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Background and Objectives. In the last few years mol-
ecular methods have allowed the identification of
leukemia-associated genetic lesions, which may repre-
sent the most accurate predictors of clinical outcome.
These considerations strengthen the need for rapid iden-
tification of the abnormalities. Our aim was to demon-
strate whether a modified multiplex reverse transcription
polymerase chain reaction (RT-PCR) system might be
successfully used to screen a large number of patients
with acute lymphoblastic leukemia (ALL).

Design and Methods. In this study we adapted the
multiplex RT-PCR assay, previously described by Pallis-
gaard et al., to detect all the most frequent genetic
lesions with their characteristic splicing variants occurring
in acute lymphoblastic leukemia, such as the MLL/AF4,
MLL/ENL, BCR/ABL p190 (e1a2) and p210 (b2a2,b3a2)
isoforms, E2A/PBX1, TEL/AML1, SIL/TAL1 and the nov-
el NUP98/RAP1GDS1 transcript, recently described in a
T-ALL leukemic subtype.

Results. We used the multiplex RT-PCR assay to
screen 170 ALL patients (70 children and 100 adults).
PCR positivity was detected in 67 (39%) of the 170 ALL
patients studied. The comparison between cytogenetic
and molecular analyses showed complete correspon-
dence between the two assays in all patients with an
evaluable karyotype. Finally, the observed incidence of
genetic lesions in our ALL patients was similar to the fre-
quency usually reported both in children and in adults
with ALL.

Interpretation and Conclusions. These results show
that, compared to single RT-PCR reactions, our multiplex
RT-PCR system allows rapid, specific, simultaneous as
well as a less expensive, laborious and time-consuming
detection of the most frequent fusion transcripts in ALL
patients. Therefore, it might be recommended for rapid
diagnostic molecular screening of large numbers of
patients, such as those enrolled in multicenter, co-oper-
ative studies. Furthermore, we have shown that multiplex
RT-PCR is an open system that can easily be adapted to
detect new leukemic genes.
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In the past 10-15 years, several molecular methods
have progressively allowed identification of
leukemia-associated gene abnormalities.1 These

genetic lesions, which are currently detected in almost
50% of patients with acute lymphoblastic leukemia
(ALL) or acute myeloid leukemia (AML), represent the
most accurate predictors of clinical outcome.2 These
considerations, together with the recent availability of
drugs that specifically target fusion proteins or their
activity, highlight the need for a rapid and accurate
identification of genetic lesions in patients with acute
leukemia (AL).3,4 In this respect, Pallisgaard et al.5
recently proposed a multiplex reverse-transcription
polymerase chain reaction (RT-PCR) system that allows
simultaneous detection of 29 fusion genes and more
than 80 breakpoints and splice variants in patients with
acute leukemia. This result that would be extremely
laborious and time consuming to obtain with single RT-
PCR reactions.

In this study, we used a multiplex RT-PCR system,
derived from Pallisgaard’s method, for the molecular
diagnostic screening and monitoring of minimal resid-
ual disease (MRD) in 170 patients with ALL. We found
that the multiplex RT-PCR allowed systematic and
extensive molecular screening of AL patients, was more
sensitive than conventional karyotype and less labori-
ous and time consuming than single RT-PCR analyses.
Moreover, we have shown that this assay can be adapt-
ed to detect new leukemic genes, such as the
NUP98/RAP1GDS1, recently described in a subset of T-
ALL by Hussey et al.6 and by Mecucci et al.7

Design and Methods

Patients
Sequential bone marrow (BM) and/or peripheral blood

(PB) samples were obtained at diagnosis and during the
clinical follow-up from 170 patients (100 adults and 70
children) with ALL, studied in Rome between April 1999
and December 2001. The diagnosis of ALL was estab-
lished according to standard morpho-cytochemical cri-
teria and immunophenotypic analyses. Patients’ sam-
ples were studied at the laboratories of molecular biol-
ogy and cytogenetics of the Department of Cellular
Biotechnology and Hematology of the University La
Sapienza of Rome.

Mononuclear cells were obtained from BM and PB
samples after centrifugation on a Ficoll-Hypaque gra-
dient, washed and cryopreserved in 4M guanidiun
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isothiocyanate at –20°C for total RNA extraction or
as dry pellet for DNA extraction.

DNA analysis of the ALL1 locus
High molecular weight DNA was obtained from

cell pellets following proteinase-K digestion and
phenol-chloroform extraction, digested to com-
pletion with Bam-HI and Bgl-II, size fractioned by
electrophoresis through an 0.8% agarose gel and
transferred to nitrocellulose membranes. Filters
were hybridized with the addition of the denatured
B859 probe which is a cDNA insert that explores
the entire MLL breakpoint cluster region, as report-
ed by Gu et al.8

Multiplex RT-PCR
Total RNA was extracted from cells cryopreserved

in guanidium isothiocyanate. The quality of RNA
was assayed on an ethidium-bromide-stained 1%
agarose gel containing 2.2 mol/L formaldehyde.

We used the multiplex RT-PCR system derived
from that described by Pallisgaard et al.5 which are
adapted for the detection of  the following fusion
transcripts of ALL: MLL1/AF4, MLL/ENL, BCR/ABL
p190 (e1a2) and p210 (b2a2,b3a2) isoforms,
E2A/PBX1, TEL/AML1 and SIL/TAL1, together with
the NUP98/RAP1GDS1 transcript, recently identi-
fied in a small subset of T-ALL.6,7 Oligonucleotides
and cycle parameters were those previously
described by Pallisgard et al.5 For the novel
NUP98/RAP1GDS1 fusion gene, not included in
patients with Pallisgaard’s system, we first defined
the following primers near the NUP98/RAP1GDS1
breakpoint gene sequence: RAPGDS1 = 5’ TCC AGC

ATC CAC 3’, for reverse transcriptase; NUP1-
198U20 = 5’-TGC TGT TGG TTC GAC CCT GT-3’and
RAP1-209L20 = 5’ TGG CTA CTT CTG CTA TGA TG 3’;
and NUP1-253U20 = 5’-ACA ACC AGT GCA CCT
TCA TT-3’ and RAP1-169L20 = 5’-GCA GAC AAT
CCA AGC ATC CT-3’, for the first and second step
of reaction, respectively. These primers were cho-
sen to allow identical conditions to those of the RT-
PCR multiplex assay. Prior to including these
oligonucleotides in the multiplex RT-PCR system,
we tested the primer pairs in separate PCR reac-
tions using RNA samples from cases known to car-
ry the NUP98/RAP1GDS1 genetic abnormality, as
reported elsewhere.7 Once the correct performance
of these primers had been checked, the new
oligonucleotides were added in the multiplex RT-
PCR reaction. cDNA synthesis and PCR amplifica-
tion were performed as two parallel nested multi-
plex master reactions (preliminary analysis), fol-
lowing the conditions extensively described by Pal-
lisgaard et al.5 Each master reaction contains sev-
eral pairs of primers specific for the following
fusion transcripts: BCR/ABL p190 (e1a2) and p210
(b2a2,b3a2) isoforms, MLL/AF4, MLL/ENL (reaction
A) and E2A/PBX1, TEL/AML1, SIL/TAL,
NUP98/RAP1GDS1 (reaction B). Moreover, each
master reaction contains a pair of control primers
that amplify the ubiquitously expressed E2A gene.
At the end of the PCR amplification, 15 µL of each
PCR reaction were electrophoresed in a 1.5%
agarose gel for 60 min at 100 V and stained with
ethidium bromide. To determine and verify the pos-
sible presence of a specific fusion gene after the
preliminary analysis, a split-out analysis consisting
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Figure 1. A representative example
illustrating the first step multiplex
RT-PCR reaction and the split-out
analysis of a case expressing the
NUP98/RAP1GDS fusion transcript.
M=DNA molecular weight marker VIII
(MBI Fermentas).
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of single RT-PCR reactions using individual translo-
cation-specific primer sets was performed. Nega-
tive controls without DNA template were included
for all PCR reaction mixtures. A representative
example of preliminary and split out analyses,
related to a case with NUP98/RAP1GDS1 fusion,
not included in present series, is illustrated in Fig-
ure 1.

Cytogenetic and fluorescence in situ
hybridization (FISH) analyses

Cytogenetic analyses were performed on BM
cells after 24h of unstimulated culture. GTG bands
with tryspin were obtained. Karyotypes were
reviewed and defined according to the ISCN crite-
ria. The cryptic translocation t(12;21)(p13;q22) was
studied by FISH analysis, directly using fluo-
rochromes-labeled TEL (SpectrumGreen) and AML1
(SpectrumOrange) probes from Vysis Inc. (France). 

Results

Sixty-seven of the 170 (39.4%) ALL cases stud-
ied were positive for a fusion protein after diag-
nostic multiplex RT-PCR. In particular, a fusion
transcript was detected in 27 (38.5%) of the 70
childhood samples and in 40 (40%) of the 100
adult samples. In childhood ALL, the TEL/AML1
fusion transcript was detected in 8/70 cases
(11.4%), E2A/PBX in 5 cases (7.1%), MLL/AF4 in 4
case (5.7 %), SIL/TAL in 3 cases (4.2 %), MLL/ENL
in 2 cases (2.8 %), p190 BCR/ABL in 2 cases (2.8 %)
and p190/p210 BCR/ABL in 3 cases (4.2%). By con-
trast, in the group of 100 adult ALL, the BCR/ABL
fusion transcript was detected in 26 cases (26%)
(p190 transcript = 22 cases, p190/p210 = 2  and
p210 = 2 patients), MLL/AF4 in 10 cases (10%),

MLL/ENL in 1 case (1%), E2A/PBX in 2 cases (2%)
and TEL/AML1 in 1 case (1%). No case with
NUP98/RAP1GDS1 fusion transcript was identified
in either group. Negative multiplex RT-PCR results
were documented in 43/70 (61.4 %) and in 60/100
(60%) of children and adults, respectively.

Among the 67 multiplex RT-PCR positive
patients, 57 had an evaluable cytogenetic analysis,
whereas karyotype was not evaluable in three cas-
es and it was not performed in the remaining 7
cases. Among the 57 multiplex RT-PCR positive
cases for whom cytogenetic information was avail-
able, the cytogenetic analysis showed that 41
patients had the corresponding translocation, 13
had a normal karyotype (TEL/AML1 = 6; SIL/TAL1 =
3;  MLL/ENL = 2; MLL/AF4 = 2) whereas the 3
remaining patients with TEL/AML1 fusion transcript
had other structural and/or numerical abnormali-
ties. The presence of the TEL/AML1 fusion tran-
script was also confirmed by FISH analysis in all
the 9 cases. With regard to the group of the 103
ALL patients with a negative multiplex RT-PCR test,
an evaluable cytogenetic analysis was available for
71 of them. Among these cases, karyotype was nor-
mal in 38 patients and altered, because of the pres-
ence of either numerical and/or structural alter-
ations, in the remaining 33 patients. We did not
observe any cases negative by the multiplex RT-
PCR analysis which were then shown cytogeneti-
cally to have one of the alterations evaluated by
the molecular assay. A summary of the results
achieved by multiplex RT-PCR, cytogenetics and
FISH analyses is reported in Table 1.

With respect to the alterations of the MLL gene
located at the 11q23 cytogenetic band, Southern
blot analysis demonstrated genomic MLL gene
rearrangements in 17 of the 170 cases (10%). All
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Table 1. Comparison between multiplex RT-PCR, cytogenetics and FISH analyses in the 170 ALL patients analyzed by  multi-
plex RT- PCR assay.

Multiplex RT-PCR Karyotype FISH

t(1;19) t(12;21) t(9;22) t(4;11) t(11;19) Other structural and/or Normal Not evaluable
± others ± others ± others ± others ± others numerical abnormalities (no. pts) (no. pts)
(no. pts) (no. pts) (no. pts) (no. pts) (no. pts) (no. pts)

Negative pts. 103 − − − − − 33 38 32 −
Positive pts. 67
E2A-PBX1 7 4 − − − − − − 3 −
TEL/AML1 9 − − − − 3 6 − − 9
SIL/TAL1 3 − − − − − 3 − − −
BCR/ABL 31 − − 25 − − − − 6 −
MLL-/AF4 14 − − − 11 − − 2 1 −
MLL-ENL 3 − − − − 1 − 2 − −
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these latter cases were positive in the multiplex
RT-PCR assay, which detected the expression of
MLL/AF4 in 14 (82.4%) patients and MLL/ENL in
the 3 remaining cases (17.6%).

Discussion

This study is a clinical demonstration of the use-
fulness of multiplex RT-PCR analysis for the rapid
screening of a large number of ALL patients. As
demonstrated by the present data, our system ful-
fils the criteria of specificity recently stated at the
BIOMED concerted action for the RT-PCR molecu-
lar analysis of genetic lesions in acute leukemias
patients.1 In fact, in our series of patients the
observed incidence of genetic lesions was similar to
the frequency usually reported both in children and
in adults with ALL,9,10 whereas in all patients with
a multiplex RT-PCR positivity and an evaluable
karyotype we observed complete correspondence
between the two analyses and, conversely, we did
not observe any case with a positive cytogenetic
analysis and a negative multiplex RT-PCR analysis.
Moreover, the split-out analysis that followed a
positive preliminary step RT-PCR multiplex assay
and that allowed precise identification of the
fusion product present in the sample, is by itself an
indirect confirmation of the multiplex PCR speci-
ficity. In addition, with respect to the 17 MLL pos-
itive patients of this series, in all cases there was
concordance between Southern-blot and multiplex
RT-PCR analyses. In particular, RT-PCR showed the
expression of the MLL/AF4 fusion product in 14
(82.4%) patients and of the MLL/ENL in the 3
remaining cases (17.6%). It is worth noting that
these data may indicate that the ALL subset shows
a less marked level of promiscuity of the MLL gene
than do acute myeloid leukemias. In fact, fusion of
the MLL gene in ALL is limited mainly to the two
AF4 and ENL partner genes. This suggestion is fur-
ther supported by similar observations (unpub-
lished) in 494 adult ALL patients enrolled in the
Italian multicenter GIMEMA 0496 study who were
routinely screened for the MLL genomic configu-
ration. As a consequence, we suggest that, for a
rapid screening of ALL patients, searches for
MLL/AF4 and MLL/ENL (as in our assay), may be
sufficient to detect almost all the MLL gene alter-
ations, reserving the other more tedious and time-
consuming methods such as Southern-blot and
single RT-PCRs for the less common MLL fusion
genes, etc. for selected cases only.

Another relevant point showing that the multi-
plex system is faster and cheaper than single RT-
PCR is the finding that two simple PCR reactions
(i.e. the preliminary multiplex RT-PCR step) were

sufficient to rule out the presence of the eight
transcripts in 60% of ALL cases.

In conclusion, the multiplex RT-PCR strategy
described here allows rapid, specific and simulta-
neous detection of several fusion transcripts in ALL
patients, at a time when the early knowledge of the
presence or absence of given genetic lesions is
paramount for treatment decisions. Moreover,
compared to single PCRs, multiplex PCR is signifi-
cantly less expensive, laborious and time-consum-
ing. Finally, as we have demonstrated for the detec-
tion of the NUP98/RAP1GDS1 gene, this assay can
be easily adapted to incorporate novel fusion
genes. Multiplex RT-PCR might be recommended
for the molecular screening of large numbers of
patients, such as those enrolled in multicenter, co-
operative studies.
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What is already known on this topic
Molecular characterization of leukemic cells is rel-
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This study describes a multiplex RT-PCR system
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transcripts most frequently found in acute lym-
phoblastic leukemia.
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