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bstract

The level of somatic point mutation in immunoglobulin genes is an important prognostic indicator for patients with chronic lymphocytic
eukemia (CLL). Mutation analysis presently focuses solely upon the heavy chain IGHV gene, however mutation is a stochastic process that
lso targets IGHD and IGHJ genes. Here, we evaluate the completeness and reliability of the reported IGHJ gene repertoire, and demonstrate

he likely consequences of the inclusion of IGHD and IGHJ mutations in CLL analysis, using a dataset of 607 sequences. Inclusion of these

utations would lead to the re-classification of many sequences, which should significantly improve the prognostic value of mutation analysis.
2006 Elsevier Ltd. All rights reserved.

eywords: Chronic lymphocytic leukemia; Somatic mutation; Immunoglobulin; IGHJ; Repertoire development

m
g
c

t
n
c
g
d
d
a
g
m
g

. Introduction

CLL is the commonest form of leukemia in Western coun-
ries. In most individuals, the disease remains stable for many
ears, whereas in others, there is rapid disease progression.
n patients who present with isolated lymphocytosis, there
re no simple clinical criteria to determine whether they are
ikely to have stable or progressive disease, but the extent of
omatic point mutation in immunoglobulin genes from the
eukemic cells is recognized to be an important prognostic
ndicator for the disease [1,2]. Patients whose tumour cell
mmunoglobulin heavy chain genes show relatively high lev-
ls of somatic mutation have a significantly increased mean
urvival time compared with patients with fewer mutations.

he clinical estimation of the extent of somatic point muta-

ions in immunoglobulin genes is presently based upon an
xamination of the heavy chain IGHV genes, and ‘mutated’
equences are usually defined as those sequences in which
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utations affect 2% or more of the nucleotides in the IGHV
ene. The somatic point mutation process is not, however,
onfined to the IGHV genes.

Functional immunoglobulin genes are generated, during
he early development of B cells, by the recombination of a
umber of short gene segments. The immunoglobulin heavy
hains are the products of approximately 46 unique IGHV
enes, 23 IGHD genes and six IGHJ genes. Early in the
evelopment of each B cell, one of each kind of gene is ran-
omly chosen from the sets of available genes, and during
n immune response, all three genes in an assembled VDJ
ene may accumulate somatic point mutations. The deter-
ination of mutation levels in an assembled heavy chain

ene requires the VDJ gene sequence to be aligned against
he sets of germline IGHV, IGHD and IGHJ genes. Perhaps
ecause of perceived difficulties in the identification of IGHD
nd IGHJ genes within a rearranged VDJ gene, analysis of
LL mutations has always been confined to the IGHV gene,

espite the fact that virtually all studies generate longer VDJ
equences.

Although IGHV genes are highly polymorphic [3], they
re approximately 300 nucleotides in length, making it
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elatively straightforward to identify them within a heavy
hain VDJ gene. In contrast, the identification of IGHD
enes is made extremely difficult by their short lengths.
he germline genes range in length from just 11 to 37
ucleotides, and as a consequence of exonuclease activity,
he expressed IGHD genes are even shorter. We have recently
eveloped a hidden Markov model-based alignment program
iHHMune-align) that can reliably identify IGHD genes
n rearranged heavy chain genes, and have confirmed the
elative completeness of the reported IGHD repertoire [4].
t should therefore be possible to consider point mutations
f IGHD genes in CLL analysis. This should improve
he definition of CLL patient groups, for the IGHD gene
epresents a major part of the heavy chain third comple-
entarity determining region (CDR3), which is generally

onsidered to be critical to antigen binding [5], and which
ontains a relatively high number of mutational hotspots
6].

The 5′ ends of IGHJ genes also contribute to the CDR3
egions, and frequently accumulate mutations. However, if
utations of the IGHJ genes are to be incorporated into
easures of the extent of mutation of CLL immunoglobu-

in genes, the reliability of alignments to IGHJ genes must
lso be established. IGHJ genes are of intermediate length
approximately 50 nucleotides), and little polymorphism of
GHJ genes has been reported. Together the six IGHJ genes
nclude just six reported allelic variants [3]. Although the
dentification of IGHJ gene segments in heavy chain gene
earrangements may therefore seem straightforward, we are
ware of no study that has systematically considered the
GHJ repertoire with a view to identifying problems with
uch alignments.

In this study, we describe analyses of the frequencies
f utilization of the different genes, and of the apparent
evels of mutation in both the IGHJ genes and their
ssociated IGHV genes, which allows conclusions to be
rawn regarding both the accuracy and the completeness
f the reported germline repertoire. We conclude that the
eported IGHJ gene repertoire is essentially complete,
nd that misidentifications of IGHJ genes are likely to be
elatively rare. Using the iHHMune-align program, the
hree immunoglobulin heavy chain genes can therefore
e aligned with confidence, and IGHV, IGHD and IGHJ
utations could therefore be included in the analysis of CLL

equences. To gauge the consequences of such a change, we
erformed a re-analysis of published CLL sequence data.
his showed that 59% of the sequences with between 4 and
0 IGHV gene mutations – which could either be classified
s ‘mutated’ or ‘unmutated’ according to contending reports
f appropriate cut-off values – had one or more mutations in
heir associated IGHD or IGHJ genes. Six of these sequences
ad five or more additional mutations in their IGHD and

GHJ genes. This therefore suggests that IGHD and IGHJ
ene mutations should be included in the enumeration
f immunoglobulin gene mutations for the prognosis
f CLL.

p

I

rch 31 (2007) 1247–1252

. Materials and methods

.1. Compilation of databases

Rearranged cDNA sequences were collected from the
MBL database [7], and 5294 sequences remained after the
xclusion of disease-related sequences. IGHV, IGHD, and
GHJ segments in each sequence were identified using the
HMMune-align program, an alignment tool based around a
idden Markov model of the rearranged variable region [4].
equences were only included in the analysis if the ends of the
GHJ alignments were at least three nucleotides downstream
f the critical nucleotides that define the different, known
llelic variants. An exception to this rule was made in the case
f IGHJ4*03 where the most 5′ nucleotide of the reported
equence differs from the other IGHJ4 alleles. Inclusion of
lignments to IGHJ4*03 required the sequence to terminate
t least three nucleotides downstream of the second critical
ucleotide that distinguishes IGHJ4*03 from the other IGHJ4
lleles. Where clonally-related sequences were found, on the
asis of shared IGHV, IGHD and IGHJ genes, N nucleotides
nd junction length, only the least mutated sequences were
etained. Duplicate, incomplete and ambiguous sequences
ere also removed from the database. Sequences having five
r fewer mutations in the IGHV gene segment were defined as
he LowMut database, while the remaining sequences made
p the HighMut database.

The immunoglobulin sequences from both the LowMut
nd HighMut datasets were analyzed for the frequency of
GHJ gene usage. The extent of apparent somatic point muta-
ions in each IGHJ gene and in their associated IGHV genes
ere then determined. Mismatches that could have arisen dur-

ng PCR amplification, as a result of the use of degenerate
rimers, were identified by searches of literature identified
n the sequence annotations, and by alignments of sus-
ect sequences against multiple IGHJ germline sequences.
rimer-mediated mismatches were identified where such 3′
ismatches perfectly matched an alternative IGHJ gene.
uch mismatches were excluded from further analysis.

An additional set of 607 CLL heavy chain immunoglob-
lin gene sequences was retrieved from the EMBL sequence
atabase [7]. Sequences were aligned against the germline
GHV, IGHD and IGHJ gene repertoires using the iHHMune-
lign program, and all nucleotide mismatches were identified
s mutations. IGHD alignments were accepted where align-
ents included at least eight consecutive nucleotides, or

ncluded one mismatch in at least 10 nucleotides, or two
ismatches in at least 12 nucleotides, or three mismatches

n at least 14 nucleotides, or four mismatches in at least 16
ucleotides [4]. No sequence alignment included more than
our IGHD mutations.

.2. Identification of putative unreported IGHJ gene

olymorphisms

The frequency of mismatches at each nucleotide of each
GHJ gene was calculated. If mismatches of different kinds
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ere seen at any position, this was taken as prima facie evi-
ence of somatic point mutation. Where only one kind of
pparent substitution was seen in multiple sequences, the
equence was considered to represent a putative polymor-
hism. To assess the completeness of the reported repertoire,
he frequency distribution of different numbers of mutations
f the IGHJ genes were determined, as well as the levels of
utation in their associated IGHV genes. Sets of sequences

hat aligned to a particular IGHJ gene or allele were analyzed
y chi-squared test to see if they carried significantly more
utations than other IGHJ genes.

. Results

3630 near full-length sequences were obtained from pub-
ic immunoglobulin sequence databases which successfully
ligned against the germline IGHJ gene repertoire. The IGHV
enes associated with these IGHJ genes were determined,
nd 1308 sequences were identified in which the IGHV
enes had five or fewer mutations. This restricted dataset was
efined as the LowMut database. An additional 2296 more
utated sequences made up the HighMut database. The fre-

uencies with which the different genes and alleles of the
ermline repertoire were utilized in the databases is presented
s Table 1. 88.5% of the alignments in the LowMut dataset
tilized just four IGHJ genes: IGHJ3*02 (14.3%), IGHJ4*02
43.2%), IGHJ5*02 (10.4%) and IGHJ6*02 (20.6%). In
ontrast, the IGHJ3*01, IGHJ5*01 and IGHJ6*01 alleles
ogether accounted for just 0.8% of the total LowMut align-

ents, while the two alternative IGHJ4 alleles accounted for
further 1.4% of alignments.

A comparison of the frequency distributions of the genes
nd alleles in the LowMut and HighMut databases, showed

number of significant differences. IGHJ1*01 (p < 0.05) and

GHJ3*01 (p < 0.001) were over-represented in the HighMut
atabase, when compared with the LowMut database. This
uggests that many of these HighMut alignments could be in

able 1
requency of IGHJ gene usage amongst the 1308 sequences of the LowMut
atabase and the 2296 sequences of the HighMut database

gene Alleles LowMut dataset HighMut dataset

No. % No. %

GHJ1 01 16 1.2 53 2.3
GHJ2 01 47 3.6 58 2.5
GHJ3 01 4 0.3 47 2.0

02 188 14.4 263 11.5

GHJ4 01 13 1.0 31 1.4
02 565 43.2 1031 44.9
03 5 0.4 15 0.7

GHJ5 01 1 0.1 2 0.1
02 137 10.5 240 10.5

GHJ6 01 5 0.4 8 0.3
02 271 20.7 458 19.9
03 56 4.3 90 3.9
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rror. Such alignment errors could easily result from the pres-
nce of mutations, because of similarities between IGHJ1,
GHJ4 and IGHJ5 and between IGHJ3*01 and IGHJ3*02.

Ten IGHJ6*02 sequences were identified that included
common ‘mutation’ of the third codon of the con-

erved WGXG amino acid motif that defines the 5′ end
f the FR4 region of the IGHJ genes. It was concluded
hat these sequences aligned to a new putative allele
GHJ6*p04 (attactactactactacggtatggacgtctggggcAaagggac-
acggtcaccgtctcctca). No other candidate polymorphisms
ere identified on the basis of shared mutations, although
oth IGHJ3*02 and IGHJ6*03 included very small but sig-
ificantly increased numbers of more mutated sequences
p < 0.05 and p < 0.01, respectively) (Table 2). These
equences were accepted as mutated sequences, rather than
lignments to unreported polymorphisms because of a lack
f common nucleotide mismatches, and because of the high
umbers of mutations in the IGHV genes that were associ-
ted with these sequences. The IGHJ3*02 sequences with two
r more IGHJ mutations were associated with IGHV genes
aving an average 2.5 mutations. The IGHJ6*03 sequences
ith one or more IGHJ mutations were associated with IGHV
enes having an average 2.9 mutations. In each case, this level
f IGHV mutation is significantly higher than the level of
GHV mutation in the other IGHJ3*02 and IGHJ6*03 align-
ents, suggesting that these are truly more mutated IGHJ

equences, rather than unreported polymorphisms.
In order to determine the implications of the inclusion of

GHD and IGHJ gene mutations on the categorization of CLL
mmunoglobulin sequences, we re-analyzed 607 published
LL sequences, scoring mutations in the full length VDJ
ene rearrangements (Table 3). The inclusion of IGHD and
GHJ mutations in the total mutation load had major conse-
uences in some cases. Overall, 51% of sequences included
GHD and/or IGHJ mutations. Forty-nine of 83 sequences
59%) with between 4 and 10 IGHV mutations, whose cate-
orisation as ‘mutated’ or ‘unmutated’ varies according to the
linical definitions used, had IGHD and/or IGHJ mutations.
wenty-eight of the sequences (34%) had two or more muta-

ions, and as many as four IGHD mutations and five IGHJ
utations were seen. Many of the sequences which would

e considered ‘unmutated’ on the basis of IGHV mutations
lone, would therefore be included in the ‘mutated’ prognos-
ic category if IGHD and IGHJ mutations were included in
he analysis.

. Discussion

In 1999, two papers demonstrated an association between
he presence or absence of substantial numbers of mutations
n patients’ immunoglobulin genes, and prognosis in B-CLL

1, 2). An association was also identified between CD38
xpression and mutation number (1), but subsequent stud-
es demonstrated that many cases are discordant for these
wo parameters and that CD38 is an independent prognostic
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Table 2
Frequency of apparent mutations in IGHV and IGHJ gene segments amongst sequences of the LowMut database, according to their IGHJ gene alignment

IGHJ gene Allele Mean
IGHV
mutations

Mean IGHJ
mutations

No. of sequences with 0, 1, 2 and ≥3 IGHJ mutations

0 1 2 ≥3

IGHJ1 01 1.4 0.3 13 2 1 0
IGHJ2 01 1.7 0.4 38 8 0 1
IGHJ3 01 1.3 0.8 2 1 1 0

02 1.7 0.3 152 28 2 6

IGHJ4 01 2.1 0.1 12 1 0 0
02 1.7 0.2 486 64 13 2
03 2.2 0.8 3 0 2 0

IGHJ5 01 1 0 1 0 0 0
02 1.2 0.2 113 18 5 1

IGHJ6 01 1.2 0.2 4 1 0 0
02 1.5 0.3 212 (212)a 44 (35)a 12 (11)a 3
03 2.2 0.5 38 11 6 1
p04 1.3 0.1 9b 1b 0 0

Total 1067 180 42 19
a Values in parenthesis represent results after removal of sequences that align to the putative polymorphism IGHJ6*p04.
b Values are not included in the total sequence counts, as they are also recorded as IGHJ6*02 sequences.

Table 3
Frequency of IGHD and IGHJ mutations in 607 CLL sequences with varying levels of point mutation in their IGHV

IGHV mutations Combined IGHD and IGHJ mutations

0 1 2 3 4 ≥5 Total % IGHD/IGHJ mutations

≤3 202 21 2 1 0 0 226 10.6
4 7 4 1 1 0 0 13 46.2
5 6 1 2 3 0 0 12 50.0
6 3 2 1 0 0 0 6 50.0
7 6 3 1 1 1 1 13 53.9
8 4 3 1 2 0 0 10 60.0
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arker [8]. Further studies showed an association between
mmunoglobulin gene (IGHV) mutational status and expres-
ion levels of ZAP-70 [9], a tyrosine kinase that has been
ound to be a strong, independent factor for predicting prog-
osis and requirement for therapy. There are a number of
echnical issues with ZAP-70 assessment that have limited
ts introduction as a prognostic factor, which together lead
o striking interlaboratory variability in its measurement. For
his reason, the IGHV mutational status remains a very impor-
ant parameter [10], and a BIOMED-2 collaborative project
as recently reported a standard protocol for the sequenc-
ng of immunoglobulin genes [11], in the expectation that
he enumeration of mutations will become a part of routine
-CLL investigations. What has not yet been standardised

s the analysis of the gene sequences, and the subsequent
ategorisation of patients.

The BIOMED-2 protocol amplifies full length CLL

equences because of the use of reverse primers designed
o anneal to the 3′ ends of the IGHJ genes. This study was
herefore conducted to first determine whether or not IGHJ
ene alignments can be determined with sufficient accuracy

‘

e
w

1 2 17 76.5
0 3 12 66.7

26 40 298 76.2

or IGHJ gene mutations to be included in investigations of
LL. Such accuracy particularly requires the available reper-

oire to have been accurately and completely reported, and a
etailed evaluation of the reported repertoire was therefore a
ajor focus of this study.
The frequency with which each reported gene is repre-

ented in the expressed repertoire was determined by an
nalysis of large databases of both highly mutated and rela-
ively unmutated VDJ gene rearrangements. The frequencies
ith which the different genes were utilized was broadly sim-

lar to that previously described from smaller studies [12,13],
nd ranged from 1.2% for IGHJ1 to 44.6% for IGHJ4. This
ariable utilization of the different genes may be a conse-
uence of variations in the IGHJ gene recombination signal
equences (RSS) that are required for gene rearrangement,
or the hierarchy of utilization of the different genes corre-
ponds well with the similarity of the different RSS to the

consensus’ RSS sequence [14].

In contrast with previous studies, this study was large
nough to allow us to accurately determine the frequency
ith which different IGHJ alleles are represented in the
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xpressed repertoire. The IGHJ3*01, IGHJ4*01, IGHJ5*01
nd IGHJ6*01 alleles were all used far less frequently than
lternative alleles. Together these alleles accounted for just
3 of the 1308 alignments in the LowMut database. Align-
ents to IGHJ3*01 (n = 4), IGHJ5*01 (n = 1) and IGHJ6*01

n = 5) were very rare indeed. It is curious that these three
are alleles were all reported as part of the first description
f the IGHJ locus [15]. When a large study of rearranged
equences subsequently found very few alignments to these
lleles, genomic sequences were amplified from 39 individ-
als, but the alleles were not found [16]. Together they have
een described as part of a rare haplotype [16], but until con-
rmation of the alleles is provided from genomic studies, the
ery existence of these alleles should be questioned.

The IGHJ3*01, IGHJ4*01 and IGHJ6*01 alleles each
iffer from the more common IGHJ3*02, IGHJ4*02 and
GHJ6*02 alleles by a single nucleotide. IGHJ5*01 differs
rom IGHJ5*02 by two nucleotides. It is therefore rela-
ively easy for mismatches arising by mutation to lead to
he misidentification of a utilized allele, and therefore to
rrors in the enumeration of mutations. This appears to be
particular risk for the sequences utilizing the IGHJ3 gene.
he IGHJ3*01 allele was seen in 0.4% of sequences in the
owMut database, but in 2.0% of sequences in the HighMut
atabase. The IGHJ3*01 alignments represents 2.1% of all
GHJ3 alignements in the LowMut database, but 15.2% of
he IGHJ3 alignments in the HighMut database. The criti-
al nucleotide that distinguishes these alleles appears to be
highly mutable nucleotide, and the data can be explained

f many of these alignments to IGHJ3*01 are the result of
omatic point mutations of IGHJ3*02-utilizing sequences.

It has been suggested that additional errors in the enu-
eration of mutations in CLL sequences could arise from

lignment errors resulting from the use of an incomplete
atabase of germline sequences [17]. We therefore evalu-
ted the completeness of the reported IGHJ repertoire as
art of this study. Only a single putative polymorphism
as identified. The IGHJ6*p04 allele was identified in
.5% of sequences that first aligned to the IGHJ6*02 gene.
he IGHV genes that are associated with the IGHJ6*p04
equences had few mutations (mean 1.3), and the IGHJ6*p04
equences themselves had very few mismatches to the
ermline IGHJ6*02 sequence other than the mismatch that
efines this candidate allele. This gave us considerable con-
dence in designating this sequence as a new allele. In fact,

t has recently been identified as such by genomic screen-
ng. It has been reported to be carried by 2% of the Danish
opulation, and has been designated as IGHJ6*04 [18]. This
eport confirms the validity of the bioinformatics approach
sed in the present study, and so if other unreported IGHJ
ene polymorphisms remain to be discovered, they must be
ery rare or be largely confined to populations that are not

ell represented in sequence databases.
The completeness of the reported repertoire means that

rrors in the enumeration of mutation levels in IGHJ genes are
nly likely to result from misalignment of sequences against
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he germline repertoire. Similarities between IGHJ genes,
articularly similarities within the FR4 regions of the genes,
eans that errors in the identification of IGHJ genes are likely

e relatively common in sets of highly mutated sequences,
articularly when there has been substantial removal of 5′
ucleotides by exonuclease activity. In CLL mutation anal-
sis, errors could be mitigated if mutational counts in very
are alleles were accepted to potentially be in error by one or
wo ‘mutations’.

The results of this study suggest that it would be prudent
o include IGHJ gene sequences in analyses of mutations
n immunoglobulin genes of patients with chronic lympho-
ytic leukemia. In order to determine the implications of
uch a change for the clinical designation of sequence type,
e analyzed the frequencies of IGHD and IGHJ mutations

n a dataset of CLL sequences. Although most sequences
ncluded IGHD and/or IGHJ mutations, the consequences of
his for the categorisation of CLL sequences depends upon
he mutation cut-off point that defines the two prognostic
ategories.

Various definitions of the cut-off levels of mutation have
een used in different studies of CLL mutations. It was
riginally believed that poor prognosis was associated with
ompletely unmutated sequences, however sequences with
ery high homology were defined as ‘unmutated’. While
amblin and colleagues defined ‘unmutated’ sequences as
aving ≥98% identity to a germline sequence [2], Damle and
olleagues defined the cut-off as >98% identity [1]. These
ut-offs were conceived as a way of discriminating between
ruly mutated sequences and sequences with a small number
f apparent mutations resulting from alignments against an
ncomplete database of germline genes. The cut-offs were
efined to account for variability between unreported alle-
es and the reported repertoire, based upon variability that
ad been noted between different reported immunoglobulin
lleles [19]. It is now known that the ‘unmutated’ sequences
nclude a large proportion of sequences that have truly accu-

ulated small numbers of mutations in their IGHV genes
20,21], and it has been proposed that the progressive form
f the disease is associated with sequences having 97% or
reater identity [22], or even 95% identity with the germline
23]. Allowing for rounding, at one extreme the Damle group
efines sequences with less than five mutations to be associ-
ted with progressive disease [1], while at the other extreme,
equences with as many as 16 mutations may be indicative
f progressive disease [23].

Now that it is accepted that the mutational load should be
roperly determined, a more careful definition of the cut-off
evel of mutation is appropriate. If this is done, we believe
t should identify a number of mutations, rather than a per-
entage of mutations. The only justification for the use of a
ercentage is to assist in the analysis of partial sequences,

ut analysis of partial sequences should be discouraged. The
ncorporation of IGHD and IGHJ genes into CLL mutation
nalysis, and the definition of the most predictive cut-off for
uch full length VDJ gene rearrangements can only increase
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he prognostic power of immunoglobulin gene mutation anal-
sis for the management of CLL.
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