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SUMMARY

Immunoglobulin gene somatic mutation leads to antibody affinity maturation through the introduction
of multiple point mutations in the antigen binding site. No genes have as yet been identified that
participate in this process. Bloom’s syndrome (BS) is a chromosomal breakage disorder with a mutator
phenotype. Most affected individuals exhibit an immunodeficiency of undetermined aetiology. The
gene for this disorder,BLM, has recently been identified as a DNA helicase. If this gene were to play a
role in immunoglobulin mutation, then people with BS may lack normally mutated antibodies. Since
germ-line, non-mutated immunoglobulin genes generally produce low affinity antibodies, impaired
helicase activity might be manifested as the immunodeficiency found in BS. Therefore, we asked
whetherBLM is specifically involved in immunoglobulin hypermutation. Sequences of immunoglobulin
variable (V) regions were analysed from small unsorted blood samples obtained from BS individuals
and compared with germ-line sequences. BS V regions displayed the normal distribution of mutations,
indicating that the defect in BS is not related to the mechanism of somatic mutation. These data strongly
argue againstBLM being involved in this process. The genetic approach to identifying the genes
involved in immunoglobulin mutation will require further studies of DNA repair- and immunodeficient
individuals.
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INTRODUCTION

Immunoglobulin genes in developing B cells undergo V(D)J gene
segment rearrangement to create the primary antibody repertoire
composed of highly diverse variable regions that form the antigen
binding sites. Upon exposure to antigen and activating T cells,
reactive circulating B cells home to germinal centres of peripheral
lymphoid organs, where B cell immunoglobulin genes undergo
two additional modifications: isotype switching and V region
hypermutation [1].

Germ-line encoded, non-mutated antibodies are often of low
affinity to the eliciting antigens [1]. Through the process of V
region somatic hypermutation, single point mutations occur at high
rates throughout the rearranged V region and accumulate over
time. Selection for B cells bearing higher affinity antibodies leads
to affinity maturation [2,3], so that highly mutated antibodies
generally dominate the mature antibody response [2,4]. Mutations
tend to accumulate in the hypervariable complementarity-deter-
mining regions (CDR) that have been shown to be the antigen

contact sites [2,3]. The processes of mutation and selection lead to
the clonal expansion of protective antibodies that function effi-
ciently in the immune response. The molecular mechanism of
hypermutation remains unclear. Possible mechanisms invoke DNA
replication or repair, possibly linked to transcription [5]. None of
the proteins involved in the mechanism of hypermutation has as yet
been identified.

Bloom’s syndrome (BS) is a rare autosomal recessive chromo-
somal instability disorder in which somatic cells accumulate large
numbers of mutations in all loci examined [6]. BS cells exhibit
excessive chromosomal breakage and rearrangement with high
rates of both sister chromatid exchange and homologous recombi-
nation, as well as defects in DNA replication and cell cycle
progression. Retardation of the replication fork progress has been
reported as well as an abnormal distribution of DNA replicational
intermediates [6–10]. Cultured BS cells exhibit an increased
sensitivity to DNA-damaging agents that may be attributable to
an impairment in DNA replication, repair, or both [11].

The BS gene,BLM, has recently been isolated and a large part
of the gene displays significant sequence homologies to the RecQ
subfamily of DExH box-containing helicases [11]. The DExH
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family encompasses a wide variety of proteins and some of them,
such as those that are deficient in the diseases xeroderma pigmen-
tosum (XP) and Cockayne’s syndrome (CS), are implicated in
nucleotide excision and transcription-linked or recombinational
DNA repair [12,13]. The helicases are often integral components
of larger protein complexes, in which they function as molecular
motors in ATP-dependent DNA strand separation [14]. They may
also facilitate translocation of the complex along the DNA [14].
The rate of movement at the replication fork is coordinated by the
interaction between helicases and the DNA polymerase, where a
physical link between enzymes is required to mediate a high rate of
progression [14].

One component of the clinical profile in BS is an immune
deficiency of unclear aetiology. Affected individuals often develop
multiple middle ear and respiratory tract infections beginning in
infancy and continuing into childhood. Infections are responsive to
antibiotics and are thus presumed to be bacterial. BS B cells have
been shown to undergo normal immunoglobulin V(D)J rearrange-
ment [15,16]. Patients have low normal or normal serum levels of
IgM, IgG and IgA [17,18]. The chromosomal instability is pre-
sumably responsible for the occurrence of a variety of tumours that
arise at unusually early ages in a large proportion of BS individuals
and renders patients unusually sensitive to chemotherapeutic
agents. Other aspects of the syndrome include short stature, male
sterility with female subfertility, facial sun sensitivity and hypo- or
hyperpigmented skin [6].

We hypothesized that BLM could play a role in immunoglo-
bulin mutation, since the propensity for cancers and for sister
chromatid exchanges is probably associated with defects in DNA
replication or repair pathways involving this RecQ helicase. If
individuals were defective in immunoglobulin hypermutation, the
relative paucity of high-affinity antibodies may well be manifested
as an immune deficiency in antibody-mediated responses, such as
that affecting persons with BS. Here we examine V region
sequences in individuals with BS to determine whether their B
cells can undergo normal immunoglobulin hypermutation.

The approximately 100 human germ-line VH genes are orga-
nized into seven different families based upon sequence homo-
logies. In the present study, we analysed sequences from two well
defined heavy chain V region genes, VH6 and VH26. The VH6
family contains only one member with very limited polymorphism
[19], simplifying identification of mutations. The VH26 gene, also
known as VH18/2, is highly expressed, participates in at least
several antimicrobial responses [20] and belongs to the large VH3
gene family. If mutations in these V genes were abnormal, these
findings would have implicated the BLM protein in the hypermu-
tation process and it would have helped to define a specific defect
in the immunodeficiency found in BS.

SUBJECTS AND METHODS

Study subjects and samples
Blood samples (1–2 ml) were obtained from three individuals with
BS (BS 1–3) from the sample bank at the BS Registry at the New
York Blood Center. BS 1 is a 22-year-old son of consanguineous
parents who has had a history of chronic otitis media requiring
myringotomy tube placement. BS 2 is a 12-year-old with a history
of multiple infections: recurrent otitis media with myringotomy
tube placement, pneumonias, sinusitis and cellulitis. BS 3 is a 21-
year-old with recurrent respiratory tract infections. All three
subjects had serum levels of IgM and IgG and that were in the

low normal range on at least one determination. Blood from each
of the BS subjects was stored in liquid nitrogen with an equal
volume of cell culture medium with DMSO. The control sample
was obtained from a healthy 25-year-old volunteer and was
processed immediately.

RNA isolation and reverse transcriptase-polymerase chain reac-
tion
Total cellular RNA was isolated with TRIzol-LS reagent (GIBCO

BRL, Gaithersburg, MD) according to the manufacturer’s specifi-
cations. First strand cDNA synthesis was performed with SUPER-
SCRIPT II (GIBCO BRL) as directed by the manufacturer with oligo
dT priming using 5–10mg RNA. Polymerase chain reaction (PCR)
was performed with high fidelity Pfu DNA polymerase (Strata-
gene, La Jolla, CA) and 10% DMSO with 35 cycles at 948C for
1 min, 568C for 1 min, 728C for 2 min. The following PCR primers
where used. Two differentg primers were used as the 30 PCR
primer. The 30 primers were: N-g aaactcgaggatcgaattcgctctctcg-
gaggtgctcctgga [21] or R-g aaactcgaggaccttgaccaggcagcccag [22],
both of which amplify the first exon of all fourg-chains. The VH6
50 primer was aaaatcgatctactactactagaggtacagctgcagcagtcaggt
[19]; the VH26 50 primer wasaaaatcgatcgccggatcctgtgaggtgcagctgt
[21,22]. (Underlined bases were added to facilitate cloning.)
Amplified DNA products were gel purified on a 1·2% agarose
gel with Qiaex II (Qiagen, Chatsworth, CA) and cloned into the
plasmid vector, pCR-Script (Stratagene) at the SrfI site. Transfor-
mation was into MutS bacteria (Stratagene) that were mutant for
mismatch repair to ensure cloning stability of possible DNA
heteroduplex strands.

Hybridization
Bacterial colony hybridization was performed in Rapid-hyb Buffer
(Amersham, Cleveland, IL) at 448C and washed at 468C. Internal V
region probes for VH6 and VH26 with the following sequences
were used: for VH26, ctgagactctcctgtgca and for VH6, agaggcctt-
gagtggctg. Hybridizing colonies were selected for sequencing.

Sequence analysis
Plasmid DNA was prepared using Qiagen minipreps. Both DNA
strands were sequenced with T3 and T7 primers using an ABI
automatic sequencer model 377. Sequences were analysed by
Geneworks 2.4 (IntelliGenetics, Mountain View, CA) using
germ-line sequences Genbank accession numbers U00509 and
J04097 for VH26 and VH6, respectively. The analysis excluded
identical sequences obtained from a single subject except to verify
the observed mutations. The CDR3 was not analysed due to its
hypervariability introduced by VDJ joining. To assign mutations
unambiguously and to be certain that the VH genes were correctly
identified, we eliminated from the analysis those VH6 or VH26
sequences that contained 20 or more mutations and had three
consecutive base changes, similar to the approach taken by Wagner
et al. [21]. The remaining sequences with over 20 mutations were
excluded if the clone was<90% identical to the germ-line
sequence. The Mann–Whitney non-parametricU-test was used
for data analysis.

RESULTS

We examined subjects with BS in whom DNA instability leads to
their chromosomal breakage syndrome that includes an immuno-
deficiency. As none of the proteins involved in immunoglobulin
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hypermutation are known, we asked whether the BS gene product
participates in this process. If so, then the pattern of V region
mutations would be abnormal in BS.

V region sequences from three affected individuals were
analysed for the presence and nature of mutations and compared
with those sequences obtained from a normal volunteer. V region
gene sequence analysis using reverse transcriptase (RT)-PCR from
RNA from 1–2 ml of stored frozen blood was possible without
prior cell sorting of B cell populations, greatly facilitating the
procurement of samples from patients with this rare disease.
Specific 50 PCR primers corresponding to different human V
gene families allowed for the isolation of two V genes, VH26 or
VH6, that were compared with the corresponding germ-line
sequences for detection of mutations.

Immunoglobulin gene switching and hypermutation are both T
cell-dependent processes that increase with multiple antigenic
exposures [2]. The use ofg-hybridizing 30 PCR primers selectively
amplifiedg-associated V regions that would be more likely to be
mutated; unmutated V genes associated withm constant regions
from naive circulating B cells would be avoided. Colony hybridi-
zation of cloned PCR products was performed with V region

probes under non-stringent conditions so as not to exclude mutated
sequences.

VH26 analysis
Results of RT-PCR amplification with the VH26 primer yielded
several sequences, all of which were mutated in both the control
and in the BS 1 samples when compared with the germ-line VH26
sequence (Table 1). Representative sequences from BS 1 are
shown in Fig. 1. By the rigorous exclusion criteria described
above, six of the 19 sequences were not definitively VH26 genes;
four from the control and two from BS 1. Four independent
sequences from the control subject VH26 sequence analysis were
compared with nine from BS 1 in Table 1. The mean number and
range of mutations per V region were similar (P¼ 0·94), with a
mean of 13 mutations for the control and 13 for BS 1, with ranges
of 9–18 and 1–23, respectively. The distribution of mutation
throughout the 292 bases analysed appeared normal, as there
were higher proportions of mutations found in the CDRs (Fig.
1). While 23% of total VH26 bases were in the CDRs, these were
preferentially mutated in both the control and BS 1 sequences, with
60% of the total mutations in the control and 46% in BS 1.
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Table 1. Analysis of V region mutations in Bloom’s syndrome (BS)

VH26 VH6

Control BS 1 Control BS 1 BS 2 BS 3

Sequences
Total 8 11 10 3 2 1
No mutations 0 0 1 1 1 1
Excluded 4 2 1 0 0 0
Analysed 4 9 8 2 1 0

Mutations per V region
Average 13 13 11 15 8 –
Range 9–18 1–23 2–20 14–15 8 –
In CDRs 60% 46% 62% 48% 38% –

Transition/transversion
Ratio 1·36 1·24 1·29 1·07 1 –
In framework 3·20 1·82 1·36 1·14 1·5 –
In CDRs 0·82 0·79 1·25 1·00 0·5 –

R/S
Ratio 1·89 2·26 1·64 2·22 1·67 –
Ratio in CDRs 3·57 7·83 2·00 3·67 2·00 –

Mutations in hotspots
Hotspots 54% 46% 34% 38% 63% –
Hotspots in CDRs 74% 72% 42% 50% 100% –

On the left, the comparison of Bloom’s subject 1 (BS 1) VH26 data with data from the control subject. On the
right, the comparison of VH6 of BS 1–3 and the control. Data analysis was performed only on those sequences with
more than zero mutations and that were included based on criteria described in the text. R/S refers to the ratio of
amino acid replacement to non-replacing silent mutations. R/S ratios are normally higher in CDRs than in
framework regions and imply that these mutations were antigen-selected. Hotspot sequences evaluated were
RGYW (R¼ Purine, Y¼ Pyrimidine, W¼ A or T), TAA or TAC. Mutations occurring anywhere within a hotspot
motif were counted as hotspot mutations. For VH26, a total of 280 bases were analysed per sample, containing 75
bases within the CDRs and the remainder in the frameworks. Of the 280 bases, 52 are hot spot bases, with 21 of
these bases occurring within the CDRs. For VH6, a total of 292 bases was analysed per sequence, with 66 of these
within the CDRs. Of the total number, 82 are hot spot bases, with 32 of these bases occurring within the CDRs.



Transition mutations were more frequently seen than transversions
in somatically mutated V regions, whereas an unbiased ratio of
transitionsversustranversions would be 0·5. Here, the transition/
transversion ratios were 1·36 for the control and 1·24 for BS 1,
consistent with the normal preponderance of transitions seen in
mutated V regions [23]. The ratio of replacement to silent muta-
tions, or R/S ratio, was 1·89 for the control and 2·6 for BS 1.
The R/S ratio in the CDRs was 3·57 in the control and 7·83 in BS 1.
As is generally found for V region mutations, multiple single base
substitutions were far more frequent than deletions or insertions
[2]. Subject BS 1 had an in-frame, three base-pair deletion in one
VH26 gene.

The occurrence of mutations within V regions is not random.
Analysis of many mutations from a variety of anti-hapten
responses has demonstrated that there exist preferred sites of
mutation, or ‘hotspots’ [23–25]. One such hotspot is the second
base (G) of the serine codon AGC/T [23,24] within the general
motif of RGYW (R¼ Purine, Y¼ Pyrimidine; W¼ A or T) or in
the sequence TAA or TAC [24,25]. Table 1 shows that a higher

proportion of the mutations seen were in hotspots (46–54%) than
can be accounted for their total number (28%). Most mutations
within the CDRs for VH26 were found in the hotspot sequences
(RGYW, TAA or TAC), even though these hotspots represent
< 50% of the CDR sequences.

Sequences from subject BS 1 represent normal hypermutation,
including the presence of a small genealogy found in bacterial
clones d and e (Fig. 1). These two sequences share 12 common
mutations, with multiple other unique mutations contained within
each clone. Since these two sequences also share the same CDR3
(data not shown), they are likely to have come from B cells derived
from a common B cell precursor. These data are similar to those
often found in hybridoma genealogies [3,26], probably represent a
normal immune response and are probably real mutations and not
genetic polymorphisms.

VH6 analysis
Analysis of the VH6 (Table 1 and Fig. 2) sequences shows results
similar to those obtained from the VH26 data. Here, sequences

Immunoglobulin gene mutation is independent of the BS DNA helicase 251

q 1998 Blackwell Science Ltd,Clinical and Experimental Immunology, 112:248–254

Fig. 1. Persons with Bloom’s syndrome (BS) have normal VH26 mutations. Nucleotide sequences of mutated VH26 regions from peripheral blood
lymphocytes of an individual with BS. Sequences are labelled 1a–1f, referring to independent bacterial colonies with cloned polymerase chain reaction
(PCR) products derived from BS 1. All clones were associated with IgG rearrangements. Sequences not clearly attributable to VH26, based on criteria
described in the text, are not shown and were not analysed. CDR1 and CDR2 are as indicated. Dashes indicate positions with sequence identity to the germ-
line. Periods indicate positions of deletion seen in BS sequence 1a only; note that this does not result in a frameshift. The sequences start at the VH26 PCR
primer sequence. Genbank accession numbers have been assigned: no. AF015123-35.



were analysed from three BS subjects, BS 1, BS 2 and BS 3. Fewer
VH6 sequences were obtained in comparison with VH26, consistent
with its lower level of expression in circulating B cells [27]. Only
one of the control and none of the BS VH6 sequences were
excluded from the analysis. Of the two distinct mutated VH6
sequences obtained from BS 1, there were 14 and 15 mutations,
while the one mutated VH6 sequence from BS 2 contained eight
mutations. Of the VH6 sequences obtained from the control and
from patients, one sequence from each contained no mutations.
This includes the only VH6 sequence obtained from BS 3. These
sequences are not likely to have come from naive B cells, since
they were associated with a switchedg isotype. Perhaps the VH6 V
region can function adequately in the germ-line state in some B
cells.

The analysis of the eight mutated control sequences revealed an
average of 11 mutations, with a range of 2–20 per V region that
were similar to BS 1 (P¼ 0·73) and BS 2 (P¼ 0·22). All mutations
were single base substitutions. The CDRs comprised 27% of the
total bases analysed and, as for VH26, contained a disproportionate
number of the total mutations: 62%, 48% and 38% for the control,
BS 1 and BS 2, respectively. As with VH26, transitions were
preferred over transversions; ratios for the control and the two BS
patients were 1–1·36. Hotspots were more commonly mutated;
they comprised 19% of the total bases, yet represented 34% of the
control’s and 38% or 63% of the BS subjects’ mutated bases. In the
single sequence obtained from BS 2, all eight of the mutations were
in hotspots within CDR1 and CDR2.

DISCUSSION

This study represents an attempt to identify a protein normally
utilized in immunoglobulin hypermutation. The rationale for the
study of individuals with BS was to examine the phenomenon in
persons known to be genetically immunodeficient in whom cells
exhibit DNA instability. Mutations in the V regions from BS
subjects 1 and 2 were similar to those found from the control
sample, including the number, distribution and nature of mutations.
Mutations were characteristic of those found in murine and human
immune responses: they were often located in the mutational
hotspots, were predominately replacement substitutions in the
CDRs, were more commonly transitions and appeared preferen-
tially in hotspot motifs. There were no significant differences in the
number of consecutive mutations, or doublets, seen in patients and
controls (data not shown). This analysis was restricted to produc-
tive immunoglobulin V genes in presumably selected B cells. DNA
breakage could theoretically lead to a higher than normal fre-
quency of non-productive rearrangements which would not be
detected by our methods. In light of independent reports of normal
V(D)J joining [15,16] and near normal serum IgG and IgA in most
BS individuals [17,18], however, our data probably accurately
reflect V region sequences.

We conclude that immunoglobulin gene hypermutation is
normal in BS. Therefore, the BLM gene product is not essential
for somatic hypermutation. These results do not exclude the
possibility that helicases other than BLM may play a role in
mutation. Defining the mechanism of immunoglobulin mutation
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Fig. 2. Persons with Bloom’s syndrome (BS) have normal VH6 mutations. Nucleotide sequences of mutated VH6 regions from peripheral blood lymphocytes
of persons with BS, BS 1–3. Two independent bacterial colonies from subject BS 1 are labelled as 1a and 1b. As with VH26, all clones were associated with
IgG rearrangements, with CDR1 and CDR2 as shown. As with VH26, sequences not attributed to VH6 are not shown and were not analysed. Dashes indicate
positions with sequence identity to the germ-line. No VH6 clones were excluded. The sequences start 30 of the 50 VH6 polymerase chain reaction (PCR)
primer at amino acid 9. Genbank accession numbers for these sequences have been assigned: no. AF015136–46.



at the molecular level awaits the identification of at least some of
the proteins involved. Possible mechanisms include error-prone
DNA repair [28], the introduction of mutations in the lagging
strand of replicating immunoglobulin genes that are then incorpo-
rated into the genome [29], or activity of a ‘mutator’ protein that
could interact with the transcription initiation complex [5] or
participate in RT-linked mutation [30]. Any of these models may
implicate helicase activity to account for DNA accessibility
required for base replacement. The function of these proteins
may be within the base excision process itself or in the resolution
of altered DNA sequences.

VH26 has been shown to be involved in a variety of immune
responses, including against bacterial capsid antigens [20] that may
be relevant to the respiratory infections seen in patients with BS.
From the data presented here and elsewhere [15–18], immunoglo-
bulin genes in BS undergo normal isotype switching, VDJ recom-
bination and somatic mutation, and these antibodies are secreted in
normal or near normal amounts. Hence, susceptibility to bacterial
infections in BS patients is probably not attributable to an intrinsic
B cell defect.

The RecQ family of genes that includesBLM contains addi-
tional members that may be involved in DNA repair and possibly
in somatic mutation. The Werner’s syndrome gene,WRN, also
contains helicase motifs [31] and, likeBLM, mutations in this gene
cause mutator phenotypes [32]. The yeast homologue ofBLM,
Sgs1, is a helicase that interacts with topoisomerases I and II and
has been implicated in chromosome separation during replication
[33–35]. Topoisomerase II was expressed at a low level in one BS
patient tested [36], suggesting an additional molecular function for
BLM. Topoisomerase II functions in replication, transcription and
chromosomal segregation to assist in topologic interconversions
via double-stranded DNA breaks. The chromosomal breaks, gaps
and translocations and the intra- and interchromosomal strand
exchanges found in BS cells point to a disturbance of DNA
replication [32]. The genomic instability found in BS and in
Werner’s syndrome may not be due solely to loss of helicase
activity, sinceWRNand Sgs1mutations have been found down-
stream of their helicase domains [31,35]. Evolutionary conserva-
tion of these genes is consistent with their playing a role in the
preservation of genomic integrity.

Human DNA-repair genes include those that are defective in
XP, including the XPD and XPB helicases [21,37], and the CS
helicase-like ERCC6/CSB genes [37]. Cells from persons with
these genetic defects exhibit defects in nucleotide excision repair
[12,13]. Peripheral blood samples [21] or B cell lines [37] obtained
from individuals with some XP and CS complementation groups
have been found to contain normal B cell V region mutations.
Given the inability thus far to find human (or mouse) syndromes
associated with a lack of immunoglobulin mutation, perhaps the
factors that are responsible for somatic mutation may not be genes
that are known to be directly involved in DNA repair. Alterna-
tively, perhaps these factors are so critical as to be indispensable
for human development, and thus mutations are lethal. These
questions may best be addressed by similar studies of individuals
with DNA repair defects such as Werner’s syndrome and CS,
ataxia-telangiectasia, Wiskott–Aldrich and additional XP comple-
mentation groups.
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