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BIOMED-2 PCR assays for IGK gene rearrangements are essential
for B-cell clonality analysis in follicular lymphoma
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Summary
B-cell clonality analysis is commonly performed by polymerase chain
reaction (PCR) targeting the IGH genes although a high false-negative rate
is recognized for germinal centre/post-germinal centre B-cell malignancies,
especially follicular lymphoma. We assessed the diagnostic value of
BIOMED-2 IGK assays and investigated the cause of IGH PCR failure in
77 patients with follicular lymphoma. Using the full set of BIOMED-2
reactions, clonal immunoglobulin gene rearrangements were detected in 74
(96%) cases. The clonality detection rate was 86% by two IGK reactions but
only 68% by five IGH reactions (P < 0Æ001). Sequencing of the clonal PCR
products showed significantly fewer somatic mutations in the rearranged
IGKV (9/27 cases, 33%, mean mutation rate 0Æ5%) than IGHV (17/17 cases,
100%, rate 11Æ0%) (P < 0Æ01). All IGHV-IGHJ PCR failures occurred in cases
with at least one mutation at the corresponding IGHV primer binding sites.
t(14:18)(q32:q21)/IGH-BCL2 was detected in 50 of 71 (70%) cases and the
presence of the translocation was not associated with the poor performance
of IGH assays. Our results showed that BIOMED-2 IGK assays are
significantly more sensitive than IGH assays in follicular lymphoma due to
the fact that the rearranged IGKV is less frequently targeted by somatic
hypermutation than IGHV, and therefore, are essential in routine clonality
analysis of these lymphomas.
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The immunoglobulin genes, which contain many different
variable (V), diversity (D) and joining (J) gene segments,
rearrange sequentially during B-cell development, with rearrangement of IGH first, followed by IGK. If the rearranged IGK
genes are not functional and IgH/Igj is not expressed, IGKJIGKC or IGKC gene segments are deleted via recombination of
IGKV segments or the IGKJ-IGKC intron with the downstream
IGK deletion element (Kde), and IGL rearrangement proceeds,
resulting in potential expression of IgH/Igk (Alt et al, 1986;
Langerak & van Dongen, 2006). This process implies that the
IGK loci are rearranged in essentially all differentiated B-cells.
Using Southern blotting (Arnold et al, 1983; Cleary et al, 1984;
Williams et al, 1987; Spencer et al, 1989) and polymerase chain
reactions (PCR) (Bourguin et al, 1990; McCarthy et al, 1990;
Trainor et al, 1990; Kuppers et al, 1993), it has been shown
that both the rearranged IGH and IGK are highly sensitive and
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complementary markers in the detection of monoclonal B-cell
proliferations. However, in routine practice IGH is more
commonly used than IGK for PCR-based B-cell clonality
analysis, despite being known to give a high false negative rate
in germinal/post-germinal centre B-cell malignancies (Gong
et al, 1999; Diss et al, 2002; Pai et al, 2005; Amara et al, 2006).
To improve clonality analysis, the European BIOMED-2
study consortium optimised and standardized the PCR-based
analysis of rearranged immunoglobulin and T-cell receptor
genes (van Dongen et al, 2003). One of the most significant
advances made in this study was the targeting of multiple
complementary gene loci. For example, B-cell clonality assays
include analysis of complete IGH V-D-J and incomplete IGH
D-J rearrangements, IGK V-J and Kde-involved rearrangements, and IGL V-J rearrangements. Based on frozen tissues,
the sensitivity of the IGK assays was equivalent to that of the
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IGH assays irrespective of lymphoma subtype and combined
analysis of both loci produced an unprecedented efficacy (van
Dongen et al, 2003; Evans et al, 2007). By applying these assays
to a large series of routine diagnostic specimens, we have also
demonstrated their high sensitivity and specificity in paraffinembedded specimens (Liu et al, 2007). Nevertheless, achievement of a high clonality detection rate in germinal centre/postgerminal centre B-cell lymphomas, particularly follicular
lymphoma, required testing both the IGH and IGK rearrangements. Among the 32 follicular lymphoma cases examined,
clonality was detected in 30 cases (94%) by the full set of B-cell
clonality assays. However, the clonality detection rate was only
57% by all five IGH V-J and D-J reactions but 80% by two
reactions for IGK V-J and Kde-involved rearrangements.
Follicular lymphoma is the second most frequent nonHodgkin lymphoma and clonality analysis may be required to
assist in its diagnosis. However, the best strategy for application of the BIOMED-2 assays to routine clonality analysis in
follicular lymphoma remains to be established. It is also
unknown whether the clonality detection rate by various
BIOMED-2 assays is affected by histological grade of the
lymphoma. Furthermore, the cause for the high false negative
rate of IGH PCR in follicular lymphoma is unclear. Although
somatic hypermutation of the rearranged IGH genes and
involvement of the IGH in translocations have been thought to
account for the failure of IGH PCR, this has never been directly
investigated (Kosmas et al, 1998; van Dongen et al, 2003;
Kuppers, 2003; Bagg, 2008). To address these issues, we
assessed the BIOMED-2 PCR assays in a large cohort of
follicular lymphomas and analysed somatic hypermutations of
the IGHV and IGKV regions and the presence of
t(14:18)(q32:q21)/IGH-BCL2. We then investigated the association of the mutations and translocation with the corresponding PCR failures.

Materials and methods
Patients and specimens
Formalin-fixed and paraffin-embedded specimens from 77
patients diagnosed with follicular lymphoma at the Department of Histopathology, Addenbrooke’s Hospital between
2003 and 2009 were studied. The patients consisted of 35
males (median age 65 years, range 33–89 years) and 42
females (median age 63 years, range 26–94 years) (P > 0Æ05).
The specimens were mostly from lymph nodes (57, 74%) and
the remaining samples were from skin (6%, 8%), gastrointestinal tract (4%, 5%), breast (3%, 4%) and one each from
the spleen, pancreas, omentum, pleura, salivary gland, ocular
adnexa and bone. Follicular lymphoma was diagnosed by
specialist Haematopathologists based on the World Health
Organization (WHO) Classification of Tumours of Haematopoietic and Lymphoid Tissues (Jaffe et al, 2001; Swerdlow
et al, 2008). Three cases originating from the skin were
diagnosed as primary cutaneous follicle centre lymphoma. In

56 cases the tumours could be graded and were classified as
grade 1–2 in 45 cases (80%) and grade 3 in 11 cases (20%).
Twenty-seven cases had been analysed for clonality in a
previous study (Liu et al, 2007). The use of these pathological
specimens for research was approved by the local research
ethics committee.

B-cell clonality analysis
DNA was prepared from paraffin-embedded specimens by
proteinase K digestion as described previously (Liu et al,
2007). The quality of DNA samples was assessed using the
BIOMED-2 specimen control reaction and only samples
yielding control gene PCR products ‡300 bp were included
in the study (van Dongen et al, 2003). B-cell clonality was
determined in duplicate with the full set of BIOMED-2 assays
(InVivoScribe Technologies, San Diego, CA, USA), which
include five reactions targeting IGH [IGHA: FR1 (variable
region framework 1)-J; IGHB: FR2-J; IGHC: FR3-J; IGHD: D1–
6-J; IGHE: D7-J], two reactions targeting IGK (IGKA: V-J; IGKB:
V-Kde and JC intron-Kde) and one reaction for IGL (V-J) (van
Dongen et al, 2003). The PCR products were heteroduplextreated followed by electrophoresis on polyacrylamide gels (Liu
et al, 2007).

Analysis of somatic hypermutation of the clonal
rearranged immunoglobulin genes
Clonal PCR products of IGH V-J and IGK V-J reactions were
sequenced to compare the level of somatic mutations of the
rearranged IGHV and IGKV regions. For mutation analysis of
the IGHV region, clonal products of the IGHA reaction were
directly sequenced. Where the IGHA failed to give a clonal
product, a multiplex PCR using family-specific leader part
primers (IGHV Leader) and J primers (Leader-J) was
performed and the clonal PCR products were sequenced
(Campbell et al, 1992). For cases in which both IGHA and
IGHV Leader-J failed to give a clonal product but IGHB was
clonal, the IGHB products were sequenced.
The IGKA reaction contains six family specific IGKV
primers, which are positioned at different IGKV framework
regions, resulting in different sizes of the PCR products (van
Dongen et al, 2003). The IGKV2f, IGKV4 and IGKV5 primers
are positioned at the FR1 region and clonal products amplified
with these primers are directly sequenced. The IGKV3f primer
is positioned at the FR2 region and IGKV1f/6 and IGKV7
primers are positioned at the FR3 region such that the
resulting PCR products contain very limited IGKV sequences
and are inadequate for mutation analysis. To overcome this
problem, new family-specific primers were designed at the FR1
region of IGKV1f, IGKV3f, IGKV6 and IGKV7 families
(Table S1). All cases that were clonal by BIOMED-2 IGK
V3f, V1f/6 or V7 primers were re-amplified using the newly
designed primers and the resulting PCR products were directly
sequenced.
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The clonal PCR products were extracted from the polyacrylamide gels using the QIAquick Gel Extraction kit
(Qiagen, West Sussex, UK) and sequenced using first the
consensus IGHJ or IGKJ primers and then family specific
IGHV or IGKV primers on an ABI 377 Automated DNA
Sequencer (Applied Biosystems Inc., Foster City, CA, USA).
The sequences were verified and aligned to the germline
sequences of the IGHV or IGKV families and somatic mutation
was analysed using the International ImMunoGeneTics
(IMGT) and GenBank databases.

Analysis of t(14:18)(q32:q21)/IGH-BCL2
t(14:18)(q32:q21)/IGH-BCL2 was examined by BIOMED-2
PCR assays (van Dongen et al, 2003) and/or fluorescence in
situ hybridization (FISH) in all of the cases studied. With the
exception of six cases where there was insufficient tissue, all
PCR-negative cases were examined by FISH as the PCR assays
are known to miss approximately 40% of translocations in
paraffin-embedded materials (Evans et al, 2007). FISH was
performed using the Vysis LSI IGH and BCL2 dual colour
break-apart probes and IGH-BCL2 dual colour dual fusion
translocation probes (Abbott Molecular, Maidenhead Berkshire, UK) (Ye et al, 2003; Bacon et al, 2009).

Statistical analysis
Where applicable, Fisher’s exact test was performed to
compare categorical variables and the one-way analysis of
variance (anova) test was used for analysis of quantitative
variables. Differences were considered significant when the
resulting P value was < 0Æ05.

Results
Detection of clonal immunoglobulin gene rearrangements
Using the full set of BIOMED-2 reactions for B-cell clonality
analysis, clonal immunoglobulin gene rearrangements were
detected in 74 of 77 (96%) cases studied. Three cases (one
cutaneous and two nodal) did not show a clonal immunoglobulin gene rearrangement by any BIOMED-2 reactions
although all were positive for IGH-BCL2 translocation.
Among the 74 cases showing clonal immunoglobulin gene
rearrangements, clonality was detected by IGKA and IGKB in
65% and 62% of cases, respectively, which is much higher than by
any of the IGH and IGL reactions (P < 0Æ003, Fig 1 and
Table S2). The two IGK reactions combined achieved a detection
rate of 86%, whereas three IGH V-J reactions (IGHA + B + C) and
all five IGH reactions (IGHA + B + C + D + E) achieved a detection rate of only 54% and 68%, respectively (all P < 0Æ01).
Combined use of IGK and IGH reactions significantly improved
the detection rate, with addition of IGHB, or both IGHB and
IGHD to the two IGK reactions yielding a detection rate of 93% or
99%, respectively. Maximum sensitivity required combined use
of all reactions, although the contribution of IGHE and IGL
reactions was minimal.
The effect of DNA quality on clonality detection was
examined. IGHA, IGHB, IGKB and IGL showed a lower rate of
clonality detection in cases with control gene PCR products of
300 bp in size (n = 21) than in cases with control gene PCR
products ‡400 bp (n = 53) although none of the differences was
statistically significant (all P > 0Æ18, Table S2). Overall, IGH
reactions performed worse in the group with lower DNA quality
(43% for three IGH V-J reactions and 53% for all five IGH

Fig 1. Rate of detection of clonal immunoglobulin gene rearrangements by individual and combined BIOMED-2 reactions in follicular lymphoma.
IGHA: IGH FR1-J; IGHB: IGH FR2-J; IGHC: IGH FR3-J; IGHD: IGH D1–6-J; IGHE: IGH D7-J; IGKA: IGK V-J; IGKB: IGK V-Kde and JC intron-Kde; IGL:
IGL V-J. *P < 0Æ003, IGKA or IGKB versus any other single reaction; P < 0Æ001, two IGK reactions versus three IGH V-J or all five IGH reactions.
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reactions) than in the group with higher DNA quality (59% and
74%, respectively, all P > 0Æ1). In contrast, the combined IGK
reactions performed significantly better than the combined IGH
reactions in both lower (95%) and higher (83%) DNA quality
groups (all P < 0Æ01, IGKA + B versus IGHA + B + C).
Detection of clonality was correlated with the histological
grade of the follicular lymphomas (Table S2). Whilst the
detection rate of IGH D-J, IGK and IGL reactions was not
affected by the tumour grades (all P > 0Æ05), each of the three
IGH V-J reactions performed worse in grade 3 than in grade
1–2 tumours and combined use of these three reactions
showed a much lower detection rate in the former (18%) than
in the latter group (65%) (P = 0Æ007).

Mutation of clonal rearranged IGHV and IGKV regions
Clonal IGH V-J and IGK V-J products were successfully
sequenced in 17 and 27 cases, respectively, including two cases
amplified using IGHV Leader-J primers and five cases amplified using in-house IGKV primers (Table I). Excluding primer
sites, an average of 205 bp IGHV segment and 144 bp IGKV
segment were analysed for somatic mutations. The IGHV
region was mutated in each of the 17 cases analysed and the
mean mutation rate was 11Æ0% (median 10Æ4%, range 3Æ8–
20Æ3%). The IGKV gene was mutated in nine of 27 (33%) cases
analysed and the mean mutation rate was 0Æ5% (median 0%,
range 0–3Æ2%), markedly lower than that of the IGHV gene
(P < 0Æ001). Eleven cases had both the IGHV and IGKV
sequenced and the mean mutation rate was respectively 10Æ6%
and 0Æ3% (P < 0Æ001). The mutation frequency of the IGHV
and IGKV was not associated with their family gene usage. The
association with grades of the tumour could not be assessed as
only one grade 3 tumour was successfully sequenced for the
IGHV gene (Case 13, mutation rate 7Æ3%).
Distribution of mutation on the IGHV genes was also
analysed. There was no apparent difference in the incidence of
mutations among the FR1 (12Æ9%, n = 11), CDR1 (13Æ5%,
n = 13), FR2 (9Æ2%, n = 15), CDR2 (12Æ7%, n = 16) and FR3
(9Æ9%, n = 17) regions of the IGHV genes (P = 0Æ32). The
numbers of mutations at the primer binding sites are detailed in
Table I. Remarkably, mutations were found frequently at the
FR1 (one of three cases), FR2 (11 of 15 cases) and FR3 (16 of 17
cases) primer sites. The number of mutations at the IGHV
primer sites ranged from zero to 6 and was significantly
associated with failure of the corresponding PCR (P = 0Æ03)
(Table I and Fig 2). Among the 12 PCRs with primer binding
sites having ‡3 mutations, 11 (92%) failed (P < 0Æ01); of the 16
PCRs with primer binding sites carrying 1 or 2 mutations, 3
(19%) failed; and finally, none of the six PCRs without mutation
at the primer binding site showed a corresponding PCR failure.

Detection of t(14:18)(q32:q21)/IGH-BCL2
IGH-BCL2 translocation was detected in 50 of 71 (70%) cases.
All translocation-negative cases were clonal for immunoglob-

ulin gene rearrangements and two of them showed a gain of an
extra copy of the BCL2 locus. The frequency of the translocation was not associated with the site (nodal: 37/52, 71%;
extranodal: 13/19, 68%) or grade (grade 1–2: 33/44, 70%;
grade 3: 8/11, 73%) of the tumours (all P > 0Æ05). The
translocation was also not associated with the overall rate of
clonality detection by IGH or IGK PCR, nor with the mutation
frequency of the IGHV region (all P > 0Æ05). However, the
detection rate of IGH D-J PCR was higher in IGH-BCL2
negative cases (62%) than in IGH-BCL2 positive cases (17%)
(P = 0Æ001, Table S2).

Discussion
The present study confirmed our previous finding from a small
series of cases that the BIOMED-2 IGK assays are far more
sensitive than IGH assays for clonality detection in paraffinembedded specimens of follicular lymphoma (Liu et al, 2007).
Among the 74 cases showing clonal immunoglobulin gene
rearrangements, the clonality detection rate was more than
60% by each of the two IGK reactions and was 86% by
combined use of both reactions, and these rates did not differ
between the grade 1–2 and grade 3 follicular lymphomas. In
contrast, the clonality detection rate was only 54% by three
IGH V-J reactions and 68% by all five IGH V-J and D-J
reactions, and these rates were even lower in grade 3
lymphomas (18% and 36%, respectively). Therefore, exclusion
of IGK assays would have resulted in a failure to detect
clonality in one-third of all cases and in the majority of grade 3
follicular lymphomas studied.
Our results are consistent with those reported by others on
paraffin-embedded follicular lymphoma specimens (Amara
et al, 2006; Halldorsdottir et al, 2007; Berget et al, 2011). In
particular, Halldorsdottir et al (2007) analysed 40 paraffinembedded follicular lymphoma specimens from 19 patients
using BIOMED-2 assays and showed a clonality detection rate
of 35% by three IGH V-J reactions and 93% by two IGK
reactions. The superior performance of IGK PCR in B-cell
clonality analysis has also been demonstrated using nonBIOMED-2 assays (Gong et al, 1999; Diss et al, 2002; Pai et al,
2005; Amara et al, 2006). However, based on frozen materials,
the BIOMED-2 group showed a similar sensitivity between the
IGH (86%) and IGK (84%) assays in follicular lymphomas
(van Dongen et al, 2003; Sandberg et al, 2005; McClure et al,
2006; Catherwood et al, 2007; Evans et al, 2007). Paraffinembedded tissues are less optimal than fresh/frozen tissues for
clonality analysis and the suboptimal quality of DNA might
adversely affect the sensitivity of IGH assays. Although all the
cases included in this study had control gene PCR products of
at least 300 bp, which is thought to be suitable for reliable
clonality analysis using BIOMED-2 assays, (van Dongen et al,
2003) the reactions with larger amplicon size (IGHA: 310–
360 bp, IGHB: 250–295 bp, IGKB: 210–390 bp) tended to
perform worse in the group with lower DNA quality (control
gene PCR products = 300 bp) than that with higher DNA
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IGHV Leader-J
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHA
IGHV Leader-J
IGHB
IGHA
IGHB

IGHV3-30-3*01
IGHV1-2*04
IGHV3-7*02
IGHV1-2*02
IGHV4-34*01
IGHV3-23*01
IGHV1-3*01
IGHV4-59*01
IGHV2-5*01
IGHV3-15*02
IGHV3-53*02
IGHV4-34*01
IGHV1-2*02
IGHV3-15*01
IGHV3-23*04
IGHV3-21*01
IGHV3-48*02

IGHV gene usage

Primer sequences were not included.
PCR performed using in house primers.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
Mean

Case

PCR reaction used
for sequencing

IGHV gene fragment

(11Æ0)

205

(10Æ4)
(14Æ6)
(9Æ9)
(11Æ9)
(6Æ8)
(9Æ9)
(4Æ1)
(15Æ5)
(14Æ0)
(10Æ3)
(9Æ2)
(13Æ6)
(7Æ3)
(11Æ9)
(3Æ8)
(20Æ3)
(14Æ0)

30
32
22
26
15
22
9
34
30
21
17
30
16
35
5
15
16

Mutated (%)

288
219
223
219
220
223
219
219
215
203
185
220
219
295
130
74
114

Sequenced

Base pairs of nucleotide

0

2 ())

FR1

4 ())

1
4
0
1 ())
2
3 ())
1
2
0
1
0
3 ())
2
0

FR2

No. of mutation at
primer site (): PCR
negative)

Table I. Mutation of the clonal rearranged IGHV and IGKV gene fragments in follicular lymphoma.

6
4
1
4
2
2
1
4
2
5
4
2
2
3
1
0
6
())

())

())
())
())

())

())

())
())

FR3

IGK V3-J
IGK V3-J
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA
IGKA

IGKA
IGKA
IGKA
IGK V3-J
IGKA
IGK V1-J
IGKA
IGKA
IGK V3-J
IGKA
IGKA

PCR reaction used
for sequencing

IGKV3-11*01
IGKV3-20*01
IGKV2-30*01
IGKV1-39*01
IGKV2-28*01
IGKV2-28*01
IGKV1-16*01
IGKV1-17*01
IGKV2D-29*02
IGKV3-11*01
IGKV4-1*01
IGKV3-11*01
IGKV1-33*01
IGKV1-39*01
IGKV1-9*01
IGKV3D-20*01

IGKV2-28*01
IGKV1-33*01
IGKV2-30*01
IGKV3D-15*01
IGKV1D-43*01
IGKV1-33*01
IGKV1-39*02
IGKV1-39*02
IGKV3D-20*01
IGKV5-2*01
IGKV4-1*01

IGKV gene usage

IGKV gene fragment

169
198
127
62
62
200
62
62
201
108
193
62
62
62
62
108
142

168
62
200
195
62
159
62
62
198
200
193

Sequenced

(0)
(0)
(0)
(0)
(0)
(0)
(0)
(1Æ6)
(0)
(0Æ5)
(0)

1 (0)
0 (0)
0 (0)
2 (3Æ2)
0 (0)
1 (0Æ5)
0 (0)
0 (0)
5 (2Æ5)
1 (0Æ9)
0 (0)
1 (1Æ6)
0 (0)
0 (0)
0 (0)
0 (0)
(0Æ5)

0
0
0
2
0
0
0
1
0
1
0

Mutated (%)

Base pairs of nucleotide
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Fig 2. Effect of somatic mutations of IGHV gene on IGH V-J PCR in a representative case of follicular lymphoma (Case 4 in Table I). DNA extracted
from paraffin embedded specimens was analysed for B-cell clonality using the BIOMED-2 PCR assays and heteroduplex gel electrophoresis. A clonal
band (within dotted squares on the gel images which indicate the expected size ranges of PCR products for each reaction) was detected by IGHA, IGKA
and IGKB but not by IGHB or IGHC (shown), or IGHD, IGHE and IGL (not shown). The sample was positive for IGH-BCL2 by BIOMED-2 BCL2
MBR-JH primers. The clonal band from IGHA was sequenced and the nucleotide sequence of the IGHV region matches the germline gene IGHV1-2*2.
Sequence identity is indicated by a dash, base differences are shown by letters and BIOMED-2 IGHV1 FR1, FR2 and FR3 primer sites are indicated by
open arrows. Among the 219 nucleotides (excluding FR1 primer sequences) of the IGHV region sequenced, 26 nucleotides (12%) are mutated. The
mutations included one at the 3¢ end of the IGHV FR2 primer site and four at the FR3 primer site, which were most likely responsible for the failure of
the corresponding PCRs. The clonal IGKV gene region (IGKV3D-15*01, Table I) sequenced from the same case showed no mutation (sequences not
shown).

quality (control gene PCR products ‡ 400 bp), whereas those
with smaller amplicon size (IGHC: 100–170 bp, IGKA: 120–
300 bp) showed no difference between the two groups. It was
also shown that the combined IGH reactions performed worse
in the group with lower DNA quality whereas the combined
IGK reactions performed superbly in both DNA groups. These
findings, although statistically not significant, did indicate that
suboptimal DNA quality affects the IGH assay more than the
IGK assay and the IGK assay is more suited to paraffinembedded tissue samples. Small PCR products (140–160 bp)
of the most commonly rearranged IGKV family genes (IGKV1,
used in >50% of normal and malignant B-cells) may have
contributed to the superior performance of IGK assay with
DNA of suboptimal quality (van Dongen et al, 2003). The
same explanation, however, could not apply to the IGHC
reaction, which also amplifies small PCR products. Therefore,
DNA quality is not the only factor accounting for the low
sensitivity of the IGH assay observed. Similarly, limited studies

including direct comparison using paired frozen and paraffinembedded materials show that the effect of DNA quality on the
rate of clonality detection using the BIOMED-2 assays is small
if appropriate quality control is put in place (McClure et al,
2006; Halldorsdottir et al, 2007).
The heteroduplex analysis of PCR products used in this study
might also affect the sensitivity of IGH assays as it is known to
be less sensitive than GeneScan. However, poor performance of
IGH assays has been found using both heteroduplex analysis
and GeneScan analysis (Lukowsky et al, 2006; Halldorsdottir
et al, 2007; Liu et al, 2007). Indeed, heteroduplex gel electrophoresis is the preferred method for analysis of IGK PCR
products due to limited junction diversity of the rearranged
IGK (van Dongen et al, 2003; Berget et al, 2011).
Nonetheless, studies on both paraffin embedded and frozen
materials consistently show that the maximum detection of
clonality in follicular lymphoma requires combined use of
both IGK and IGH assays (McClure et al, 2006; Evans et al,
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2007; Halldorsdottir et al, 2007; Berget et al, 2011). Based on
our data, addition of IGHB and/or IGHD to the two IGK
reactions can improve the clonality detection rate to over 93%
and performing the remaining reactions is only needed for a
small number of clonal cases. Such a stepwise and combined
use of the BIOMED-2 reactions, which had been proposed in
our previous study, (Liu et al, 2007) should be the most
sensitive and cost-efficient strategy for routine clonality
analysis in suspected follicular lymphomas.
For the first time, the present study compared the level of
somatic hypermutation of the clonally rearranged IGH and IGK
and examined the effect of mutation on the success of their
amplification by PCR. Sequencing of clonal PCR products
showed that the IGHV genes were mutated in each of the 17
cases analysed with a mean mutation rate of 11Æ0%, whereas the
IGKV genes were mutated in only nine of the 27 cases analysed
and the mutation rate in these nine cases was much lower
(1Æ4%). Our findings compare well with those of Stamatopoulos et al (1997) who reported a mean mutation rate of 9Æ3%
(range 3Æ7–12Æ6%) for IGHV and 4Æ7% (0Æ4–9Æ1%) for IGKV in
ten cases of follicular lymphoma. Together, these findings are
consistent with the notion that the rearranged IGKV regions are
much less frequently mutated than the rearranged IGHV
regions in follicular lymphoma.(Chapman et al, 1996; Klein
et al, 1998; Riboldi et al, 2003) More importantly, we have
shown direct evidence that the failure of IGH V-J PCR is the
consequence of somatic hypermutation of the IGHV region
because PCR failure was significantly associated with the
number of mutations (‡3) at the primer binding site.
As IGH-BCL2 translocation potentially renders only one
allele of IGH but two alleles of IGK amenable to clonality
analysis, the presence of the translocation in follicular
lymphoma has been thought to account for the difference in
clonality detection rate between IGH and IGK PCR (Halldorsdottir et al, 2007; Bagg, 2008) Our results however do not
support this notion as the presence or absence of the
translocation had no effect on detection of clonal IGH V-D-J
gene rearrangements. The findings of near 100% detection of
clonal IGH V-D-J gene rearrangements in mantle cell lymphomas, a pre-germinal centre B-cell neoplasm characterized
by the presence of t(11:14)/BCL1-IGH translocation and
infrequent somatic mutation in their IGHV, also argue against
any impact of IGH-involved translocation on the clonality
detection (Pai et al, 2005; McClure et al, 2006; Evans et al,
2007; Liu et al, 2007). However, the detection rate of incomplete IGH D-J rearrangements was significantly higher in IGHBCL2 negative cases (62%) than in IGH-BCL2 positive cases
(17%), which is in line with previous findings that incomplete
IGH D-J rearrangements are found much less frequently in
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