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Mantle cell lymphoma is an aggressive B-cell lymphoma for which the biology is incompletely understood.
Previous studies have reported that somatic hypermutation of the variable region of the immunoglobulin heavy
chain gene (VH), as commonly defined as o98% homology, can be detected in approximately one-third of
mantle cell lymphoma, although the VH mutation status has not been found to significantly correlate with patient
survival. In this study, we assessed VH mutation in 55 mantle cell lymphomas using a method slightly different
from those used in the previous studies, and we came to different conclusions. Using DNA extracted from
formalin-fixed/paraffin-embedded tumors in all cases, we identified monoclonal IGH bands in 54 of 55 cases
with the FR1c/JH primer; a monoclonal IGH band was amplified using another IGH primer set, FR256/JH, in the
remaining case. Cloning was performed in all cases, and an average of six clones were sequenced and analyzed
for each case. Intraclonal heterogeneity was detected in 45 (82%) cases. Further analysis was performed in 53
cases, in which a predominant IGH species was identified. Most (32 of 53 cases, 60%) cases were ‘mutated’, with
o98% homology. VH1-69, VH4-59 and VH3-74 were utilized in 29 (55%) cases. Intraclonal evolution and non-
productive VH rearrangements were more frequent in the mutated group. Patients with the ‘mutated’ genotype
had longer overall survival (P¼ 0.017, Log rank) that is independent of the international prognostic index. To
conclude, our data suggest that the VH mutation frequency in mantle cell lymphoma may be higher than
previously believed. Importantly, using our methodology, we found that the VH mutation status may be a useful
prognostic marker for these patients.
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Mantle cell lymphoma is a distinct clinicopatholo-
gic entity recognized by the World Health Organiza-
tion Classification Scheme.1 The genetic hallmark of
this disease is the chromosomal abnormality, the
t(11;14)(q13;q32), which results in cyclin D1 over-
expression.2 Using transgenic mouse models, two
research groups have shown that enforced cyclin D1
expression in B cells is not sufficient for lympho-
magenesis.3,4 Recent studies, including a number of

oligonucleotide array studies, revealed additional
biochemical abnormalities in mantle cell lympho-
ma, such as defects in the apoptotic pathway, cell
cycle progression and DNA repair.5–10 To further
understand the biology of this type of B-cell
neoplasm, one approach is to examine the somatic
hypermutation of the variable region of the immu-
noglobulin heavy chain (VH) gene. In chronic
lymphocytic leukemia, it has been shown that a
subset of cases has relatively high levels of VH

somatic mutation, and mutated cases were asso-
ciated with better clinical outcome when using
o98% homology as the cutoff.11–14 More recently,
several large studies were performed to examine the
VH mutation status in mantle cell lymphoma; using
o98% homology (compared to the germline se-
quences) as the cutoff, it was found that 29–34% of
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mantle cell lymphoma have relatively high rates of
VH mutation.15–18 In contrast to chronic lymphocytic
leukemia, no strong correlation was identified
between the degree of VH homology and patient
survival, although one study revealed a significant
correlation between the use of VH3-21 and a better
clinical outcome.15 These studies also identified a
bias in the utilization of specific VH gene segments
in mantle cell lymphoma, with VH3-21 being the
most frequently utilized region. These findings
implicate a role of antigen stimulation in the
lymphomagenesis of these tumors.

In this study, we assessed the VH somatic muta-
tion status in a cohort of mantle cell lymphomas
collected in one institution, using a slightly mod-
ified protocol described in a recent study,19 that is
different from those used in most of the previous
studies. First, in contrast with all of the previous
studies examining VH mutations in mantle cell
lymphoma, we employed FR1c/JH to amplify the
IGH monoclonal species, as this primer set has been
reported to be more sensitive than most of the IGH
primer sets employed in the previous studies.20

Second, we employed DNA extracted from paraf-
fin-embedded tumors in all cases, whereas a mixture
of DNA and RNA templates was used in most of the
previous studies. Third, we performed cloning in all
cases, whereas direct DNA sequencing was used in
the vast majority of the cases in the previous studies.
For cases with o98% homology, we analyzed the
predicted amino-acid sequence to determine the
ratio of replacement mutations vs silent mutations,
which allow us to determine if the pattern of VH

mutations resembles that of memory/antigen-
selected B cells or that of germinal center B cells
before substantially going through the antigen
selection process. Our data revealed that 60%
of our cases carried the VH-mutated genotype using
a cutoff of o98% homology, and this frequency
is higher than those reported previously. Although
we also identified a bias of VH utilization in
our cohort, some of the most commonly utilized
VH regions in our cohort do not overlap with
those identified in the previous studies. Impor-
tantly, we identified a significant correlation be-
tween the VH-mutated genotype and longer overall
survival.

Materials and methods

Patients and Tumor Samples

All mantle cell lymphoma cases initially diagnosed
at the Cross Cancer Institute between 1993 and 2005
were identified, and a total of 55 cases with
sufficient materials were included in this study.
All tumors were formalin-fixed and paraffin-em-
bedded, and all of the tissues used in this study have
been histologically confirmed to be composed of
mostly lymphomatous tissues. The diagnosis of all

cases was made in accordance with World Health
Organization Classification Scheme.1 By immuno-
histochemistry, all of the cases were positive for
CD20, CD5/CD43, cyclin D1 and negative for CD23.
All tumors were derived from solid organs and the
vast majority (490%) of the cases were nodal
diseases, with four cases diagnosed as the blastic
variant. The diagnosis of all cases was confirmed
by three hematopathologists (RL, HMA, YM). The
study was reviewed and approved by the institu-
tional ethics committee.

DNA Extraction, Polymerase Chain Reaction and
Cloning

DNA was extracted from formalin-fixed, paraffin-
embedded tumors using the QIAamp DNA Mini kit
(Qiagen, Mississauga, ON, Canada) according to the
manufacturer’s recommended protocol, except that
paraffin was removed with three washes of HemoDe
(Fisher Scientific, Pittsburg, PA, USA) instead of
xylene. Polymerase chain reaction (PCR) was per-
formed using 0.5 mg of extracted tumor DNA, the
HotStarTaq Master Mix Kit (Qiagen) and the FR1c
primer set.20 If no monoclonal IGH bands were
obtained, FR256 was used as the alternative IGH
primer set. Forty PCR cycles were performed using
an annealing temperature of 551C. Amplified mono-
clonal bands were detected on 8% polyacrylamide
gels, excised and DNA was subsequently extracted
from the gel using the QIAquick Gel Extraction Kit
following the ‘user-developed’ protocol described
online (www.qiagen.com). Cloning of the mono-
clonal IGH products was performed in all cases.
Extracted DNA was ligated into the pGEM-T vector
(Promega, Madison, WI, USA) and subsequently
transformed into DH5a cells (Invitrogen, Carlsbad,
CA, USA). Five to 12 clones were chosen and
inoculated into 10ml of laurier broth with 150 mg/ml
of ampicillin overnight with shaking at 371C. The
cloned plasmids were extracted using the QIAprep
Spin Miniprep Kit (Qiagen). DNA sequencing was
performed using the BigDye Terminators (ABI3100,
San Jose, CA, USA).

Analysis of the IGH Sequences

The DNA sequence from each clone was aligned to
the immunoglobulin gene sequence database
(www.ncbi.nlm.nih.gov/igblast). The germline VH

region possessing the highest homology to the
DNA sequence being analyzed was regarded as the
VH region utilized. Each individual clone was given
a degree of homology compared to its most closely
related specific germline VH region, and the degree
of homology was expressed as a percentage. For
each case, the most frequently utilized VH gene
segment was designated as the predominant VH

species, and an average of the homology percentages
for all the clones belonging to the predominant
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species was determined. Assessment of intraclonal
evolution was based on the DNA sequences of Z3
clones, in which stepwise increases in the number
of mutations were observed, as suggested pre-
viously.21 Data from 450% of our cases were
generated by two individuals performing experi-
ments at different times, and their results correlated
in all cases. In addition, the vast majority of the
mutations in each case were consistent among all of
the predominant clones, and thus, these mutations
were not generated as a result of Taq errors.

Analysis of VH Somatic Mutations

Excluding clones that were non-productive (as
defined as point mutations or frameshifts that result
in premature stop codons), the amino-acid se-
quences for all clones were determined using the
ChromasPro sequence analysis software (Technely-
sium Pty Ltd, Tewantin, Australia). As described
previously,19 we assessed changes in the IGH
sequence compared to the germline using two
methods established for B-cell lymphomas,22,23 on
the basis that non-antigen-selected B-cells are
expected to preferentially possess mutations leading
to replacement of amino acids (ie replacement
mutations) over silent mutations in the complemen-
tary determining regions. In contrast, memory- or
antigen-selected B-cells will be expected to prefer-
entially possess silent mutations over replacement
mutations in the framework regions, to minimize
dramatic alterations to the immunoglobulin struc-
ture. One method (accessible at www-stat.standfor-
d.edu/immunoglobulin) gives the probability of the
observed mutation pattern that is generated by
chance only; thus, a P-value of o0.05 is regarded
as significant and strongly indicative of an antigen-
selected (‘memory B-cell’) genotype. The other
method calculates the ratio of the sum of replace-
ment mutations to the sum of silent mutations (R/S
ratio) in the framework regions, and an R/S ratio of
o1.1 correlates with an antigen-selected or memory
B-cell genotype whereas an R/S ratio of 41.9
correlates with a genotype seen in non-antigen-
selected, germinal center B-cells.22 The presence or
absence of clones with non-productive IGH was also
documented for each case.

Statistical Analysis

Various clinical parameters were compared between
cases with relatively low levels of homology (ie
o98%) vs cases with relatively high levels of
homology (ie Z98%) using Fisher’s exact test or
the Spearman rank correlation test. Survival data
were calculated from the date of initial diagnosis
until the last follow-up or death. Kaplan–Meier
survival analysis and log-rank analysis were per-
formed to assess the prognostic values of various
parameters in our series. Multivariate analysis using
the Cox proportional hazards model was performed
to assess the significance of the somatic mutation
status as predictors of survival while adjusting for
the other clinical parameters with hazard ratios with
95% confidence limits. The P-value was calculated
as two-sided.

Results

IGH Rearrangements and VH Somatic Hypermutation

Using the primer set FR1c/JH, 54 of 55 cases show
amplifiable monoclonal IGH bands. Amplifiable
PCR product was obtained in the remaining one
case using the IGH primer set FR256/JH. On average,
six clones were sequenced and analyzed for each
case. Of these 55 cases, a predominant species was
identified in 53 cases; the remaining two cases were
composed of a mixture of single clones of different
VH gene segments. Of the 53 cases that had a
predominant VH clone, 32 (60%) cases had o98%
homology and 21 (40%) cases had Z98% homology,
based on the average homology for the predominant
clones. For those 32 cases with the mutated
genotype, 12 had o96% homology, 8 had Z96 to
97% and 12 had Z97 to o98%.

We identified an obvious bias in the utilization of
specific VH regions in the predominant clones of
these 53 cases, with VH1-69 (11 of 53 cases, 21%),
VH4-59 (10 of 53 cases, 19%) and VH3-74 (eight of
53 cases, 15%) being the most frequently used. As
shown in Table 1, the use of these VH regions was
not random, and in fact correlated with the degree of
VH homology. Notably, all 10 cases positive for VH4-
59 had Z98% homology, whereas all eight cases
positive for VH3-74 had o98% homology. All 11

Table 1 Correlation between the degree of VH homology and the utilization of specific VH regions in 53 mantle cell lymphomas

Degree of homology o96% Z96 to o97% Z97 to o98% Z98 to 100%

VH 1-69 (11 cases, 21%) 0 0 5 6
VH 4-59 (10 cases, 19%) 0 0 0 10
VH 3-74 (8 cases, 15%) 0 5 3 0
VH 3-34 (3 cases, 6%) 1 1 1 0
Other VH regions 11 2 3 5
Total cases for each category of VH homology 12 8 12 21

% of the total cases 60% (32 of 53 cases) 40% (21 of 53 cases)
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cases positive for VH1-69 had Z97% homology.
One of the less frequently utilized VH regions,
VH3-34, was also found only in cases with o98%
homology.

To further characterize the nature of the VH

mutations identified in these 53 cases, we deter-
mined the R/S ratio for the predominant species
from each case. As described in Materials and
Methods, an R/S ratio of o1.1 is associated with
memory- or antigen-selected B cells whereas an R/S
ratio of 41.9 is associated with germinal center B
cells without substantially going through antigen
selection. As illustrated in Figure 1, clones with an
R/S ratio of 41.9 were found predominantly in
cases with relatively high levels of homology. For
instance, none of the case with clones carrying
o95% homology and only 20% of cases with 95%
to o96% homology had clones carrying an R/S ratio
of 41.9. Up to 92% of cases with 96 to o98%
homology contained clones that had an R/S ratio of

41.9. Conversely, cases carrying clones with an R/S
ratio of o1.1 were most frequently found in those
with o95% homology, and the frequency of cases
carrying clones with an R/S ratio of o1.1 decreased
gradually with increasing degrees of homology, up
to o98%. Using the alternative method published
by Lossos et al,23 11 of 32 mutated cases had a P-
value of o0.05 whereas none of the 21 unmutated
cases had a P-value of o0.05, and this difference is
statistically significant (0.002, Fisher’s exact test)
(Table 2).

As illustrated in Table 2, non-productive IGH
rearrangements involving Z1 clone were detectable
in 26 of 53 (49%) cases overall, with 22 of 32 (71%)
cases carrying o98% homology and four of 21
(19%) cases carrying Z98% homology; the differ-
ence between the two groups of mantle cell
lymphoma is statistically significant (P¼ 0.0007,
Fisher’s exact test). Most of the non-productive
IGH rearrangements were due to creation of pre-
mature stop codons, large deletions or insertions.
Intraclonal evolution was identified in nine of 46
(20%) cases, with seven of 28 (25%) cases carrying
o98% homology and two of 18 (11%) cases carrying
Z98% homology; the difference between the two
groups of tumors is not statistically significant
(P¼ 0.45, Fisher’s exact test).

Clinical Data

Of the 53 patients studied in detail, 47 were men
and six were women, with a median age of 64 years
(range, 41–88 years). At follow-up, 30 patients had
died and 23 were alive. Most (89%) patients were
treated with CHOP (cyclophosphamide, doxorubi-
cin, vincristine and prednisone) or chlorambucil
alone. The median follow-up for those who were
alive at the last follow-up was 24 months (range,
2–63 months). The median time to death was 13.5
months (range, 1–83 months). Other data regard-
ing the clinical stage, international prognostic
index, splenomegaly, leukemic disease (defined
by 45� 109/l absolute lymphocyte count) are
illustrated in Table 3. No significant correlation
was identified between the degree of homology

Figure 1 The histogram summarized the percentage of cases
within each VH mutational category that carried clones with an
R/S ratio of o1.1 or 41.9. There is a trend for increasing
frequency of cases carrying an R/S ratio of 41.9 with increasing
the degree of homology, and vice versa for cases carrying clones
with an R/S ratio of o1.1.

Table 2 Comparison of the VH mutations in mantle cell lymphoma with o98 or Z98% homology

Degree of homology P-value

o98% Z98 to 100%

Non-productive clone (n¼ 53) 22 of 32 cases, 71% 4 of 21 cases, 19% 0.0007
Intraclonal evolution (n¼46) 7 of 28 cases, 25% 2 of 18 cases, 11% 0.45
Stanford methoda (cases with a P-value o0.05) 11 of 32 cases, 34% 0 of 21 cases 0.002

a
The Stanford method (www-stat.standford.edu/immunoglobulin), as described in the Materials and methods, gives the probability of the
observed mutation pattern in the framework regions and complementary determining regions that is generated by chance only; thus, a P-value of
o0.05 is regarded as significant and strongly indicative of an antigen-selected (‘memory B-cell’) genotype.
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(categorized based ono98 orZ98%) and these clinical
parameters. We also had four cases with blastoid
morphologic features in our series, but no signifi-
cant correlation was found between these blastic
cases and the degree of homology, probably owing to
the small number of this morphologic variant.
Interestingly, if a degree of homology of Z97%
(instead of 98%) was used as the cutoff, we found a
significant correlation between the presence of
leukemic involvement and a high degree of homo-
logy, as none of the 20 cases with o97% homology
had leukemic involvement, compared to seven of 31
cases with Z97% homology (P¼ 0.034, Fisher’s
exact test).

Correlation between Clinical Parameters and the VH

Mutation Status

Using Fisher’s exact test, categorical comparison
was also performed using various clinical para-
meters, and the results are summarized in Table 3.
The prognostic value of IGH mutation in mantle cell
lymphoma was assessed using the log-rank test, and
the results are illustrated in Figure 2. Cases with
Z98% homology had a significantly shorter overall
survival than those with o98% homology
(P¼ 0.017). The use of different degrees of homology
as the cutoff yielded no statistically significant
correlation between the VH mutation status and the
overall survival. Using univariate analysis, we also
examined the prognostic values of other clinical
parameters including patient age (o60 years vs Z60
years at the time of initial diagnosis) (P¼ 0.40),
clinical stage (stage 0–II vs stage III–IV) (P¼ 0.80)
and international prognostic index (0–2 vs 3–5)
(P¼ 0.26). Only the performance status was pre-
dictive of survival (P¼ 0.021, Log rank). Lactate
dehydrogenase level marginally correlated with
survival (P¼ 0.052). Using multivariable analysis
(Cox proportional hazards analysis), the prognostic
value of VH mutation status was independent of
performance status and the international prognostic
index, as summarized in Table 4.

Discussion

Although the t(11;14)(q13;q23) chromosomal ab-
normality and cyclin D1 overexpression are consis-
tent findings in mantle cell lymphoma, more
recently published data suggest that the pathogen-
esis of this disease likely involves defects of multi-
ple cellular pathways which are incompletely
understood. Analysis of VH mutation has been
shown to yield important insights into the biology

Table 3 Clinical features of 53 mantle cell lymphoma patients and their correlation with the VH mutation status

Degree of homology P-value

o98% Z98 to 100%

Median age (n¼ 53) 65.5 years 64.0 years NS
Clinical stage III/IV (n¼51) 26 of 31 cases, 84% 19 of 20 cases, 95% 0.38
IPI score (Z3)(n¼42) 8 of 25 cases, 32% 9 of 17 cases, 53% 0.21
Leukemic diseasea (n¼ 51) 3 of 31 cases, 10% 4 of 20 cases, 20% 0.41
Splenomegaly (n¼ 48) 6 of 28 cases, 21% 8 of 20 cases, 40% 0.21
Performance status (Z1) (n¼48) 6 of 30 cases, 20% 5 of 18 cases, 28% 0.72
B symptoms (n¼47) 6 of 27 cases, 22% 8 of 20 cases, 40% 0.21
Gender M¼29, F¼ 3 M¼ 18, F¼ 3 0.67

F, female; IPI, international prognostic index; M, male; NS, nonsignificant.
a
Leukemic disease was defined as 45� 109/l in the absolute white cell count.

Figure 2 Kaplan–Meier survival analysis for 53 mantle cell
lymphoma patients, with a comparison between those with
Z98% homology vs those with o98% homology.

Table 4 Multivariable analysis of survival incorporating the VH

mutation status performance status and international prognostic
index

Hazard ratio P-value

Mutated vs un-mutated 3.71 0.01
Performance status (o1 vs Z1) 1.64 0.45
International prognostic index 1.05 0.93
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of B-cell neoplasms. As VH mutations normally
occur in the germinal centers and this process is
dependent on antigen stimulation and T-cell con-
tribution, detection of the VH-mutated genotype in a
B-cell neoplasm implicates a significant role of
antigenic stimulation during lymphomagenesis. On
the other hand, the finding of the unmutated VH

genotype in a B-cell neoplasm may suggest a relative
lack of antigenic stimulation during lymphoma-
genesis (ie antigen-inexperienced B cells), or the
existence of biochemical defects leading to an
impairment of the VH somatic hypermutation pro-
cess.

In mantle cell lymphoma, several previous studies
have demonstrated that a relatively high rate of VH

mutations, commonly defined as o98% compared
to the VH germline sequences, is detectable in up to
one-third of the cases. In our study, we also found
that a subset of mantle cell lymphoma had the
mutated genotype, although the frequency of VH

mutation is substantially higher in our study (ie
60%). This discrepancy is likely multifactorial,
although we believe that differences in the metho-
dology contribute greatly to this discrepancy. First,
cloning was not performed in most of the cases
evaluated in the previous studies, presumably
because RNA templates were used. As there is
clonal heterogeneity in mantle cell lymphoma, as
revealed by a previous study16 and our current
study, the cell clone analyzed may not be the
representative or predominant IGH species. Based
on our experience from this study, the lack of
cloning may lead to significantly different results.
As pointed out by Camacho et al,16 the presence of
clonal heterogeneity may be secondary to the failure
of allelic exclusion, as reported in chronic lympho-
cytic leukemia.24 Second, DNA templates were used
uniformly in all cases in our study, whereas a
mixture of RNA and DNA templates were used in
most of the previous studies.15,17,18 We believe that
results from the use of RNA templates may yield
different results from the use of DNA templates, as
different rearranged IGH species may be transcribed
at different rates and thus they may be represented
differently at the RNA level. To this point, we have
recently performed parallel studies using RNA
template as well as DNA templates from 12 cases
of mantle cell lymphoma, and our results are in
keeping with this concept (manuscript in prepara-
tion). Third, the use of different IGH primers may
contribute to the discrepancies between the results
of our study and those published previously. In our
study, we primarily employed FR1c, which has been
reported to be more sensitive than the other
commonly used IGH primer sets.20 In keeping with
this concept, at least one of the previous studies
reported that successful amplification of the mono-
clonal IGH gene was found in only 65 of 80 cases
evaluated,17 whereas our study successfully ampli-
fied all but one case. We also have considered the
possibility that different IGH primers may have bias

toward amplifying different VH regions. Lastly, all of
the four previous large studies were from European
centers,15–18 and we cannot exclude the possibility
that the North American population (as in this
study) may have different characteristics than their
European counterparts.

Similar to the previous studies, we identified a
strong bias for specific VH utilization in mantle cell
lymphoma. These three VH regions were utilized in
55% of the cases examined. In the study by
Camacho et al,16 five VH regions, including VH3-21,
VH4-34, VH3-23, VH4-59 and VH4-39, account for
47% of their cases. Similar findings were reported
by other studies, with VH3-21, VH4-59 and VH4-34
being most commonly implicated.15,18 In our study,
we also identified a strong bias for VH4-59, but
we identified VH1-69 and VH3-74 as the most
frequent utilized VH regions, neither of which were
highly represented in the previous studies. These
discrepancies may be attributed to methodological
differences, as described above. Alternatively, as
discussed above, it is also possible that the differ-
ences in the VH utilization are related to variations
in the pattern of antigenic stimulation between the
North American patients (as in the current study)
and the European patients (in the previous studies).
Of note, other than VH4-59, the two most frequently
utilized VH regions in the European studies (namely
VH3-21 and VH4-34) were identified in our study,
although their frequencies were relatively low (2
and 6%, respectively). We also identified that
various VH regions correlate with the degree of
homology. As summarized in Table 1, VH4-59 was
restricted to the unmutated cases. At least one other
report describes similar findings.16

We detected a significant correlation between the
degree of VH homology and overall survival. Using
o98% homology as the cutoff, mutated cases had a
significantly longer overall survival. Multivariate
analysis showed that the prognostic value of VH

mutation was independent of the patient age,
performance status, international prognostic index
and clinical stage. Thus, this finding is analogous to
that of chronic lymphocytic leukemia.14 Interest-
ingly, o98% was found to be the only cutoff that
resulted in a significant correlation between survi-
val and the VH mutation status.

Our findings support the concept that antigen
stimulation most likely plays a role in the develop-
ment of mantle cell lymphoma. Evidence to support
this concept came from the finding of a relatively
high rate of VH mutations in a subset of these
tumors. Analysis of ongoing intraclonal evolution
and the presence/absence of non-productive IGH
has provided additional evidence. We identified
nine of 46 (20%) cases carrying evidence of
intraclonal evolution, including two of 18 cases
(11%) in the unmutated group. Whereas other
studies did not come to the same conclusions,
cloning was not performed in most of these studies
and thus, the presence/absence of intraclonal evolu-
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tion simply cannot be assessed. At least one study
reported similar observations.25 With regards to our
method of interpretating intraclonal evolution, we
required at least three clones showing stepwise
increment of mutations, as described previously.
Thus, it is highly unlikely that these changes are due
to Taq error.

The findings of both intraclonal evolution and
non-productive IGH rearrangements in the unmu-
tated group are rather surprising to us. These
findings raise the possibility that a subset of the
unmutated cases may not be antigen-inexperienced,
as creation of non-productive IGH rearrangement
and intraclonal evolution are features of germinal
center B cells that are dependent on antigen
stimulation. Thus, many mantle cell lymphomas
may in fact be derived from the germinal centers,
rather than the mantle zones. Based on these
findings, we speculate that antigen stimulation
occurs during the lymphomagenesis in at least a
proportion of these highly homologous cases, but
the reason for their lack of mutated phenotype may
be related to defective machinery responsible for
somatic hypermutation. In this regard, activation-
induced cytidine deaminase has been shown to be
important in mediating somatic hypermutation.26,27

In chronic lymphocytic leukemia, there is evidence
that cases with high IGH homology express activa-
tion-induced cytidine deaminase differently from
cases with relatively low homology (o98%),28 and it
has been suggested that this enzyme is defective in a
subset of the highly homologous cases and this
biochemical defect accounts for their unmutated
phenotype. Similar defects may occur in mantle cell
lymphoma and these defects may account for the
relative lack of VH somatic mutation in a subset of
unmutated cases. A recent paper has shown data
related to the expression of activation-induced
cytidine deaminase in mantle cell lymphoma;
although the expression pattern of this enzyme is
variable among these tumors, there was no signifi-
cant correlation between the pattern of expression
and the degree of VH homology.29 Nevertheless, the
number of cases included in this study was
relatively small, and further studies are probably
needed to clarify this issue.
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