion product, localized in the “major
breakpoint cluster” region, with the additional result of
the single nucleotide insertion in K562 cell line cDNA.

This single adenine insertion created the frameshift
mutation, resulting in the synthesis of alanine, instead
of proline.

The software analysis of the qRT-PCR, performed
with the serial dilutions of K562 ¢cDNA, showed that
the qRT-PCR is highly sensitive method, confirming
its capacity to detect the Ber-Abl product of low abun-
dance.

Figures 3 and 4 show the amplification curves of
the Ber-Abl gene and GAPDH control gene in K562
cDNA. The curves for the amplification of Ber-Abl
gene and GAPDH in all cDNA dilutions were detected
almost during the same amplification cycle, indicating
that both amplicons were present in similar amounts.
The amplified and detected products for Ber-Abl and
GAPDH were highly specific and well detected in all
serial dilutions of K562 cDNA.

The accuracy of the qRT-PCR analysis is shown
in Figure 5, with the Ber-Abl/GAPDH quantity ratio,
which was 1 0.2 in all analyzed cDNA dilutions. For
both Ber-Abl and control house-keeping GAPDH gene,
the intensity of the fluorescent signal above the signal
detected from the non-template control was in the range
of dilutions of samples between 10°-107.
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Figure 1. Specific Ber-Abl translocation t(9: 22)(q34: q11), with the adenine insertion.
[——>4 <
Ber exon 13 (b2) Bcer exon 14 (b3) Abl exon 2 (a2)
T G F K Q S S K P F S G Q
ACT GGA TTT AAG CAG AGT TCA AAG CCC TIC AGC GGC CAG
[——>4 <
Bcer exon 13 (b2) Bcer exon 14 (b3) I Abl exon 2 (b2)
T G F K Q S S K A L Q R P

ACT GGA TTT AAG CAG_ AGT TCA AM  GCcc CTT  CAG CGG  CCA

Figure 2. Position of primers in the Ber and Abl gene exons.
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Figure 3. qRT-PCR analysis of Ber-Abl gene in K562 cell line
cDNA.
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Figure 5. qRT-PCR analysis of Ber-Abl/GAPDH quantity ratio in
K562 cell line cDNA.

Discussion

The qRT-PCR method is the reference method for
the quantification of Ber-Abl fusion transcript in sam-
ples of patients with clinical and cytogenetic diagno-
sis of CML [14-16]. The synthesis and clinical use of
imatinib mesylate was the first success of the transla-
tional medicine in the application of the results of pre-
cise molecular events involved in the reciprocal trans-
location in Ph+ CML, resulting in the Ber-Abl fusion
gene [17]. This gene is coding for the constitutively
active tyrosine kinase, involved in the promotion of
cell survival, proliferation and malignant transforma-
tion. The clinical use of imatinib in the chronic phase
of CML resulted in the follow-up of 3 key parame-

321

Amplification Plot

5.00
4.75
4.50
4.25
4.00
3.75
3.50
3.25
3.00
2.75
2.50
2.25
2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00 NTC
-0.25

ARN

2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40
Cycle

Figure 4. qRT-PCR analysis of GAPDH gene in K562 cell line
cDNA.

ters of patient response to targeted therapy: complete
hematological response, complete cytogenetic remis-
sion and complete molecular response to therapy, de-
fined as the elimination of Ber-Abl fusion transcript
from the patient blood and bone marrow samples, ana-
lyzed by the qRT-PCR method [10,18,19].

The reciprocal translocation of the long arms of
chromosomes 9 and 22, resulting in Ph chromosome, is
detected in more than 90% of CML patients and in 15-
25% of patients with ALL. This translocation results in
the transposition of c-Abl oncogene (9q34) to Ber gene
(22q11). The fusion Ber-Abl transcript and its product
are the specific markers for the diagnosis of leukemia,
as well as for the monitoring of the therapeutic out-
come and progression of disease. Numerous analyses,
including our study, showed that the qRT-PCR enables
the specific and sensitive detection of Ber-Abl fusion
product in Ph+ cells. Due to its significant sensitivity
and specificity, qRT-PCR is a powerful tool for the de-
tection of subclinical minimal residual disease or dis-
ease relapse, after bone marrow transplantation or ty-
rosine kinase targeted therapy.

Our result showing the single nucleotide insertion
in K562 cell line cDNA may indicate that the response
of K562, as an experimental in vitro model, to the treat-
ment by tyrosine kinase inhibitors, may be different
from the cells without this insertional mutation. On
the other hand, this result further supports the need for
careful and specific design of the primers, positioned
within the sequence of both genes (Bcr and Abl), in or-
der to enable the detection of fusion transcript in each
specific translocational event.

The results of our study showed numerous ad-
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vantages of molecular biology methods, namely the se-
quencing of PCR product and gqRT-PCR in the charac-
terization of molecular events involved in the Ber-Abl
translocation, as well as the precise localization of
exons participating in the formation of the resulting fu-
sion gene, which is in concordance with the results of
Gullo et al. and Strnad et al. [20, 21]. qRT-PCR showed
significant sensitivity, with the detection threshold for
the Ber-Abl fluorescent signal, which achieved the pre-
cise detection that was accurate within a 10-fold dilution
range, and a dynamic range of 5 orders of magnitude.

According to our results, we may conclude that
gRT-PCR is the original method for the “screening” of
the molecular events involved in leukemogenesis of
the cells of myeloid lineage. The use of qRT-PCR is
characterized by high specificity and sensitivity. This
method enables the detection of the fusion Ber-Abl
transcript, responsible for the Ber-Abl translocation
and leukemogenesis.

Acknowledgements

This work was supported by the bilateral project
of cooperation between the Ministry of Science, Re-
public of Serbia and CNRS, France, grant No. 451-03-
2405/2007-02/12-1.

References

1. LeviF, Lucchini F, Negri E, Barbui T, La Vecchia C. Trends in
mortality from leukemia in subsequent age groups. Leukemia
2000; 14: 1980-1985.

2. SallmyrA, Fan J, Rassool FV. Genomic instability in myeloid
malignancies: Increased reactive oxygen species (ROS), DNA
double strand breaks (DSBs) and error-prone repair. Cancer
Lett 2008; 270: 1-9.

3. Skorski T. Oncogenic tyrosine kinases and the DNA-damage
response. Nat Rev Cancer 2002; 2: 1-10.

4. Deininger M, Buchdunger E, Druker BJ. The development of
imatinib as a therapeutic agent for chronic myeloid leukae-
mia. Blood 2005; 105: 2640-2653.

5. LeeA, Kirk J, Edmands S, Radich J. Multiplex PCR of ber-abl
Fusion Transcripts in Philadelphia Positive Acute Lympho-
blastic Leukemia. PCR Methods Appl 1995; 4: 283-287.

6. Bose S, Deininger M, Gora-Tybor J, Goldman JM, Melo JV.
The presence of typical and atypical BCR-ABL fusion genes
in leukocytes of normal individuals: biologic significance and
implications for the assessment of minimal residual disease.
Blood 1998; 92:3362-3367.

10.

11.

12.

13.

14.

15.

16.

19.

20.

21.

Biernaux C, Loos M, Seis A, Huez G, Stryckmans P. Detec-
tion of Major ber-abl gene expression at a very low level in
blood cells of some healthy individuals. Blood 1995; 86:
3118-3122.

Hehlmann R, Hochhaus A, Baccarani M. Chronic myeloid
leukaemia. Lancet 2007; 370: 342-350.

Van Etten R. Mechanisms of transformation by the Ber-Abl
oncogene: new perspectives in the post-imatinib era. Leuke-
mia Res 2004; 28: s21-s28.

Stankov K, Stankov S, Popovic S. Translational research in
complex etiopathogenesis and therapy of hematological ma-
lignancies: the specific role of tyrosine kinases signaling and
inhibition. Med Oncol 2009; 26: 437-444

Hughes TP, Branford S. Monitoring disease response to ty-
rosine kinase inhibitor therapy in CML. Hematology. Am Soc
Hematol Educ Program, 2009: 477-487.

Saldanha J, Silvy M, Beaufils N et al. Characterization of a
reference material for Ber-Abl (m-Ber) mRNA quantitation
by real-time amplification assays: towards new standards for
gene expression measurements. Leukemia 2007; 21: 1481-
1487.

Takahashi M, Matsuda F, Margetic N, Lathrop M. Automated
identification of single nucleotide polymorphisms from se-
quencing data. J Bioinform Comput Biol 2003; 1: 253-265.
Radich JP, Gooley T, Bryant E et al. The significance of
ber-abl molecular detection in chronic myeloid leukaemia pa-
tients “late”, 18 months or more after transplantation. Blood
2001;98: 1701-1707.

Guang Zhang J, Lin F, Chase A, Goldman JM, Cross NCP.
Comparison of genomic DNA and cDNA for detection of re-
sidual disease after treatment of chronic myeloid leukemia
with allogeneic bone marrow transplantation. Blood 1996;
87:2588-2593.

Thomas DA, Faderl S, Cortes J et al. Treatment of Phila-
delphia chromosome-positive acute lymphocytic leukemia
with hyper-CVAD and imatinib mesylate. Blood 2004; 103:
4396-4407.

Hochhaus A, Drucker B, Sawyers C. Favorable long-term fol-
low-up results over 6 years for response, survival, and safe-
ty with imatinib mesylate therapy in chronic-phase chronic
myeloid leukemia after failure of interferon-alpha treatment.
Blood 2008; 111: 1039-1043.

Milojkovic D, Apperley J. State-of-the-art in the treatment
of chronic myeloid leukaemia. Curr Opin Oncol 2008; 20:
112-121.

Sahay T, Schiffer CA. Monitoring minimal residual disease
in patients with chronic myeloid leukemia after treatment
with tyrosine kinase inhibitors. Curr Opin Hematol 2008;
15:134-139.

Gullo CA, Chuah CT, Hwang WYK, Gerrard KH. Detection
and quantification of the Abelson tyrosine kinase domains of
the ber-abl gene translocation in chronic myeloid leukaemia
using genomic quantitative real-time polymerase chain reac-
tion. Ann Acad Med Singapore 2006; 35: 680-687.

Strnad M, Brajuskovic G, Strelic N et al. Expression of pro-
grammed cell death proteins in patients with chronic myeloid
leukemia. JBUON 2008; 13: 403-408.





