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Background and Objective. Molecular analysis by
PCR of monoclonally rearranged immunoglobulin (Ig)
genes can be used for diagnosis in B-cell lympho-
proliferative disorders (LPD), as well as for monitor-
ing minimal residual disease (MRD) after treatment.
This technique has the risk of false-positive results
due to the background amplification of similar
rearrangements derived from polyclonal B-cells. This
problem can be resolved in advance by additional
analyses that discern between polyclonal and mon-
oclonal PCR products, such as the heteroduplex
analysis. A second problem is that PCR frequently
fails to amplify the junction regions, mainly due to
somatic mutations frequently present in mature
(post-follicular) B-cell lymphoproliferations. The use
of additional targets (e.g. Ig light chain genes) can
avoid this problem.

Design and Methods. We studied the specificity of
heteroduplex PCR analysis of several Ig junction
regions to detect monoclonal products in samples
from 84 MM patients and 24 patients with B cell
polyclonal disorders. 

Results. Using two distinct VH consensus primers
(FR3 and FR2) in combination with one JH primer,
79% of the MM displayed monoclonal products. The
percentage of positive cases was increased by ampli-
fication of the V�-J� junction regions or �de rearrange-
ments, using two or five pairs of consensus primers,
respectively. After including these targets in the het-
eroduplex PCR analysis, 93% of MM cases displayed
monoclonal products. None of the polyclonal samples
analyzed resulted in monoclonal products. Dilution
experiments showed that monoclonal rearrange-
ments could be detected with a sensitivity of at least
10–2 in a background with >30% polyclonal B-cells,
the sensitivity increasing up to 10–3 when the poly-
clonal background was < 1% of polyclonal B-cells.

Interpretation and Conclusions. Heteroduplex analy-
sis of PCR amplified products is a simple and quick
alternative for detecting monoclonally rearranged Ig

genes in MM. This can be applied for diagnosis of B
cell LPD and as a previous step in MRD strategies.
©1999, ferrata Storti Foundation
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B-cell lymphoproliferative disorders (LPD) can
generally be diagnosed by routine cytomor-
phologic examination and/or by immunophe-

notyping.1 The latter technique is based on expres-
sion of particular antigens, including the expression
of surface and cytoplasmic immunoglobulins (Ig),
which, in addition to cell lineage identification, can
confirm the monoclonality of the cell proliferation
based on Ig light chain restriction.2,3 There are, how-
ever, some cases in which it is difficult to establish
the monoclonality by immunophenotyping due to
the absence of Ig expression, presence of oligoclon-
ality, poor quality of the sample, or low numbers of
tumor cells.2 Tumor cells in B-cell LPD are derived
from a single malignantly-transformed cell, with the
implication that the Ig gene rearrangements of all
malignant cells are identical.3 The molecular analy-
sis of such rearrangements can be used to prove or
exclude the monoclonal nature of the proliferation.
So far, this has generally been assessed by Southern
blot (SB) analysis, which is a highly reliable but time-
consuming and labor-intensive method.3 This is the
reason why PCR amplification of the junction
regions of Ig genes is increasingly being investigated
as an alternative to SB analysis.4-9

Although PCR techniques can be sensitive and fast,
they have two major drawbacks in diagnostic clonal-
ity studies of Ig genes. Firstly, there are false-positive
results due to the background generated by the
amplification of rearranged Ig genes in polyclonal,
reactive B-lymphocytes. Several methods have been
used to solve these problems including direct
sequencing of PCR products,4,10-12 single-strand con-
formation polymorphism (SSCP),13,14 denaturing gra-
dient gel electrophoresis (DGGE),15-18 temperature



gradient gel electrophoresis (TGGE),19 gene scan-
ning,4,10,20,21 and heteroduplex analysis.22-27 Among
these techniques, heteroduplex analysis has proved
to be a simple, fast, and cheap method for analysis of
PCR products in the case of rearranged TCR genes.22-

25 The second problem is that rearrangements involv-
ing particular V gene segments might remain unde-
tected when only consensus primers for this region
are used. This is mainly due to the existence of primer
mismatches within the FR3 and FR2 regions originat-
ing from somatic mutations, which occur frequently
in mature post-follicular B-cell proliferations.28-36

In heteroduplex analysis, PCR products are dena-
tured at high temperature and subsequently renatured
to induce homo- or heteroduplex formation. Origi-
nally the heteroduplex technique was designed for
mutation screening in genetic diseases,37 but it has
also been applied in clonality assessment, e.g. in T-
cell lymphoproliferative disorders.22-25 Heteroduplex
analysis enables discrimination between PCR prod-
ucts derived from monoclonal and polyclonal lym-
phoid cell populations, based on the presence of
homoduplexes (PCR products with identical junction
regions) or a smear of heteroduplexes (derived from
PCR products with heterogeneous junction regions),
respectively.22-25

As mentioned above, the heteroduplex technique
has  been used to assess monoclonality in T-cell pro-
liferations, as well as in precursor B-cell acute and
chronic lymphoid leukemias. The experience in
mature (post-follicular) B cell LPD is, however, still
limited, especially in MM.26,27 MM is perhaps the best
example of a monoclonal B cell disorder, since the
monoclonal characteristic can be assessed not only
at the molecular genetic level, but also in the protein
product. In addition, its tumor cells frequently carry
somatic mutations in the VDJ rearranged segments,
which is the most frequent source of false negative
results in monoclonal diagnosis by PCR amplifica-
tion. Thus, it seems to be the perfect source of sam-
ples for standardization and evaluation purposes in
monoclonal diagnosis. In the present paper we ana-
lyze the value of heteroduplex PCR analysis in bone
marrow samples from MM patients as positive con-
trols, using lymph nodes from reactive disorders as
negative controls. In addition, the sensitivity of the
heteroduplex analysis of Ig genes was also evaluated,
as well as the quality of the PCR products to obtain
the sequence of the CDR3 region, in order to assess
its hypothetical applicability in MRD strategies.

Design and Methods

Cell samples
Cell samples were obtained from bone marrow

aspirates of 84 MM patients and from lymph node
biopsies of 24 patients with reactive disorders. The
diagnosis of MM was made according to the criteria
of the Chronic-Leukemia-Myeloma-Task-Force,38 imply-

ing the presence of a monoclonal component in the
urine and/or serum immunoelectrophoresis in all cas-
es analyzed. PC count was determined based on
strong positivity of the CD38 antigen and the pres-
ence of intracellular single Ig light chains (Ig� or
Ig�).39 The monoclonal serum component was IgG in
46 patients, IgA in 25, and IgD in 1. The remaining
12 patients had only monoclonal Ig light chains. The
serum or urine monoclonal Ig light chain was � in
64% and � in 36%.

Samples from 24 reactive lymph node biopsies
were used as controls of B-cell polyclonality with high
numbers of polyclonal B-cells. The number of B-cells
in the samples was determined by flow cytometry
based on the cell surface expression of CD19 antigen,
as reported elsewhere.39 Those samples with less than
30% polyclonal B-cells were not included in the study.
The polyclonality of the samples was confirmed
through the absence of B cell disorders in the patients
(clinical diagnosis and outcome) together with the
absence of surface Ig light chain restriction.

DNA preparation and Southern blot analysis
Standard proteinase K digestion, phenol-chloro-

form extraction and ethanol precipitation3,40 were used
to isolate high molecular weight DNA. For Southern
blot (SB) analysis, 10 µg of DNA were digested with
the BglII and BamHI/HindIII restriction enzymes, size
fractionated and blotted to nylon membranes as
described elsewhere.3,41 The blots were hybridized with
the 32P-labeled IGHJ6 and IGKDE probes (DAKO,
Carpinteria, CA, USA) and auto-radiographed for 72
hours.42,43 All samples were analyzed by this method in
order to confirm not only their B-cell monoclonality or
polyclonality but also the presence of a sufficient num-
ber of clonal cells in the monoclonal samples.

PCR amplifications
In all samples, two PCR analyses of the VDJ region

of the Ig heavy chain (IGH) gene were performed on
500 ng of genomic DNA. Two consensus VH-JH
primer pairs were used for these amplifications: FR3-
JHc and FR2-JHc (Table 1). PCRs were performed in
a 50 µL final volume containing: 200 µmol/L of
oligonucleotide primers, 200 mmol/L of each deoxy-
nucleotide triphosphate, 2 mmol/L MgCl2 and 1.5 U
of Taq polymerase (Promega, Madison, WI, USA) in
PCR buffer (50 mmol/L KCl, 10 mmol/L Tris-HCl,
1% Triton). Amplifications with the FR3-JHc primer
pair were performed in a Perkin Elmer Cetus 9600
thermal cycler. The initial denaturation was of 5 min-
utes at 94ºC, followed by 35 cycles, consisting of 45"
denaturation at 94ºC, 45" annealing at 55ºC and
45" extension at 72ºC, and a final extension at 72ºC
for 10 minutes. When the FR2-JHc primer pair was
used, the temperature conditions were denaturation
at 94ºC for 60", annealing at 63ºC for 60" and exten-
sion at 72ºC for 60", with the same initial denatura-
tion and final extension.

If no amplification was obtained, a third PCR was
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carried out in order to amplify the VJ junction regions
of rearranged Ig � light chain (IGL) gene. For this pur-
pose, two PCRs were performed with the V�1-J�c and
V�2-J�c primer pairs, as described by Tumkaya et al.
(manuscript in preparation, Table 1). The final vol-
umes and concentrations were the same as described
above, with the exception of the final primer con-
centration, which was 100 nmol/L. The temperature
conditions for amplification were as described.26

If still no amplification was obtained, a final trial
was carried out using Ig � light chain (IG�) gene
rearrangements of the �-deleting element (�de) as
target.26 For this purpose, five PCRs per sample were
carried out, using five primer pairs in which the
oligonucleotide kde was used combined with the
V�1, V�2, V�3, V�4 and Ig�RS primers as described
by Beishuizen et al.26 The primer combinations and
temperature program were as described.26

In order to test whether PCR products had been
obtained after each amplification, 10 µL of the final
reaction were analyzed by electrophoresis in a 2% Nu
Sieve agarose gel (FMC, Rockland, ME, USA) in tris-
borate electrophoresis buffer (TBE) and visualized
under UV light after staining with ethidium bromide.
In all experiments, negative (sterile distilled water)
and positive controls were used.

Heteroduplex analysis
For heteroduplex analysis, PCR products were

denatured at 94ºC for 5 min and subsequently
cooled at several temperatures (40ºC, 20ºC and 4ºC)
to induce duplex formation.22-27 Briefly, the homo-
and/or heteroduplexes were immediately loaded on
a 6% non-denaturing polyacrylamide gel in 0.5 � Tris-
Boric acid-EDTA (TBE) buffer, and run at room tem-
perature. The visualization of products was made by
silver nitrate staining (fixation for 6’ in a 0.5% acetic
acid, 10% ethanol solution, staining for 15’ in a 0.1%
AgNO3 solution, development for 20’ in a 0.15%
formaldehyde, NaOH 1.5% solution, and final fixation
for 10’ in a 0.75% Na2CO3 solution). High DNA
Mass-Ladder™ (Life Technologies, Inching, UK) was
used as the DNA size marker.

Sensitivity studies
To determine the sensitivity of the heteroduplex

PCR technique, several dilution experiments were per-
formed. DNA from samples which yielded mono-
clonal products were serially diluted into two types of
polyclonal DNA: 1) DNA extracted from polyclonal
lymph nodes with more than 50% polyclonal B-cells,
which were considered to be samples with a high
polyclonal B-cell background, and 2) DNA extracted
from the granulocyte phase of Ficoll separated cells
from normal peripheral blood samples, with less than
1% of polyclonal B cells, which were considered to be
samples with a low polyclonal B-cell background.
These two types of serial dilutions subsequently
underwent the same heteroduplex PCR analysis, and
the sensitivity limit of the technique was considered
to be the last dilution in which the homoduplex band
was still clearly visible.

Results

Polyclonal samples
All samples from reactive lymph nodes lacked clon-

al Ig rearrangements by SB analysis. PCR analysis of
the Ig gene junction regions produced no amplifica-
tion or PCR products as a strong diffuse band in the
agarose electrophoresis, which was difficult to dis-
tinguish from a real clonal band (Figure 1A). These
problems were largely resolved after heteroduplex
analysis and polyacrylamide gel electrophoresis, since
all 24 polyclonal samples showed no product or a
clearly distinguishable smear without any band at the
position of homoduplexes (Figure 1B).

Multiple myeloma samples
Southern blot analysis
Upon SB analysis, all MM samples showed clonal

IGH gene rearrangements (40 monoallelic and 44 bial-
lelic), confirming the existence of B-cell monoclonali-
ty in all samples. �de was rearranged in 57% of the 84
cases (21% and 36% monoallelic and biallelic
rearrangements, respectively). All cases with biallelic
Kde rearrangements showed an Ig� monoclonal com-
ponent in the serum or urine.
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Table 1. Primers and pairs used for the amplification of the
Ig gene rearranged regions.

Gene Name Primer Ref

IGH VHc Fr3-5´ 5´ CTGTCGACACGGCCGTGTATTACT 3´ 10
VHc Fr2-5´ 5´ TGG(A/G)TCCG(C/A)CAG(G/C)C(T/C)¬

(T/C)C(A/T/G/C)GG 3´ 10
JHc-3´ 5´ AACTGCAGAGGAGACGGTGACC 3´ 10

IGL V�c1-5´ 5´ CAGTCTGTGCTGACTCAGCC 3´ *
V�c2-5´ 5´ CAGTCTGTGCTGACTCAGCC(A/G)C 3´ *
J�c-3´ 5´ TAGGACGGTCAGCTTGGTCCC 3´ *

IGK V� I-5´ 5´ GTAGGAGACAGAGTCACCATCACT 3´ 26
V� II-5´ 5´ TGGAGAGCCGGCCTCCATCTC 3´ 26
V� III-5´ 5´ GGGAAAGAGCCACCCTCTCCTG 3´ 26
V� IV-5´ 5´ GGCGAGAGGGCCACCATCAAC 3´ 26
IgKRS-5´ 5´ GTTATTCCCAAAAGCTCAATCTCAAAG 3´ 26
�-del-3´ 5´ CCCTTCATAGACCCTTCAGGCAC 3´ 26

Primer pairs Amplified fragment sizes

VHc Fr2 - JHc 240-300 bp
VHc Fr3 - JHc 80-150 bp

V�c1 - Jlc 270-350 bp
V�c2 - Jlc 270-350 bp
V� I - �-del 420 bp
V� II -�-del 450 bp

V� III - �-del 450-470 bp
V� IV - �-del 450 bp
IgKRS - �-del 515 bp

*Tumkaya et al., manuscript in preparation.



Monoclonality detection with heteroduplex PCR analysis
After heteroduplex PCR analysis using the primer

pairs for the VDJH junction regions (FR2 and FR3
combined with JHc), 79% of cases (66 out of 84)
showed monoclonal results (Figure 2). Regarding the
value of the different primer pairs assayed, mono-
clonal results were obtained in 58% and 57% of cas-
es when FR3 and FR2 were used, respectively. Positive
results were obtained with both primers in 29 cases.
In the remaining 37 cases, the monoclonal bands
could be seen only with one of the two primer pairs.

In some cases, bands additional to the monoclon-
al homoduplex band could be seen. Such bands were
always located at a size higher than 500 bp, and so did
not complicate the interpretation of the clonal bands,
which always had a size of 80-150 bp and 250-350 bp,
in case of FR3 and FR2 primers, respectively.

PCR amplifications for the VJ� junction regions
were carried out in the 18 samples in which no mono-
clonal bands were obtained for the VDJH region.
Within these cases, monoclonal products were
obtained in 10 (55%) samples. Accordingly, if we

combine the amplification of VDJH and VJ� regions,
monoclonal results were achieved in 90% (76 out of
84) of cases. 

In the remaining 8 cases with previous negative
results, PCR amplification of the junction region of
IG�-�de rearrangements by heteroduplex analysis
resulted in positive results in two additional cases.
Thus, employing the three junction targets, this
methodology was able to produce monoclonal ampli-
fications in 93% (78 out of 84) of the MM samples .

The six cases in which no monoclonal product was
obtained had an Ig� monoclonal component in the
serum, PC were positive for cytoplasmic Ig� by flow
cytometry and no IG�-�de rearrangements were
detected by SB analysis.

Renaturation temperature and sensitivity
We also explored whether the renaturation strate-

gy could influence clonality assessment. For this pur-
pose, PCR amplifications of samples containing five
different proportions of tumor DNA diluted in DNA
with a high polyclonal B-cell background (50%, 25%,
10%, 5% and 0%) were denatured (94ºC, 5 minutes)
and renatured at three different temperatures (40ºC,
20ºC and 4ºC). The renaturation temperature did
not affect the identification of monoclonal bands
when the FR3 primer was used (Figure 3), while clear-
er bands were seen at 4ºC with other primer sets.

Serial dilutions of monoclonal DNA diluted in DNA
from highly polyclonal samples showed a sensitivity of
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Figure 1. Comparison of results in polyclonal samples
between direct agarose gel electrophoresis of PCR prod-
ucts and ethidium bromide staining (top) and polyacry-
lamide gel electrophoresis of PCR after heteroduplex  for-
mation and silver nitrate staining (bottom). Lanes 2 to 5,
polyclonal samples. Lane 1: positive monoclonal control
(arrows indicate the monoclonal band).

Figure 2. Heteroduplex PCR results in MM samples. A,
amplification of VDJH using the FR2 and JHc primers. Posi-
tive monoclonal results are obtained in lanes 1 (positive
control), 3, 4, 5, 6, 7, 8 and 10, while a smear is obtained
in line 2 (negative control) and no amplification is obtained
in lane 9. B, amplification of VDJH using the FR3 and JHc
primers. Positive monoclonal results are obtained in lanes
2 (positive control), 4, 6, 7, 8, 11 and 14, while negative
results are obtained in lanes 1, 3, 5, 9, 10, 12 and 13.



1 to 5�10–2 (identification of the monoclonal band
when only 1% to 5% tumor cells were present in the
sample) (Figure 4A). However, when the dilution exper-
iments were done using dilutions of monoclonal DNA
in DNA from samples with a low number of polyclon-
al B-cells (<1%), the sensitivity of the method reached
at least 10–3 (Figure 4B). These experiments were
repeated using cellular dilutions using a sample with
99% plasma cells and samples with polyclonal B cells
or granulocytes; the results were comparable.

Discussion
Southern blot (SB) analysis of Ig and TCR genes

has long been the only reliable method for molecular
clonality assessment in the screening of lymphopro-
liferative disorders (LPD).3,44 Since it is a long and
labor-intensive method, several PCR based methods
have been designed as alternatives over the last few
years. These techniques, however, do not discrimi-
nate well between monoclonal and polyclonal PCR
products. This problem can be resolved by further
analysis of the PCR products, for example heterodu-
plex analysis. In this approach homo- and heterodu-
plexes are separated in non-denaturing polyacry-
lamide gels based on their tridimensional conforma-
tion. This approach does not require radioactive sub-
strates or expensive equipment, and some reports
have shown the validity of this strategy in T cell LPD,22-

25 as well as precursor B-ALL and B-CLL.26-27 This tech-
nique can be more complicated in mature (post-fol-
licular) B cell LPD due to the frequent existence of
somatic mutations.28-36 However, despite the fact that
the information could be of clinical relevance in these
entities, published information is still limited.

In this paper, we report on the use heteroduplex
PCR analysis of junction regions from rearranged Ig
genes to detect monoclonality in a typical post-fol-
licular LPD, such as MM. This disease was chosen
taking advantage of the facility of selecting standard
samples for monoclonality and the high frequency of
somatic mutations, which makes amplification of the
rearranged regions difficult. The specificity of the
method was demonstrated by analyzing 24 reactive
lymph nodes. None of them showed amplification
or polyclonal smears by heteroduplex analysis,
although they had frequently yielded confusing
(pseudo-clonal) bands in simple agarose electro-
phoresis. These can be interpreted as amplifications
of rearranged regions of reactive B-lymphocytes in
which agarose electrophoresis does not allow the dis-
tinction between polyclonal and monoclonal ampli-
fications. Thus, heteroduplex analysis successfully
eliminates the risk of false-positive results inherent to
the PCR strategy for the diagnosis of monoclonal B
cell LPD.

The second problem of PCR amplification of IGH
junction regions with consensus primers, is the lack
of amplification.4,9,45 For instance, in the  present
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Figure 3. Dilution experiments with heteroduplex PCR analy-
sis at different temperatures. The monoclonal bands can be
seen at around 120 bp. No major differences can be seen
between different renaturation temperatures (40, 20 and
4°C, indicated at the top of the figure).

Figure 4. Dilution experiments of monoclonal samples. Top:
DNA from a monoclonal sample diluted in DNA extracted
from a sample with a high number of polyclonal B-cells. Bot-
tom: DNA from a monoclonal sample diluted in DNA extract-
ed from the granulocyte phase of Ficoll separated cells from
a healthy donor (with <1% of polyclonal B-cells). A sensi-
tivity of at least 4�10–2 and 5�10–4 could be achieved,
respectively.



study, using the FR3 and FR2 consensus primers,
amplification of the VDJ region failed in 42% and 43%
of MM cases, respectively. The most probable cause
of this problem is the existence of primer mismatch-
es within the FR3 and FR2 regions due to the exis-
tence of somatic mutations in these regions, which
are very frequent in mature (post) follicular LPD,28-32

especially in MM.33-36 However, this problem can be
partially resolved by using several consensus primers
or more than one PCR amplification target. Thus,
upon combining the two FR consensus primers, pos-
itive amplification was obtained in 79% of cases.
Moreover, this percentage increased up to 90% and
93% when amplifications of IGL and IG�-�de junc-
tion regions were added. Combination of these
approaches can thus be used for diagnostic and
MRD purposes in the majority of B cell LPD. Higher
percentages up to 100% can probably be reached via
replacement of the V�-J� primer sets by V�-J� primer
sets, because the latter can potentially detect clonal-
ity in the majority of Ig�+ LPD.

We also tested whether or not the temperature at
which denatured fragments renature influences the
heteroduplex results. In the initial descriptions of this
technique, Langerak et al.25 found that high renatur-
ing temperatures could complicate the clonality diag-
nosis. In our experiments, similar results were
obtained, except in the case of amplifications with
the FR3/JHc primer set; with this primer pair, the
temperature had a marginal effect. The reason for
this result could be the size of the PCR product,
which is quite small with this primer pair.

In some PCRs from our study, bands with a size
greater than expected could be seen in the elec-
trophoresis. Such bands did not, however, compli-
cate the interpretation of the results. Their presence
could be due to heteroduplex formation between two
junction VDJ regions (biallelic rearrangement) or to
the amplification of the VDJ junction region from the
next JH segment where the JHc primer can also be
annealed.

Analysis of serial dilutions of tumor DNA in DNA
from samples with a high “background” of polyclonal
B-cells revealed sensitivities of 1-5%, comparable to
previous data from Langerak et al.25 This sensitivity is
enough for initial diagnosis, but it is not sufficient
for detection of minimal residual disease (MRD),
which requires higher sensitivities.46,47 The sensitivity
can, however, be increased up to levels of 10–3 when
the “background” of polyclonal B-cells is virtually
absent (<1%), which is the commonest situation in
patients with MM and other B-cell lymphoprolifera-
tive disorders,48,49 especially after intensive chemo-
therapy treatment.50 Moreover, several approaches
to MRD have shown that very high sensitivities might
not be necessary from the clinical point of view, since
highly sensitive methods can detect tumor cells (in
theory) at very low levels in patients in long-term
complete remission,51 or even in normal individu-

als.52,53 A typical example is the use of PCR for detec-
tion of the t(15;17) in acute promyelocytic
leukemias, since those approaches with a relatively
low level of sensitivity (10–3-10–4) are highly predictive
from the clinical point of view.54 In this way, some
groups are exploring the value of methodologies with
sensitivities around 10–4, such as fingerprinting in the
assessment of MRD in MM.55

This method also facilitates the identification of
clonal sequences by direct sequencing of the PCR
amplified junction regions of the Ig genes (data not
shown). This alternative avoids the need for cloning,
which usually complicates highly sensitive MRD
strategies such as ASO-PCR, since they require
tumor-specific probes or primers.56-58

We conclude that the heteroduplex PCR procedure
of Ig genes employed here is a useful, simple, rapid,
and cheap alternative to Southern blot analysis for
the assessment of clonality in MM, and can be of val-
ue in some MRD strategies.
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