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PCR detection of chromosomal translocations and small
insertion/deletion mutations is challenging when po-
tential amplicon size varies greatly. Molecular diagnos-
tic laboratories face such difficulties with the BCL2-IGH
translocation in follicular lymphoma and with internal
tandem duplication mutation of the FLT3 gene in leuke-
mia, where breakpoints are widely distributed, muta-
tions may be multiple, signal strength is low, and back-
ground noise is elevated. We developed a strategy, called
�-PCR, that ensures PCR specificity and identifies indi-
vidual breakpoints. �-PCR uses two forward primers
(external and internal) and a reverse primer simulta-
neously. The internal primer functions as a probe with
a defined distance � from the external primer. For fol-
licular lymphoma, we prepared upstream, BCL2-spe-
cific primers for potential breakpoints to pair with a
common, downstream VLJH primer. Multiplexed PCR
amplicons are sized by capillary electrophoresis.
Each of the upstream pairs has a defined interval
separating them that uniquely identifies the break-
point. The presence of two amplicons with a defined
size difference confirms validity of the rearrangement
and identity of the specific breakpoint, even if signal
strength is low. By testing 40 follicular lymphoma and
12 control specimens from formalin-fixed, paraffin-
embedded (FFPE) blocks, we showed that multiplex
�-PCR is a simple, sensitive strategy to identify trans-
locations with multiple breakpoints or partners. The
strategy was also applied to detect minor leukemic
clones with internal tandem duplication mutations
and could have broader applications for other inser-
tion/deletion and duplication mutations. (J Mol Di-

agn 2011, 13:85–92; DOI: 10.1016/j.jmoldx.2010.11.004)

Chromosomal translocations and small insertion/dele-
tions occur in specific hematological malignancies and

solid tumors, and are often definitional genetic events.1,2
Translocations involve breakage and fusion of two or
more chromosomes, and insertion/deletions (as consid-
ered in the present study) involve breakage within one
chromosome. The detection of these chromosomal ab-
normalities by conventional cytogenetics study, standard
Southern blot analysis, fluorescence in situ hybridization
(FISH), PCR, and reverse-transcription PCR (RT-PCR)
has been used to diagnose specific malignancies and
also to monitor minimal residual cancer cells.3

Depending on the specific breakpoint and fusion,
chromosomal translocations are classified into two cate-
gories.1 Breakage within genes leads to a fusion tran-
script producing an oncogenic chimeric protein, as in
chronic myelogenous leukemia (BCR-ABL1) and synovial
sarcoma (SYT-SSX1 or SYT-SSX2).4–6 In these cases,
diagnostic PCR using genomic DNA is difficult because
the potential breakpoint regions in the introns span large
distances; however, the fusion transcript can be detected
with high sensitivity and specificity by RT-PCR across the
involved exon junction at the RNA level.7,8 The second
mechanism of translocation-induced oncogenesis, par-
ticularly common in lymphoid malignancies, involves the
approximation of an oncogene and an actively tran-
scribed gene (such as the immunoglobulin or T-cell re-
ceptor genes) resulting in overproduction of the onco-
gene without a chimeric mRNA or protein. This is the case
with follicular lymphoma (BCL2-IGH) and mantle cell lym-
phoma (CCND1-IGH).9–11 The translocation in these in-
stances must be detected at the DNA level by PCR be-
cause of the lack of a fusion transcript,12,13 which may be
technically challenging. First, malignancies often have
several translocation hot spots where breakage occurs,
preventing detection of all translocations using a single
pair of PCR primers.9,14,15 Second, the amplicon from
each individual clone varies in size, because each hot
spot may be hundreds of bases in size; this necessitates
validation by Southern blot analysis or real-time PCR to
distinguish bona fide translocations from artifacts.12,16

For chromosomal translocations with many potential
breakpoints, such as the BCL2-IGH rearrangement in
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follicular lymphoma, one strategy for PCR-based detec-
tion has been to combine primer sets.13 Interpretation of
multiplexed assays, in particular, is complicated when sig-
nal strength is not high or when background noise is ele-
vated, because the significance of weak bands on agarose
gel electrophoresis or one or several small peaks on capil-
lary electrophoresis is unclear. These conditions are partic-
ularly prevalent when analyzing FFPE material. Similarly,
recurrent insertion/deletions, such as the internal tandem
duplication (ITD) in the FLT3 oncogene in acute myeloid
leukemia, may also present difficulty, because of the varied
size (and sometimes varied location) of the event.17,18 Minor
artifactual, background amplicons are difficult to distinguish
from true genetic alterations, particularly in cases where
tumor cells are a small portion of the material analyzed. In
the present study, using BCL2-IGH rearrangement and ITD

Figure 1. Primer design for detection of BCL2-IGH translocation (A) and inter-
nal tandem deletion mutation of the FLT3 gene (B). Sizes are not to scale.
Arrows indicate primers and lines indicates location of the probe for real-time
PCR. The � indicates the defined size difference of the paired amplicons for each
breakpoint and an asterisk indicates the segment of ITD mutation.

Table 1. Paired Forward Primers Used in �-PCR for Detection o

Forward primer* Sequences

MBR1 (18 bp)
MBR1int 5=-CTATGGTGGTTTGACCTTTA
MBR1ext 5=-TGACCAGCAGATTCAAATCT

MBR2 (24 bp)
MBR2int 5=-ACTCTGTGGCATTATTGCAT
MBR2ext 5=-CAGCCTTGAAACATTGATGG

mcr1 (39 bp)
mcr1int 5=-CTTGCAGGGTCTTTAAGCAG
mcr1ext 5=-CATAGAGCAAGCGCCCAATA

mcr2 (33 bp)
mcr2int 5=-GTACTTCAGAAGGAGGAACG
mcr2ext 5=-TGAATGCCATCTCAAATCCA

*Combined with the reverse primer VLJH (5=-6FAM-GTGACCAGGTNC

with each of the forward primers paired with the reverse primer is given in paren

†With modification.
mutation of the FLT3 gene as the models, we have devel-
oped an approach, which we call �-PCR, to ensure the
specificity of PCR and, at the same time, to identify the
particular breakpoint from a single multiplexed PCR.

Materials and Methods

Design of �-PCR

For each target locus (breakpoint hot spot or insertion/
deletion mutation locus), three oligonucleotide primers
are designed. Two of the primers oriented in the same
direction are on one side of the breakpoint/mutation locus
(an external and internal couple) and the third primer is
opposing (Figure 1). The primer design is analogous to
semi-nested PCR, but the reaction is conducted in a
single step using all three primers simultaneously. The
internal primer functions as a confirmatory probe, be-
cause it was created at a defined distance � from the
external primer. A pair of amplicons differing in size by
the � value are indicative of a true translocation/mutation.
Nonspecific products are highly unlikely to produce the
appropriate pair of amplicons.

Using the BCL2-IGH translocation of follicular lym-
phoma as a model, we prepared two upstream primers
for each of four breakpoint hot spots of the BCL2 gene, to
be paired simultaneously with a common, downstream
VLJH primer in the IGH gene (Figure 1A and Table 1). The
original breakpoint hot spots, MBR and mcr (including
MBR1, MBR2, mcr1, and mcr2), were chosen as a proof
of principle for �-PCR. The breakpoint primers for MBR1,
MBR2, mcr1, and mcr2 were initially tested individually
and then were multiplexed together. PCR products were
detected by capillary electrophoresis (ABI 3100 system,
Applied Biosystems, Foster City, CA). Each of the up-
stream pairs has a different � value, uniquely identifying
the hot spot involved. The presence of two amplicons
with a defined size difference (18 bp, 24 bp, 39 bp, and
33 bp for MBR1, MBR2, mcr1, and mcr2, respectively)
confirms validity of the rearrangement, even if signal
strength is low. Real-time PCR and/or direct sequencing
were also performed to validate the amplicons.

IGH Translocation

Primer ratio Reference

-3= 1 16
3= 1 13†

ACC-3= 2 13†

1 35†

1
3= 4 13†

3= 1
4 13

CCCCAG-3=). The expected size difference between products amplified
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A second model system was tested to validate identifi-
cation of insertion/deletions. Two forward primers, an inter-
nal primer labeled with the fluorochrome FAM (blue) and an
external primer labeled with HEX (green), were paired with
a reverse primer for the detection of the ITD mutation of the
FLT3 gene (Figure 1B). The internal primer and reverse
primer have been described by Murphy et al.17 The external
primer was 5=-ACTGACTCATACTTTCATCTCTGAAGC-3=.
The designed � value between the peaks amplified from the
external and internal primers is 25 bp. The amplicons were
isolated by a molecular fraction collecting tool using a re-
configured ABI 310 automated sequencer as described
previously,19 and the presence of the ITD mutation was
confirmed by direct sequencing. Amplicons from normal
control DNA samples showed a pair of peaks (blue at 327/
328 bases and green at 352/353 bases) indicating the wild-
type allele. A pair of peaks with size greater than 327/328
bases and a � value of 25 bases would indicate the pres-
ence of a bona fide ITD mutant allele.

Materials

FFPE tissues from 40 patients with a diagnosis of nodal
follicular lymphoma were tested for BCL2-IGH translo-
cation using �-PCR and standard real-time PCR. The
diagnoses were according to standard histological and im-
munophenotypic criteria, including immunohistochemical
studies and/or flow cytometry analysis on each case.20

FFPE tissues from six patients with follicular hyperplasia and
six patients with other hematological malignancies (two with
acute lymphocytic leukemia, two with chronic lymphocytic
leukemia, and one each with Burkitt lymphoma, plasma-
blastic lymphoma, and mantle zone lymphoma) were used
as negative controls. DNAs from human B-cell lymphoma
cell lines SU-DHL-4, SU-DHL-6, and SU-DHL-16 (DSMZ,
Braunschweig, Germany) were used as positive controls for
MBR2, MBR1, and mcr2 breakpoint rearrangements, re-
spectively. DNA was also extracted from frozen normal
lymph node tissues for serial dilution with cell line DNA to
test analytical sensitivity.

DNA was isolated from the peripheral blood and bone
marrow white cells of three patients with acute myeloid
leukemia. Detection of the ITD mutation using conven-
tional PCR17 was done in our routine clinical diagnostic
laboratory. In each case, there were multiple peaks with
sizes greater than that of the normal allele, including
peaks with very low relative abundance. DNA samples
from four lymphoblastoid cell lines created in our labora-
tory (LCL53, LCL60, LCL71 and onc3286) were used as
controls.

PCR

DNA used for detection of the BCL2-IGH translocation
was extracted from tissue blocks using xylene/ethanol
deparaffinization followed by proteinase K digestion, heat
inactivation at 97°C for 10 minutes,21 and further cleanup
using a QIAamp DNA Blood Mini Kit (Qiagen, Valencia,
CA). DNA used for detection of the ITD mutation was
extracted by a QIAamp DNA Blood Mini Kit. PCR reac-

tions were performed in a 20-�L total volume containing
5 pmol of forward primer, 5 pmol reverse primer, 1.5
mmol/L MgCl2, 0.2 mmol/L each deoxyribonucleotide,
0.5 units AmpliTaq Gold DNA polymerase, and 2.0 �L
buffer (Applied Biosystems). Samples containing 20 or
50 ng DNA were subjected to 40 cycles of denaturation
(95°C, 30 seconds), annealing (57°C for translocation
detection using DNA samples extracted from FFPE tis-
sues, 62°C for translocation detection using DNA sam-
ples extracted from frozen lymph node tissues, and 56°C
for ITD detection, 30 seconds), and extension (72°C, 60
seconds). The total amount of each set of paired forward
primers used for multiplex �-PCR was 5 pmol; the ratio of
the paired forward primers is given in Table 1. Each DNA
sample extracted from paraffin was tested for quality
using PCR primers designed for human �-globin (ampli-
con of 264 bases determined by capillary gel electro-
phoresis) as described previously.22

Capillary Electrophoresis

One microliter PCR products, 0.5 �L ROX size standard,
and 8.5 �L deionized formamide were mixed according to
the manufacturer’s protocol (Applied Biosystems), heated
at 95°C for 2 minutes, and placed on ice for at least 1 minute
before electrokinetic injection (45 seconds for translocation
detection and 20 seconds for ITD detection) into the ABI
3100 genetic analyzer. The size and positions of peaks on
the electropherogram were analyzed using GeneMapper
v4.1 analysis software (Applied Biosystems).

Real-Time PCR

Primers and probes were designed to detect BCL2-IGH
translocations with a breakpoint in MBR1. Primers were
MBR1int (forward, Table 1) and VLJH (reverse, Table 1);
the probe was 5=-6FAM-CTGTTTCAACACAGACCCA-
MGBNFQ-3= (Applied Biosystems, modified from Ladetto
et al).16 Real-time PCR reactions were performed in a
15-�L total volume containing 3 pmol each primer, 1.5
pmol probe, 2.5 mmol/L MgCl2, 0.2 mmol/L each deoxy-
ribonucleotide, 0.5 units AmpliTaq Gold DNA polymer-
ase, and 1.5 �L buffer (Applied Biosystems). Samples
containing 20 ng DNA were subjected to 45 cycles of
denaturation (95°C, 30 seconds), annealing (57°C, 30
seconds), and extension (72°C, 60 seconds). The fluo-
rescent signal was detected by the 7900HT Sequence
Detection System (Applied Biosystems).

DNA Sequencing

PCR products were purified using QIAquick columns
(Qiagen) and were cycle sequenced using ABI BigDye 3
according to the manufacturer’s protocol and resolved on
an ABI 3700 system at the Synthesis and Sequencing
Facility, Johns Hopkins University. Sequences were an-
alyzed using Sequencher 4.8 software (Gene Codes Cor-

poration, Ann Arbor, MI).
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Results

Detection of BCL2-IGH Translocation by
Conventional PCR

The individual forward primers along with the universal
reverse primer VLJH (MBR1ext/VLJH and MBR1int/VLJH
for MBR1, MBR2ext/VLJH and MBR2int/VLJH for MBR2,
mcr1ext/VLJH and mcr1int/VLJH for mcr1, and mcr2ext/
VLJH and mcr2int/VLJH for mcr2) were first tested using
DNA from cell lines SU-DHL-4, -6, and -1616,23 carrying
breakpoints in MBR2, MBR1, and mcr2, respectively. The
monoplexed capillary electrophoretic analysis of SU-
DHL-6 revealed only 219-bp and 237-bp PCR products
amplified by MBR1int/VLJH primers and MBR1ext/VLJH
primers, respectively (data not shown). The 18-bp differ-
ence between the PCR products confirmed that the
breakpoint of SU-DHL-6 is in MBR1. Similarly, mono-
plexed capillary electrophoresis also showed the ex-
pected size differences between PCR products amplified
from SU-DHL-4 using MBR2ext/VLJH and MBR2int/VLJH
primers (24 bp difference), and SU-DHL-16 using
mcr2ext/VLJH and mcr2int/VLJH primers (33 bp differ-
ence). There is no readily available cell line control for
translocations involving the mcr1 hot spot; however, one
of our clinical cases (case 19) does have such a trans-
location. Analysis of this case by �-PCR for the mcr1
breakpoint using mcr1ext/VLJH and mcr1int/VLJH prim-
ers revealed 220 bp and 260 bp PCR products (with the
anticipated 39 � 1 bp difference). Sequencing of the
amplicons also confirmed the BCL2-IGH translocation
breakpoints of cell lines SU-DHL-4, -6, and -1616,23 and
clinical case 19 at MBR2, MBR1, mcr 2, and mcr1, re-
spectively (data not shown).

Analytic Sensitivity of Multiplex �-PCR for
Detection of BCL2-IGH Translocation

The paired forward primers were mixed with reverse
primer VLJH for �-PCR and tested at relative ratios of the

Figure 2. Analytic sensitivity of �-PCR for BCL2-IGH translocation. Genomic
DNA (250 pg, or 40–50 cell equivalents) from cell lines SU-DHL-6 (A),
SU-DHL-4 (B), and SU-DHL-16 (C) (positive control for MBR1, MBR2, and
mcr2 breakpoints, respectively) was subjected to multiplex �-PCR and ana-
lyzed by electrophoresis (ABI 3100 system, Applied Biosystems, Foster City,
CA) with 45-second electrokinetic injection. Blue peaks are �-PCR products
(� numbers indicate amplicon size difference in base pairs) and red peaks
are size markers. The presence of two peaks with size difference of �18 � 1

bp, �24 � 1 bp, and �33 � 1 bp indicates BCL2-IGH translocation with
breakpoints at MBR1, MBR2, and mcr2, respectively.
paired forward primers from 1:4 to 4:1 to produce two
expected amplicons of approximately the same peak
heights (Table 1). The sensitivity for each set of �-PCR
primers designed to detect breakpoints at MBR1, MBR2,
and mcr2 was at least 40–50 cell equivalents using the
appropriate cell line diluted into distilled water or at least
5 � 10�3 using the appropriate cell line diluted into DNA
samples extracted from frozen normal lymph node tis-
sues (data not shown).

Multiplex �-PCR was performed by mixing all eight
forward primers together with the reverse primer. Each
control cell line yielded a pair of peaks with the expected
size difference and little background noise. The analytic
sensitivity of multiplex �-PCR was also at least 40–50 cell
equivalents (Figure 2) or 5 � 10�3. The average peak
heights of the two amplicons tested in five replicate re-
actions with 45-second injections were 1529 and 3678
relative fluorescent units (RFU) (range, 738–2216 and
1530–5472) for MBR1, 1328 and 2654 RFU (range, 836–
1779 and 1184–3791) for MBR2, and 522 and 790 RFU
(range, 371–800 and 593–1259) for mcr2.

To further demonstrate that our multiplex �-PCR has an
acceptable analytic sensitivity, we compared conven-
tional PCR (forward primer MBR1int and reverse primer
VLJH) and multiplex �-PCR (mixture of eight forward
primers and reverse primer VLJH) using real-time PCR.
The cycle threshold Ct values (mean of triplicates) of cell

Figure 3. Representative cases with MBR1, mcr1, and mcr2 breakpoints
detected by �-PCR. DNA (20 ng) extracted from cases 36 (A), 19 (B), and 30
(C) and from a case with lymphoid hyperplasia (D) was subjected to multi-
plex �-PCR and analyzed by capillary electrophoresis with 45-second elec-
trokinetic injection. Cases 36, 19, and 30 were positive for MBR1 (�18 � 1

Table 2. Results of Multiplex �-PCR on Clinical Formalin-Fixed,
Paraffin-Embedded Samples

Breakpoint
Follicular lymphoma

(n � 40)
Negative control

(n � 12)*

MBR1 20 0
MBR2 0 0
mcr1 1 0
mcr2 1 0

*6 cases of lymphoid hyperplasia and 6 cases of hematological ma-
lignancies other than follicular lymphoma.
bp), mcr1 (�39 � 1 bp), and mcr2 (�33 � 1 bp), respectively, based on the
size difference of the two amplicon peaks.
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line SU-DHL-6 (10 ng) and of three clinical cases (cases
8, 12, and 22) with an MBR1 breakpoint (20 ng) were
similar: 30.7, 31.4, 32.2, and 32.6 for conventional PCR
and 31.9, 31.6, 32.4, and 32.9 for multiplex �-PCR.

Detection and Localization of Breakpoints in
Patients with Follicular Lymphoma

We tested 40 FFPE specimens from follicular lymphoma
cases using multiplex �-PCR (Table 2). Half of the cases
carried breakpoints at the MBR1 (20 cases); the mcr1 (1
case, 2.5%) and mcr2 (1 case, 2.5%) breakpoints were
much less common (Table 2 and Figure 3). No cases with
the BCL2-IGH MBR2 translocation were identified. Se-
quencing of the amplicon from case 30 confirmed the
breakpoint at mcr2 and, as already indicated, sequence
confirmation of the mcr1 translocation in case 19 was ob-
tained. Although the peak heights of the two amplicons from
case 4 were very low, at 492 and 277 RFU, the presence of
two peaks (245 bp and 263 bp) with a size difference of 18
bp verified the validity of the breakpoint at MBR1 (data not
shown). All 12 control cases were negative for BCL2-IGH
translocation at all four breakpoints.

Real-Time PCR

All cases were subjected to MBR1-specific real-time PCR
to confirm breakpoints at MBR1. The results of real-time
PCR from control cases and follicular lymphoma cases
were consistent with those from multiplex �-PCR, except
for lymphoma case 36 (Table 3). This case showed no
amplification by real-time PCR but had two relatively
small peaks at 82 and 101 bp amplified by multiplex
�-PCR (Figure 3A). Amplicons from all other cases of
follicular lymphoma with breakpoints at MBR1 were larger
(ranges, 109–245 bp and 127–263 bp for amplicons am-
plified from primers MBR1int/VLJH and MBR1ext/VLJH,
respectively). This suggested that case 36 had a break-
point close to one of the primers. Sequencing of the
amplicons confirmed that this was true: the breakpoint
was located 9 bp 5= to the real-time PCR probe and thus
prevented annealing of the probe (data not shown).
These results indicate that the clinical diagnostic sensi-
tivity at MBR1 using multiplex �-PCR is at least as good
as real-time PCR, and the diagnostic specificity with re-
gard to reactive lesions, leukemias, and lymphomas
other than follicular lymphoma is 100% (95% CI, 70%–

Table 3. Comparison between Real-Time PCR and Multiplex
�-PCR

Real-time
PCR

Multiplex �-PCR

Follicular lymphoma Negative control

MBR1 (�) MBR1 (�) MBR1 (�) MBR1 (�)

Positive 19 0 0 0
Negative 1* 20 0 12

*Discrepancy between real-time PCR and multiplex �-PCR.
100%) (proportional confidence interval with continuity
correction, http://faculty.vassar.edu/lowry/VassarStats.html,
accessed on Aug. 11, 2010).

Detection of Multiple Minor Leukemic Clones
with ITD Mutation by �-PCR

Apparent multiple ITD mutations in acute myeloid leukemia
patients are occasionally detected using conventional PCR
in our routine clinical laboratory. DNA samples from three
such cases were subjected to �-PCR. Multiple ITD muta-
tions, likely representing individual subclones, were con-
firmed by each pair of peaks with a size difference of de-
fined �, 25 bases in this design (Figure 4). The sensitivity for
detection of minor clones is �1% of the wild type. The minor
clones were isolated by a molecular fraction collecting tool
using a reconfigured ABI 310 automated sequencer, and
the presence of different ITD mutations was further con-
firmed by sequencing (data not shown).

Discussion

PCR and RT-PCR can be extremely sensitive and specific
assays for the detection of tumor-specific chromosomal
translocations. Several variants of PCR have been designed
to improve sensitivity, specificity, and throughput. The de-
velopment of real-time PCR was a significant advance for
molecular diagnostic laboratories.24–26 The combination of
a fluorochrome-labeled probe and the real-time detection of
fluorescence after each cycle of PCR increases not only the
sensitivity and throughput but also the specificity of the
PCR. In addition to its widespread application in the quan-
titative detection of microorganisms and minimal residual
cancer cells,27,28 real-time PCR has become an alternative
to traditional Southern blot analysis for the detection of
translocations with varied sizes of PCR products amplified
from different tumor clones, such as BCL2-IGH in follicular
lymphoma.29

Several probes and paired primers are needed for
translocations with more than one common breakpoint or
for assays using small DNA targets, such as fragmented
templates extracted from FFPE tissues. Furthermore, the

Figure 4. Detection of multiple minor leukemic clones with internal tandem
duplication mutation by �-PCR. The two wild-type peaks were 328 bases
(blue) and 353 bases (green). Four mutant clones (M1, M2, M3, and M4) were
detected. Each clone has one blue peak and one green peak, with a � value
of 25 bases. The peak height ratio of M4/M2 was 6.4%, ratio of M2/wild-type
was 6.2%, and the ratio of M4/wild-type was 0.4% (6.4% � 6.2%). *The red
striped line within the 353-base wild-type peak indicates off-scale height. The

PCR product was therefore diluted fivefold and reinjected into the ABI 3100
genetic analyzer (data not shown) to calculate the ratio of M2/wild-type.

http://faculty.vassar.edu/lowry/VassarStats.html
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number of multiplexed probes is limited by the fluoro-
chrome detection channels of the real-time machine. In
the present study, we developed a new strategy, �-PCR,
using two upstream primers for each potential breakpoint
hot spot, to be paired simultaneously with a common,
downstream primer. The presence of two peaks with the
expected size difference (when analyzed by capillary
electrophoresis) indicates the specific amplification of
PCR products from the defined breakpoint locus. Be-
cause only a single fluorochrome-labeled oligonucleotide
is needed, the assays can be easily multiplexed to detect
multiple breakpoints in a single PCR reaction.

The t(14;18) rearrangement resulting in fusion of the
BCL2 and IGH genes is detectable in 80% to 90% of follic-
ular lymphoma by a variety of methods.30–33 Several mo-
lecular assays, including nested PCR, Southern blot analy-
sis using probe hybridization, multiplex PCR, and real-time
PCR have been developed to identify the BCL2-IGH trans-
location.13,16,29,34,35 Nested PCR and Southern blot analy-
sis are not desirable in molecular diagnostic laboratories,
however, because manipulation of the first PCR product
could be a serious source of contamination, and probe
hybridization is time-consuming. Real-time PCR using a
TaqMan-based (Applied Biosystems) or LightCycler-based
assay has been a very useful tool for the detection of min-
imal residual follicular lymphoma cells carrying the BCL2-
IGH translocation.16,29,36,37 Although real-time PCR can be
applied as a diagnostic assay to confirm the presence of
BCL2-IGH translocation, multiple probes and paired prim-
ers are needed, because of the multiple and widely sepa-
rated loci of the breakpoint in the BCL2 gene.13 Multiplex
PCR is an alternative strategy for detecting most break-
points of BCL2-IGH translocations. The BIOMED-2 protocol
was developed to detect BCL2-IGH translocation with
breakpoints at MBR1, MBR2, 3=MBR1, 3=MBR2, 3=MBR3, or
3=MBR4, as well as 5=mcr, mcr1, or mcr2 loci using multi-
plexed PCR reactions in three separate tubes.9,13–15 The
accompanying nonspecific PCR bands may complicate in-
terpretation of the results, however. In the present study, we
have shown that �-PCR can provide both high specificity
and a multiplexed format.

We have tested FFPE specimens from 40 cases of follic-
ular lymphoma with previously unknown t(14;18) status, us-
ing multiplex �-PCR to detect breakpoints at the MBR1 (20
cases), MBR2 (0 cases), mcr1 (1 case), and mcr2 (1 case)
loci of the BCL2-IGH translocation. The analytic sensitivity of
�-PCR is at least 40–50 cell equivalents or 5 � 10�3 for the
breakpoints at MBR1, MBR2, and mcr2. The clinical diag-
nostic sensitivity for the detection of breakpoints at MBR1
using multiplex �-PCR is at least as good as real-time PCR,
and the diagnostic specificity is 100% (95% CI,
70%–100%). The overall results in the present study were
consistent with studies of larger patient populations. Wein-
berg et al38 reported BCL2-IGH translocation of 236 pa-
tients with histologically confirmed follicular lymphoma us-
ing real-time PCR; translocation within MBR and mcr was
found in 50% and 5% of patients, respectively. Van Dongen
et al13 studied a total 124 patient of t(14;18)-positive follic-
ular lymphoma and found that 67% and 9% had a break-

point within the MBR and mcr, respectively. In principle,
�-PCR for other BCL2-IGH breakpoint loci could be
developed.

The strategy of �-PCR will also be useful for other
translocations with a few widely separated breakpoints,
such as the CCND1-IGH translocation in mantle cell lym-
phoma,11,13 and for insertion/deletion mutations of varied
size, such as the ITD of the FLT3 gene and small inser-
tion/deletion and duplication mutations of the transcrip-
tion factor gene GATA1 and Wilms’ tumor 1 (WT1) gene in
leukemia or myelodysplastic syndrome.17,18,39–43

In our molecular diagnostic laboratory, we have seen
cases of FLT3 mutation with multiple small peaks in ad-
dition to a major ITD mutant peak. In the present study,
we applied the �-PCR strategy to these cases and
showed that these small peaks are indeed minor clones
with different ITD mutations, rather than artifacts. �-PCR
has a great advantage over real-time PCR in this situa-
tion, because most clinical samples have wild-type al-
leles that interfere with mutation detection. Using the
strategy described here, multiplex �-PCR can be used to
detect and distinguish, simultaneously, the small inser-
tion/deletion mutations of the FLT3, GATA1, and WT1
genes of a leukemic clone.

With some modification, the �-PCR method may be
more broadly applicable, such as in analyzing the spe-
cies-specific length polymorphisms in the internal tran-
scribed spacer 2 (ITS2) region of the rRNA genes for
rapid identification of fungal infection. For samples with
suspected infection but low fungal loads, such as periph-
eral blood and cerebrospinal fluid, �-PCR can be useful
in distinguishing low-frequency amplicons from back-
ground nonspecific amplification.44–46

In summary, we have developed the strategy of �-PCR to
determine the specific breakpoint of BCL2/IGH transloca-
tion in a single multiplexed PCR reaction with high analytic
sensitivity and detection specificity and sensitivity. The ad-
dition of more primers can expand the multiplex to include
other, rarer loci of known BCL2/IGH translocations without a
loss in specificity. The strategy of �-PCR can also be ap-
plied to other translocations or insertion/deletion mutations.
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