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Manifold-assisted Reverse Transcription-PCR with
Real-Time Detection for Measurement of the
BCR-ABL Fusion Transcript in Chronic Myeloid

Leukemia Patients

GiseLA BarBany,!” ANETTE HAGBERG,” ULLA OLSSON-STROMBERG,' BENGT SIMONSSON,!
ANN-CHRISTINE SYVANEN,! and ULF LANDEGREN'?

Background: BCR-ABL fusion mRNA expression in
bone marrow or peripheral blood can be used as a
measure of minimal residual disease in patients with
chronic myeloid leukemia (CML).

Methods: We used an oligo(dT)-coated manifold sup-
port to capture the mRNA directly from the cell lysate.
After reverse transcription, the cDNA was eluted from
the manifold support, and BCR-ABL and GAPDH
mRNAs were quantified in real time using the TagMan
fluorogenic detection system.

Results: The detection limit of the method was one
positive K562 cell among 10° negative cells. GAPDH was
chosen as a reference gene based on the low variation
between samples from different stages of the disease
and the low signal in the absence of reverse transcrip-
tion. The day-to-day variation of the method (CV) was
32%. In 43 blood samples from 13 CML patients, nRNA
quantification agreed well with cytogenetic data.
Conclusions: The proposed procedure constitutes a re-
producible and sensitive BCR-ABL mRNA quantifica-
tion method and is suitable to monitor minimal residual
disease in CML patients.

© 2000 American Association for Clinical Chemistry

Chimeric genes resulting from chromosomal transloca-
tions can be used as disease-specific markers for the
malignant clone in several hematological malignancies
(1). Up to 90% of the patients with chronic myeloid
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leukemia (CML)® carry the cytogenetic abnormality
known as the Philadelphia chromosome, which arises
from a translocation between chromosomes 9 and 22 (2).
As a result, the 5" end of the BCR gene on chromosome 9
becomes fused to the 3’ end of the ABL gene on chromo-
some 22 (3). Cells carrying the translocation can be
identified by cytogenetic analysis, fluorescence in situ
hybridization, Southern blotting, or by reverse transcrip-
tion-PCR (RT-PCR) of the fusion transcript [reviewed in
Ref. (4)]. Two predominant hybrid transcripts are ob-
served in CML, joining either exon b2 or b3 of the BCR
gene to exon 2 of the ABL gene. Quantitative competitive
RT-PCR has been valuable for monitoring patients with
CML after bone marrow transplantation (5-8). Consis-
tently low or decreasing BCR-ABL mRNA expression
constitutes a good prognostic factor. However, current
RT-PCR-based technologies are difficult to implement in
routine laboratories.

The advent of methods to monitor DNA amplification
reactions in real time, such as the 5'-nuclease assay (9),
has made mRNA quantification by RT-PCR simpler and
more accurate. The 5'-nuclease assay takes advantage of
the 5'-nuclease activity of Tag DNA polymerase to cleave
a dual-labeled probe hybridizing to the amplified frag-
ment during the extension phase (10). The cleavage
reaction separates the two fluorophores, abolishing fluo-
rescence resonance energy transfer, and producing in-
creased fluorescence. The increase in fluorescence is pro-
portional to the target accumulation and can be measured
in real time (11). The fractional amplification cycle at

3 Nonstandard abbreviations: CML, chronic myeloid leukemia; RT-PCR,
reverse transcription-PCR; Cr, threshold cycle; ASCT, autologous stem cell
transplantation; BMT, bone marrow transplantation; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; a-IFN, a-interferon; and HU, hydroxyurea.
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which fluorescence exceeds baseline fluorescence is called
the threshold cycle (Cp). The Ct value is recorded as a
measure of the number of target molecules in the ampli-
fication reaction.

RNA typically is isolated through extraction with acid
guanidinium-phenol-chloroform (12), a method that is
relatively labor-intensive and requires the use of hazard-
ous chemicals. Simultaneous processing of numerous
samples is difficult and time-consuming, limiting the
applicability of RT-PCR in routine laboratories. We re-
cently developed an oligo(dT)-coated manifold support
that allows mRNA to be isolated directly from cell lysates
by hybridization followed by transfer through the differ-
ent washing and enzymatic steps of the assay with
minimal pipetting (13).

In the present report, we describe a streamlined and
rapid method to quantify BCR-ABL transcripts, where the
mRNA in cell lysates is captured onto a manifold solid
support and quantified in real time using the TagMan
fluorogenic detection system. The whole procedure can be
completed in a few hours. We used the method to follow
BCR-ABL transcript expression in peripheral blood from
13 CML patients, comparing the results to cytogenetic
data from bone marrow smears.

Materials and Methods

PATIENTS AND SAMPLES

We analyzed peripheral blood mononuclear cells from 13
patients with CML (Table 1). Patients 1 and 2 received
autologous stem cell transplantation (ASCT) during
chronic phase, and the remaining patients received allo-
geneic bone marrow transplantation (BMT) during
chronic phase.

After informed consent, peripheral blood was collected
from CML patients in EDTA tubes, and mononuclear cells
were separated by Ficoll density gradient centrifugation.
The cells were washed in phosphate-buffered saline and
counted. Viability was assessed by trypan blue exclusion.

Table 1. Characteristics of the patients.

Age,

Patient Sex years Treatment Status
1 M 34 o-IFN + HU; ASCT CCR?
2 F 39 a-IFN + HU; ASCT CP
3 M 31 HU; allo BMT, URD CCR
4 M 23 HU; allo BMT, URD CCR
5 M 27 HU; allo BMT, URD CCR
6 M 33 o-IFN; allo BMT, URD CCR
7 M 35 ao-IFN + HU; allo BMT, RD CCR
8 M 38 a-IFN + HU; allo BMT, FD CCR
9 F 45 a-IFN + HU; allo BMT, FD CCR

10 M 53 a-IFN + HU; allo BMT, FD CCR
11 F 24 a-IFN + HU; allo BMT, FD CCR
12 F 37 o-IFN + HU; allo BMT, FD CCR
13 M 55 a-IFN + HU; allo BMT, FD CCR

2 CCR, complete cytogenetic remission; CP, chronic phase; allo, allogeneic;
URD, unrelated donor; RD, related donor.

Where indicated, erythrocytes were removed by lysis
with NH,C], and the remaining cells were washed in
phosphate-buffered saline before nucleated cells were
lysed. Leukapheresis samples were collected from pa-
tients who had undergone ASCT, and were stored frozen.
Cells were washed once in phosphate-buffered saline
before lysis in extraction buffer.

The cell line K562, carrying the BCR-ABL translocation,
was used as a positive control, and the lymphoblastoid
cell line BSM was used as a negative control.

PREPARATION OF THE OLIGO(dT)-COATED MANIFOLD
SUPPORTS

The procedure has been described in detail elsewhere
(13). The manifold supports, shaped so that individual
prongs fit the wells of a microtiter plate, were sonicated in
950 mL/L ethanol. Oligo(dT)-cellulose (Amersham Phar-
macia Biotech) was rinsed repeatedly in triethylamine
before being mixed with triethylamine to obtain a slurry.
The manifold supports were immersed for 2 s in the
slurry, washed once in ethanol and once in water, allowed
to air dry, and stored at 4 °C until used.

RNA ISOLATION AND cDNA SYNTHESIS

Cells were counted and lysed in extraction buffer contain-
ing 100 mmol /L Tris-HCl (pH 7.9), 10 mmol/L EDTA, 5
mmol/L dithiothreitol, 500 mmol/L lithium chloride, and
10 g/L lithium dodecyl sulfate to a density of 107 cells/
mL. Viscosity was reduced by repeated passage through a
needle (0.7 X 50 mm). The manifold supports were
presoaked in extraction buffer for 5 min and submerged
in 50 uL of cell lysate. mRNA was captured by hybrid-
ization to the supports on a shaking platform for 30 min at
room temperature. The supports were subsequently
washed eight times in 80 uL of 10 mmol/L Tris-HCI (pH
7.5), 0.1 mol/L NaCl, and 1 mmol/L EDTA; transferred to
fresh microtiter wells containing 50 uL of 50 mmol/L
Tris-HCl (pH 8.3), 75 mmol/L KCl, 3 mmol/L MgCl,, 10
mmol/L dithiothreitol, 0.5 mmol/L dNTPs, 0.25 g/L
bovine serum albumin, 2.5 wumol/L random DNA hexam-
ers (Pharmacia Biotech), 25 units of HPRI™ ribonuclease
inhibitor (Amersham Life Science), and 200 U of M-MLV
reverse transcriptase (Amersham Life Science); and incu-
bated at 37 °C for 1 h. The cDNA was eluted from the
manifold support by denaturation at 95 °C for 5 min in 50
nL of water and amplified immediately or stored at
—20°C.

PRIMERS AND PROBES

Primers and 5'-nuclease probes were designed using
Primer Express (PE Biosystems) software (Table 2). Two
different forward primers were selected for the BCR-ABL
transcript, one located in exon b2 and one located in exon
b3 of the BCR gene. The 5'-nuclease probe was located in
exon 2 of the ABL gene. The reference B-ACTIN cDNA
was amplified with intron-spanning primers and the
probe from the TagMan B-ACTIN control reagent kit
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Table 2. Primer and probe sequences.?

Forward primer

TacMan probe

Reverse primer

b2a2 GCATTCCGCTGACCATCAATA FAM-CAGCGGCCAGTAGCATCTGACTTTGA-TAMRA® TCCAACGAGCGGCTTCAC

b3a2 CCACTGGATTTAAGCAGAGTTCAA FAM-CAGCGGCCAGTAGCATCTGACTTTGA-TAMRA TCCAACGAGCGGCTTCAC

GAPDH GAAGGTGAAGGTCGGAGTC JOE-CAAGCTTCCCGTTCTCAGCC-TAMRA GAAGATGGTGATGGGATTTC

BCR TCTCCCTGACATCCGTGG FAM-TGAAACTCCAGACTGTCCACAGCATTCC-TAMRA GATGACATTCAGAAACCCATAGAG
B-ACTIN CAACTGGGACGACATGGAGA FAM-ATGCCCT " CCCCCATGCCATCCTGCGT GGTCAGGCAGCTCGTAGCTC

2 All sequences are 5’ to 3.

b FAM, 6-carboxyfluorescein; TAMRA, 6-carboxy-tetramethylrhodamine; JOE, 2,7-dimethoxy-4,5-dichloro-6-carboxyfluorescein.

(PE Biosystems). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) cDNA was amplified with the TagMan
GAPDH control reagents kit (PE Biosystems).

PCR AMPLIFICATION

c¢DNA (10 uL) was transferred to an optical microtiter
well containing 25 uL of buffer A (PE Biosystems); 2
mmol/L MgCl,; 0.2 mmol/L dGTP, dATP, and dCTP; 0.4
mmol/L dUTP; 0.5 umol/L each amplification primer for
BCR-ABL; 0.1 umol/L TagMan probe; 1.25 U of AmpliTaq
Gold™ (PE Biosystems); and 0.25 U of Amperase UNG™
(PE Biosystems). The reactions were incubated at 50 °C
for 2 min and 95°C for 10 min, and cycled 45 times
between 95 °C for 15 s and 60 °C for 1 min in the ABI
Prism 7700 (PE Biosystems). For the reference genes, PCR
amplification was started with 5 uL of cDNA.

CONSTRUCTION OF THE PLASMID CALIBRATORS

cDNA was prepared from a patient with a b2a2 translo-
cation. BCR-ABL and GAPDH sequences were amplified
with the described PCR primers. The amplification prod-
ucts were cloned into the pCRII vector (Invitrogen) and
sequenced. Known amounts of each plasmid were linear-
ized with HindIIl and EcoRV, respectively. Serial dilutions
(10-fold) representing 5 to 5 X 10° copies of pPCRBCR-ABL
and 4 to 4 X 10° copies of pPCRGAPDH were prepared
from the cleaved plasmids, aliquoted, and stored at
—20°C.

MEASUREMENT OF BCR-ABL MRNA IN PATIENT
SAMPLES

Serial dilutions from 4 to 4 X 10° copies of pPCRGAPDH
and 5 to 5 X 10° copies of pCRb2a2 were amplified in
duplicate. A calibration curve was derived by plotting the
C values obtained for each dilution against the logarithm
of the plasmid copy number. The mean slopes of the
calibration curves for the two genes were —3.42 for
GAPDH and —3.6 for BCR-ABL, with interassay CVs of
6% and 4%, respectively. The calibration curves show a
strong linear correlation, with correlation coefficients (r%)
between 0.97 and 0.997.

BCR-ABL and GAPDH sequences were amplified in
duplicate from the patient samples, and the copy numbers
of both genes were calculated with help of the respective
calibration curves. The estimated amount of BCR-ABL
mRNA was normalized by dividing by the amount of

GAPDH mRNA to compensate for variations in quantity
or quality of starting mRNA as well as for differences in
reverse transcriptase efficiency. The normalized values
were multiplied by the constant 10*

Because sample size and quality vary between individ-
ual samples, interpreting negative or weakly positive
results may be difficult. We thus calculated the absolute
limit of detection of BCR-ABL mRNA for each individual
sample. The limit of detection was calculated by dividing
the theoretically lowest number of BCR-ABL molecules
detectable by PCR, i.e., one molecule, by the number of
GAPDH molecules detected in that particular sample, and
multiplying by 10*.

Results
We designed an efficient and accurate assay to monitor
BCR-ABL mRNA expression in peripheral blood from
CML patients. The different steps of the assay were
validated with respect to the C; value obtained in the
TagMan assay and optimized for maximal sensitivity and
reproducibility.

REPRODUCIBILITY OF SAMPLE PREPARATION

To determine the variability in binding capacity of the
manifold supports and in the sample preparation proce-
dure, mRNA from cell lysates was captured on individual
prongs of different manifold supports. RNA from lysates
corresponding to 2 X 10* and 2 X 10° K562 cells was
immobilized on 6 and 10 individual prongs, respectively.
After reverse transcription, the cDNA was amplified with
primers and probes specific for GAPDH. Fig. 1 shows the
individual C values and the average of the C; values for
the different RNA preparations. The SD of the C; value
was 0.6 and 0.7 cycles for samples containing 2 X 10* and
2 X 10° cells, respectively.

SAMPLE HANDLING

Successful amplification of RNA from blood samples
required the elimination of the erythrocytes before cell
lysis (data not shown). Erythrocytes were removed either
by Ficoll separation or by hypotonic lysis with NH,CI,
and the remaining cells were counted in an hemocytom-
eter before being lysed for RNA capture. Isolation of
leukocytes from whole blood by Ficoll gradient centrifu-
gation consistently gave a lower C; value than red cell
lysis with hypotonic NH,CI (Fig. 2). In additional exper-
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Fig. 1. Reproducibility of sample preparation.

GAPDH was amplified in duplicate from 6 separate RNA preparations correspond-
ing to 20 000 K562 cells and from 10 separate RNA preparations corresponding
to 200 000 K562 cells. The individual C; values, as given by the software of the
ABI Prism 7700 instrument, plus mean (horizontal bar) and SD (error bars) are
shown.

iments, mononuclear cells were purified from blood by
Ficoll separation before mRNA isolation on the manifold
supports.

SENSITIVITY AND SPECIFICITY OF THE ASSAY

To estimate the sensitivity of the method, K562 cells were
mixed with variable numbers of cells from the BCR-ABL-
negative lymphoblastoid cell line BSM to give ratios
ranging from 1:1 to 1:10°. mRNA corresponding to
500 000 cells of the different dilutions was bound to the
manifold supports and processed through the different
steps of the assay. In 50% of the cases, BCR-ABL mRNA
could be quantified in ¢cDNA prepared from samples
containing 1 K562 cell in 10° BSM cells. In the remaining
50% of the cases, only one of the duplicate samples of this
dilution was positive for the dilution containing 1 K562
cell in 10° BSM cells. Both primer combinations (b2a2 and
b3a2) gave the same detection limit (1 K562 cell in 10°
BSM cells), and the slopes of the curves were very similar
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Fig. 2. Effect of sample handling procedure on the amplification of
BCR-ABL and GAPDH mRNAs.
Erythrocytes were removed by lysis with hypotonic NH,CI or by Ficoll density

centrifugation. The average C; values from two peripheral blood samples are
shown.

(Fig. 3). These results indicate that it is possible to use one
primer/probe set to amplify either fusion variant.

No BCR-ABL products were obtained from cDNA
prepared from BSM cells or mononuclear cells from
healthy individuals or when reverse transcription was
omitted.

CHOICE OF REFERENCE GENE

Three reference genes were investigated, B-ACTIN,
GAPDH, and BCR in samples from 12 different individu-
als and two cell lines to determine which gene showed the
smallest variability among samples and where genomic
DNA contributed the least to the signal. All samples were
processed in duplicate, and the reverse transcription
enzyme was omitted in every second sample. All three
genes could be amplified in the absence of the reverse
transcription reaction. The Cy values were on average 11
cycles higher in the case of B-ACTIN and GAPDH and 8
cycles in the case of BCR, compared with the correspond-
ing samples treated with reverse transcriptase (Fig. 4).
Variations in reference gene expression among different
individuals were very similar for the three genes tested, as
shown by the similar SD values. In subsequent experi-
ments, GAPDH was used as a reference gene.

DAY-TO-DAY IMPRECISION

The overall reproducibility of the quantification assay was
estimated by analyzing six different samples, starting
from the RNA isolation, on four different occasions. The
expression of BCR-ABL and GAPDH mRNAs was calcu-
lated by comparison with their respective calibration
curves, and the normalized BCR-ABL values were calcu-
lated. Fig. 5 shows the means and SDs for the different
samples. The mean CV for the BCR-ABL/GAPDH ratio
was 32% (range, 20—-44%).

ANALYSIS OF TRANSCRIPT EXPRESSION IN PATIENT
SAMPLES

Lysates (50 uL) from leukocytes obtained from patient
blood samples were incubated with the manifold sup-

45 ¢ b2a2
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Fig. 3. Assay detection limit and primer set comparison.

K562 cells were mixed with the BCR-ABL-negative cell line BSM in different
ratios. The cDNAs prepared from the individual mixes were amplified in duplicate
with two different sets of primers, b2a2 and b3a2. The C; values were plotted
against the different dilutions of K562 cells.
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Fig. 4. Comparison of reference genes.

Analysis of equal amounts of cell lysates from 12 individuals plus two cell lines
for B-ACTIN, GAPDH, and BCR sequences. The means of the Cys = SD with (+)
and without (—) the reverse transcription step are shown. RT, reverse transcrip-
tase.

ports and processed as described in Materials and Methods.
Fig. 6 shows the BCR-ABL mRNA expression normalized
to GAPDH mRNA expression for two different CML
patients who received a-interferon (a-IFN) + hydroxy-
urea (HU) followed by ASCT. BCR-ABL mRNA expres-
sion in patient 1 decreased from 22 arbitrary units to
below the detection limit after ASCT. The patient re-
mained PCR-negative for 1 year after ASCT, with one
transitional PCR-positive analysis in the 6 months fol-
low-up sample. In an analysis 90 months after ASCT,
BCR-ABL expression had increased to ~25 arbitrary units,
although the patient remained in clinical and cytogenetic

10000

—_
o
o
(o]

100

—_
o

Average normalized BCR-ABL mRNA expression

1 2 3 4 5 6

Fig. 5. Overall assay variability.

Quantification of BCR-ABL mRNA expression in six different patient samples in
four independent experiments. The amount of BCR-ABL mRNA is expressed in
arbitrary units obtained by dividing the BCR-ABL copy number by the GAPDH copy
number and multiplying by 10%. The means + SD (bars) for the normalized
BCR-ABL expression are shown.
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Fig. 6. BCR-ABL mRNA expression in patients receiving ASCT.

BCR-ABL mRNA expression was quantified in two patients before and after ASCT.
The amount of BCR-ABL mRNA is expressed in arbitrary units obtained by dividing
the BCR-ABL copy number by the GAPDH copy number and multiplying by 10%.
Normalized BCR-ABL mRNA expression is shown over time (expressed in
months). Arrows indicate ASCT. ¢, normalized BCR-ABL expression; ¢, abso-
lute detection limit for a particular sample. Results from the cytogenetic analysis
are indicated as percentage of Philadelphia-positive (Ph+) cells in bone marrow
smears. Ph—, no Philadelphia-positive metaphases.

remission. Patient 2 did not respond clinically to ASCT.
The increases in both normalized BCR-ABL mRNA ex-
pression and numbers of Philadelphia-positive cells also
reflect this fact.

The rest of the patients received allogeneic BMT,
patients 3-6 from an unrelated donor and patients 7-13
from a relative. In this group of patients, a pretransplan-
tation sample was available for patients 4, 5, and 6. The
normalized BCR-ABL mRNA expression at diagnosis was
on average 805 arbitrary units (range, 230-3200; Fig. 7).
After BMT, BCR-ABL mRNA expression dropped dramat-
ically, between 1000- and 10 000-fold, over a period of 3-6
months and became undetectable in patient 5, 3 months
after BMT (Fig. 7), and in patient 6, 9 months after BMT
(Fig. 7). In three additional patients analyzed 30-48
months after BMT, the normalized BCR-ABL mRNA ex-
pression was below the detection limit (data not shown).
After allogeneic BMT (6-12 months), BCR-ABL mRNA
expression was always below 5 arbitrary units. The pa-
tients receiving allogeneic BMT remained in hematologi-
cal and cytogenetic remission during the period studied,
except patients 7 and 10. Both patients were transiently
Philadelphia chromosome positive (1 cell in 50) in a bone
marrow sample 12 and 24 months after BMT, respectively.

Discussion
In the present report, we describe a reliable and sensitive
method to monitor patients with CML by measuring
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Fig. 7. BCR-ABL mRNA expression in patients receiving BMT.

BCR-ABL mRNA expression was quantified in eight patients who had received allogeneic BMT. Normalized BCR-ABL expression is shown over time (expressed in
months). Arrows indicate allogeneic BMT. 4, normalized BCR-ABL expression; <, absolute detection limit for each individual sample; Ph—, no Philadelphia-positive
metaphases. Results from the cytogenetic analysis are indicated as the percentage of Philadelphia-positive (Ph+) cells in bone marrow smears.
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BCR-ABL mRNA in peripheral blood. The method is
suitable to follow CML patients after BMT.

We propose a streamlined RNA isolation method
where poly(A)+ mRNA is isolated directly from the cell
lysate by binding to an oligo(dT)-coated manifold sup-
port. Manifold supports are devices composed of sets of
prongs that project into a corresponding set of reaction
wells. The surfaces of the prongs may be modified to
allow the binding of biomolecules so that these can be
processed in a set of reactions and loaded on detection
instruments.

The use of manifold supports in molecular diagnostics
has been useful for genotyping by the oligonucleotide
ligation assay or minisequencing, and for the detection of
mutations by sequencing [reviewed in Ref. (14)]. Because
the RNA binds to a solid support, multiple samples can be
manipulated in parallel with minimal effort. Moreover,
the reduction in the number of sample processing and
pipetting steps diminishes the risk for uncontrolled vari-
ables associated with the quality of the RNA. Currently,
instability of RNA limits the use of RT-PCR to research
laboratories with trained personnel. The use of manifold
supports greatly simplifies mRNA isolation, making RT-
PCR-based analysis more accessible to routine laborato-
ries. The method can also be adapted to other oligo(dT)-
coated solid supports, such as paramagnetic beads. We
found that 25 pL of Dynabeads (Dynal) had a binding
capacity similar to that of individual prongs in our
manifold support (data not shown).

Both B-ACTIN and GAPDH are known to have pseu-
dogenes that can give rise to a PCR product that interferes
with the quantification of these RNAs. The presence of
genomic DNA in the RNA preparation thus represents a
potential source of error when quantifying the reference
gene. The difference in Cy values (11 cycles) that we found
between the samples amplified with and without reverse
transcriptase shows that genomic DNA contamination of
the mRNA bound to the manifold support is negligible.

We found that a single primer/probe set was adequate
to amplify the two most common BCR-ABL fusion vari-
ants, which simplifies the assay and eliminates the need to
analyze the fusion variant of individual patients. This
result is in agreement with two recent reports where all
fusion variants of BCR-ABL could be quantified using a
single set of primers (15, 16).

We also examined how sample preparation affected
the sensitivity of the assay. It was necessary to remove
erythrocytes to obtain a positive PCR, probably because of
the known inhibitory effect of hemoglobin (17). Periph-
eral blood mononuclear cell purification by Ficoll density
separation gave lower C; values for both BCR-ABL and
GAPDH mRNAs, presumably because of better RNA
quality.

Because clinical specimens are collected remote from
the site of analysis, differences in time from sample
collection to RNA isolation may lead to variable degrada-
tion of RNA in the sample, with variability in assay

sensitivity as a consequence. We calculated the absolute
detection limit of every sample, defined as one single
copy of BCR-ABL divided by the number of copies of
GAPDH for a particular sample, multiplied by the con-
stant 10*. This value should constitute a valuable help in
interpreting results by reflecting the size and quality of
the sample. The absence of BCR-ABL amplification can
only be interpreted as a true negative when amplification
of the reference gene reveals a positive result. In addition,
positive samples where the normalized BCR-ABL mRNA
expression falls below the detection limit are to be inter-
preted with caution.

The interassay imprecision (CV) was low (4-6%) for
calibrators but high for patient samples (mean, 32%). This
implies that the precision of the present method is insuf-
ficient to analyze small differences in BCR-ABL mRNA
expression between samples.

The normalized BCR-ABL expression measurements
from 13 CML patients correlated well with clinical and
cytogenetic data. Recently, several groups have reported
analysis of CML patients using real-time RT-PCR (15, 18-
20) and found that real-time PCR was suitable for following
the kinetics of BCR-ABL mRNA in CML. The sensitivity of
our method is comparable to that of Preudhomme et al.
(20) and Eder et al. (19), indicating that the manifold
support has sufficient capacity to monitor minimal resid-
ual disease, where only a small minority of the cells are
positive for BCR-ABL fusion mRNA.

Typically, the normalized BCR-ABL values for un-
treated patients were between 250 and 1000 arbitrary
units. Patients that show a partial response (a-IFN + HU
and ASCT) had BCR-ABL values between 100 and 10
arbitrary units. After allogeneic BMT, BCR-ABL mRNA
fell dramatically to <5 arbitrary units. Additional studies
will be necessary to determine what threshold BCR-ABL
mRNA expression is critical and predictive of relapse.

In conclusion, the combination of a manifold support to
isolate mRNA in a fast and reproducible manner, together
with the advantages of real-time RT-PCR is promising as
a sensitive and accurate method to study the kinetics of
BCR-ABL mRNA expression, and is suitable to monitor
minimal residual disease in CML patients.
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Karin Olsson and Carina Bergwall for help with sample
collection and patient data.

References
1. Kawasaki ES, Clark SS, Coyne MY, Smith SD, Champlin R, Witte
ON, et al. Diagnosis of chronic myeloid and acute lymphocytic
leukemias by detection of leukemia-specific MRNA sequences
amplified in vitro. Proc Natl Acad Sci U S A 1988;85:5698-702.



920

10.

11.

12,

Barbany et al.: Monitoring of Leukemia by Manifold-assisted RT-PCR

. Rowley JD. A new consistent chromosomal abnormality in chronic

myelogenous leukemia identified by quinacrine fluorescence and
Giemsa staining. Nature 1973;243:290-1.

. Shtivelman E, Lifshitz B, Gale RP, Canaani E. Fused transcript of

abl and bcr genes in chronic myelogenous leukemia. Nature
1985;315:550-4.

. Hochhaus A, Reiter A, Skladny H, Reichert A, Saussele S, Hehl-

mann R. Molecular monitoring of residual disease in chronic
myelogenous leukemia patients after therapy. Recent Results
Cancer Res 1998;144:36-45.

. Lion T, lzraeli Z, Henn T, Gaiger A, Mor W, Gadner H. Monitoring of

residual disease in chronic myelogenous leukemia by quantitative
polymerase chain reaction. Leukemia 1992;6:495-9.

. Thompson JD, Brodsky I, Yunis YY. Molecular quantification of

residual disease in chronic myelogenous leukemia after bone
marrow transplantation. Blood 1992;79:1629-35.

. Cross NCP, Lin F, Chase A, Bungey J, Hughes TP, Goldman JM.

Competitive polymerase chain reaction to estimate the number of
BCR-ABL transcripts in chronic myeloid leukemia patients after
bone marrow transplantation. Blood 1993;82:1929-36.

. Lion T, Henn T, Gaiger A, Kahls P, Gadner J. Early detection of

relapse after bone marrow transplantation in patients with chronic
myelogenous leukemia. Lancet 1993;341:275-6.

. Gibson UEM, Heid CA, Williams PM. A novel method for real time

quantitative RT-PCR. Genome Res 1996;6:995-1001.

Holland PM, Abramson RD, Watson R, Gelfand DH. Detection of
specific polymerase chain reaction product by utilizing the 5’ to 3’
exonuclease activity of Thermus aquaticus DNA polymerase. Proc
Natl Acad Sci U S A 1991;88:7276-80.

Heid CA, Stevens J, Livak KJ, Williams PM. Real time quantitative
PCR. Genome Res 1996;6:986-94.

Chomczynski P, Sacchi N. Single-step method of RNA isolation by

13.

14.

15.

16.

17.

18.

19.

20.

acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 1987;162:156-9.

Hagberg A, Barbany G, Krok H, Samiotaki M, Landegren U.
Expression profiling across many samples via manifold-assisted
mRNA processing. Nucleic Acid Res 2000;28:e54.

Barbany G, Hagberg A, Waldenstréom E, Landegren U. Molecular
genetic applications of streptavidin-coated manifold supports.
Biomol Eng 1999;16:105-11.

Emig M, Saussele S, Wittor H, Weisser A, Reiter A, Willer A, et al.
Accurate and rapid analysis of residual disease in patients with
CML using specific fluorescent hybridization probes for real time
quantitative RT-PCR. Leukemia 1999;13:1825-32.

Kreuzer KA, Lass U, Bohn A, Landt O, Schmidt CA. LightCycler
technology for the quantitation of bcr/abl fusion transcripts.
Cancer Res 1999;59:3171-4.

Akane A, Matsubara K, Nakamura H, Takashi S, Kimura K.
Identification of the heme compound copurified with deoxyribonu-
cleic acid (DNA) from bloodstains, a major inhibitor of polymerase
chain reaction. J Forensic Sci 1994;39:362-72.

Mensink E, van de Locht A, Schattenberg A, Linders E, Schaap N,
Guerts van Kessel A, et al. Quantitation of minimal residual
disease in Philadelphia chromosome positive chronic myeloid
leukemia patients using realtime quantitative RT-PCR. Br J
Haematol 1998;102:768-74.

Eder M, Battmer K, Kafert S, Stucki A, Ganser A, Hertenstein B.
Monitoring of BCR-ABL expression using real-time RT-PCR in CML
after bone marrow or peripheral blood stem cell transplantation.
Leukemia 1999;13:1383-9.

Preudhomme C, Revillon F, Merlat A, Hornez L, Roumier C,
Duflos-Grardel N, et al. Detection of BCR-ABL transcripts in
chronic myeloid leukemia (CML) using a “real time” quantitative
RT-PCR assay. Leukemia 1999;13:957-64.



