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Somatic hypermutation (SHM), coupled to selection by antigen,
generates high-affinity antibodies during germinal center (GC) B
cell maturation. SHM is known to affect Bcl6, four additional
oncogenes in diffuse large B cell lymphoma, and the CD95�Fas
gene and is regarded as a major mechanism of B cell tumorigenesis.
We find that mutations in the genes encoding the B cell receptor
(BCR) accessory proteins B29 (Ig�, CD79b) and mb1 (Ig�, CD79a)
occur as often as Ig genes in a broad spectrum of GC- and
post-GC-derived malignant B cell lines, as well as in normal pe-
ripheral B cells. These B29 and mb1 mutations are typical SHM
consisting largely of single nucleotide substitutions targeted to
hotspots. The B29 and mb1 mutations appear at frequencies similar
to those of other non-Ig genes but lower than Ig genes. The
distribution of mb1 mutations followed the characteristic pattern
found in Ig and most non-Ig genes. In contrast, B29 mutations
displayed a bimodal distribution resembling the CD95�Fas gene, in
which promoter distal mutations conferred resistance to apoptosis.
Distal B29 mutations in the cytoplasmic domain may contribute to
B cell survival by limiting BCR signaling. B29 and mb1 are mutated
in a much broader spectrum of GC-derived B cells than any other
known somatically hypermutated non-Ig gene. This may be caused
by the common cis-acting regulatory sequences that control the
requisite coexpression of the B29, mb1, and Ig chains in the BCR.

B cell malignancies account for 90–95% of all adult leukemias
and lymphomas (1). The majority of these malignant B cells

carry somatic hypermutation (SHM) in their Ig variable (IgV)
regions, identifying them as germinal center (GC) or post-GC in
origin (1). Originally thought to be confined to IgV regions, genes
translocated into the Ig locus, or transgenes under the control of
Ig enhancers, SHM is now known to also mutate non-Ig genes.
Mistargeted SHM was first identified in Bcl6 in approximately
half of GC-derived malignancies (2) and a minor fraction of
normal GC-derived B cells (3). The CD95�Fas gene was subse-
quently shown to be mutated in a limited set of normal and
malignant post-GC B cells (4). Recently the Pax5, Pim1, RhoH�
TTF, and germ-line c-myc oncogenes were reported to be
hypermutated, but only in diffuse large B cell lymphoma (DL-
BCL) (5). With the exception of CD95�Fas, all known hyper-
mutated non-Ig genes undergo translocations into the Ig locus.
SHM of the four oncogenes in DLBCL is predicted to reflect
selection (5), as shown for the CD95�Fas death domain muta-
tions associated with resistance to apoptosis (6).

We (7) and others (8, 9) previously reported multiple B29
coding region mutations in chronic lymphocytic leukemia (CLL)
cells with low or undetectable surface B cell receptor (BCR). We
have also demonstrated that selected CLL-B29 mutations re-
produced the low BCR surface expression and diminished BCR
signaling that are the hallmarks of CLL (10). The features of
these CLL-B29 mutations led us to predict that they were
generated by SHM. Here we report that B29 is mutated as often
as IgV in normal peripheral B cells as well as GC-derived Burkitt
lymphoma (BL), DLBCL, primary effusion lymphoma (PEL),
and myeloma cell lines. We have also determined that mb1, the
gene encoding the second essential BCR accessory protein, is
similarly mutated in the same spectrum of B cells. The mutation

frequencies and characteristics of B29 and mb1 mutations closely
resemble SHM of other non-Ig genes. However, B29 and mb1 are
the first non-Ig genes shown to be targeted by SHM that are not
protooncogenes or tumor suppressor genes. In addition, neither
gene is known to undergo translocation or to be directly involved
in tumorigenesis. The occurrence of B29 and mb1 mutations in
all GC-derived B cells with somatically hypermutated IgV may be
due to similarities in the transcription control regions of these
coordinately expressed BCR components.

Materials and Methods
Cell Lines and Peripheral Blood Lymphocytes (PBLs). A variety of B
cells lines representing different stages of B cell development
from pre-B to post-GC were selected for use in this study (see
Tables 5–7, which are published as supporting information on
the PNAS web site, www.pnas.org). BLIN-1 and Nalm6 cell lines
were received from D. J. Rawlings (University of Washington);
BCBL-1 and BJAB lines were from M. A. Teitell (University of
California, Los Angeles; refs. 11–13) the CL-01 subclone of
BL-16 was from A. Saxon (University of California, Los Angeles,
ref. 14); NU-DHL1 and SU-DHL 5-9 were from Cancer Ther-
apeutics (Los Angeles) with the permission of A. Epstein
(University of Southern California Medical Center, Los Ange-
les, ref. 15); OCI Ly1–19 was from E. Davis (National Institutes
of Health, Bethesda) with the permission of H. Messner (Uni-
versity of Ontario, refs. 16 and 17); and L428 was from Amgen
(Thousand Oaks, CA). All other cell lines were purchased from
American Type Culture Collection.

Blood samples were obtained with informed consent from
randomly selected normal donors. PBLs were separated from
whole blood by centrifugation on Ficoll-Paque PLUS (Amer-
sham Pharmacia). CD19� (bound) and CD19� (f low through)
cells were isolated by incubation with CD19 magnetic beads.
CD19� PBLs were removed from the beads using CD19 DE-
TACHaBEAD (both from Dynal, Oslo) following the manufac-
turer’s directions.

Isolation of Cell Line Genomic DNA (gDNA), PCR Amplification, and
Direct Sequencing. gDNA from ANBL6, EJM, Karpas 620,
KMS12, and L363 myeloma cell lines was a kind gift of W. M.
Kuehl (National Cancer Institute, Bethesda, ref. 18). gDNA
from 2 � 107 normal or cultured cells was prepared using the
Wizard Genomic DNA Purification kit (Promega). The B29 and
mb1 genes were amplified from 200 ng of gDNA with a Thermal
AceDNA Polymerase kit (Invitrogen) and B29 or mb1 gene
specific primers (see Table 8, which is published as supporting
information on the PNAS web site). Genomic PCR was repeated

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: SHM, somatic hypermutation; DLBCL, diffuse large B cell lymphoma; GC,
germinal center; CLL, chronic lymphocytic leukemia; BCR, B cell receptor; BL, Burkitt
lymphoma; PBL, peripheral blood lymphocyte; PEL, primary effusion lymphoma; ITAM,
immune receptor tyrosine-based activation motif; AID, activation-induced cytidine
deaminase.

‡To whom correspondence should be addressed at: Molecular Biology Institute, 529 Boyer
Hall, 611 Charles E. Young Drive East, University of California, Los Angeles, CA 90095.
E-mail: rwall@mbi.ucla.edu.

4126–4131 � PNAS � April 1, 2003 � vol. 100 � no. 7 www.pnas.org�cgi�doi�10.1073�pnas.0735266100



for selected samples using PfuUltra DNA Polymerase (Strat-
agene) PCR error rate was 4 � 10�7 to 6 � 10�6 per bp, as
reported by the respective manufacturers. PCR products were
purified using a StrataPrep PCR purification kit (Stratagene)
following the manufacturer’s directions, and directly sequenced
with PCR and internal primers (see Table 9, which is published
as supporting information on the PNAS web site) and the
ABI Prism Dye Terminator Cycle Sequencing Reaction kit
(Applied Biosystems). Sequence analyses were performed using
MACVECTOR software (Oxford Molecular Group, Campbell,
CA). B29 genomic sequences were aligned to GenBank ac-
cession number L27587 (19), and mb1 genomic sequences
were aligned to GenBank accession number L32754 (20). The
Transfac database (21) was used to search promoters for tran-
scription factor binding sites.

Single Cell PCR from PBLs. Single CD19� or CD19� (negative
control) PBLs were isolated by limiting dilution, transferred into
0.2 ml PCR tubes and lysed as described (22). Primer extension
preamplification was performed as described (22) using a ran-
dom 15-mer oligo (Qiagen, Valencia, CA) and Expand High
Fidelity DNA polymerase (Roche Diagnostics, Mannheim, Ger-
many). The regions including the highly mutated clusters of B29
(nt 258-1324 and nt 2375–3800) and mb1 (nt 989-2223) were
amplified by two rounds of seminested PCR with gene specific
primers (see Table 8), PCR products were cloned by using a Zero
Blunt TOPO PCR cloning kit (Invitrogen) following the manu-
facter’s directions, and clones were sequenced as described
above.

RNA Purification, RT-PCR Amplification, Cloning, and Sequencing.
RNA from selected cell lines was prepared using the RNeasy
Mini kit in combination with QIAshredder (both from Qiagen).
For amplification of B29 and mb1 200 ng of RNA was reverse
transcribed with SuperScript II (GIBCO�BRL, Rockville, MD),
and 2 �l of the cDNA was then amplified with PfuTurbo DNA
polymerase (Stratagene) RT-PCR primers (see Table 8). RT-
PCR products were cloned and sequenced, and sequences were
aligned to GenBank accession numbers M89957 (B29; ref. 23)
and M86921 (mb1, ref. 24) as described above.

Results
B29 Is Mutated in GC and Post-GC B Cells. To determine whether B29
mutations could arise from mistargeted SHM, we analyzed
genomic DNA sequences amplified from a variety of well-
characterized malignant human B cell lines of GC (BL and
DLBCL) through post-GC (PEL and myeloma) origins, which
are known to have hypermutated IgV regions (see Table 5). B cell
lines, particularly the BL cell lines used here (BL-2, BL-41,
CL-01, and Ramos), have been used extensively in studies of

SHM of Ig and non-Ig genes (5, 14, 25–27). Non-B and pre-B cell
lines were included as negative controls. PCR amplification was
performed employing two separate high-fidelity DNA poly-
merases to minimize the introduction of sequence alterations by
PCR errors. To further reduce the impact of PCR artifacts,
amplicons were directly sequenced. Multiple polymorphisms in
B29 were found in all cell lines studied (see Table 6). B29
mutations were not detected in non-B (HeLa and Jurkat) or
pre-B (BLIN-1 and Nalm6) cells that do not experience SHM
(see Table 5). SHM occur almost entirely downstream of the
transcriptional start site (28). To confirm that B29 sequence
alterations were indeed SHM, a 459-bp fragment of the region
upstream of the start of B29 transcription (nucleotides 23–482)
was amplified from 31 cell lines, the amplicons were sequenced,
and sequences were analyzed for alterations. No changes were
found, verifying the fidelity of our protocol (see Table 6).

Numerous B29 mutations were detected downstream of the
B29 transcriptional start site in essentially all (26�27 � 96%) of
the GC- and post-GC-derived cell lines studied (Tables 1 and 5).
Only one PEL line, BC-3, which carried no mutations in the VH
region (11), had unmutated B29 (see Table 5). Mutation fre-
quencies were calculated over two regions (clusters I and II, Fig.
1a) that contained the highest densities of B29 mutations (Table
1). Over this broad spectrum of GC-derived B cell lymphoma
and myeloma lines, B29 mutations appeared as often as IgV
SHM. Although the B29 mutations occurred at a lower fre-
quency (e.g., 5–10%) than IgV regions, the frequency was �103

to 104 times that of spontaneous mutation (29).

mb1 Is Also Widely Mutated. We have also analyzed genomic
sequences of the second BCR accessory protein, mb1, from the
same spectrum of B cells used for B29 studies (see Table 7). We
found that mb1 was also mutated in the majority (21 of 27 �
78%) of GC and post-GC-derived cell lines, but not in control
non-B or pre-B lines (Tables 1 and 7). A single base pair deletion
(�C610) was found in the mb1 promoter, which is unlikely to
affect mb1 regulation (30). Although rare, SHM in the promoter
or 5� f lanking sequences have previously been reported for VH
regions (28, 31, 32). Alternatively, this deletion could arise from
spontaneous mutation or from PCR artifacts. The latter is
unlikely because the alteration was reproducible in independent
PCR reactions and occurred at a rate greater than the reported
PCR error rate. Overall, mb1 was less extensively mutated than
B29, and contained fewer polymorphisms (see Table 7). Not all
cell lines exhibiting B29 mutations had mutated mb1 (Tables 1
and 7) and the mutation frequency was approximately half that
of B29, or 0.5–5% of that of Ig genes.

B29 and mb1 Mutations Are Characteristic of SHM. The features of
B29 and mb1 mutations identify them as SHM (Table 2). Like

Table 1. Frequencies and occurrences of B29 and mb1 mutations in normal peripheral B cells and GC-derived B cell lines

B cell

B29 mb1

Mutation frequency�100-bp
cluster I nt 774–1293,

mean (range)

Mutation frequency�100-bp
cluster II nt 2958–3336,

mean (range) Occurrence

Mutation frequency�100-bp
intron 1 nt 785–2389,

mean (range) Occurrence

Normal PBL B cells* 0.03 (0–0.19) 0.05 (0–0.26) 20�60 0.03 (0–0.12) 13�30
BL 0.11 (0–0.38) 0.11 (0–0.53) 5�5 0.09 (0–0.19) 4�5
DLBCL 0.25 (0–0.77) 0.26 (0–0.53) 10�10 0.04 (0–0.06) 7�10
PEL 0.19 (0–0.38) 0.09 (0–0.26) 2�3 0 (0) 1�3
Myeloma 0.36 (0–1.16) 0.33 (0–0.53) 8�8 0.19 (0.06–0.25) 8�8

The mutation frequencies were calculated as the number of mutations per 100 bp within the most densely mutated regions, B29: cluster I (nt 774–1293) and
cluster II (nt 2958–3336); mb1: intron I (nt 785–2389). The mutation occurrence represents the number of samples with mutations relative to the total number
of samples.
*Mutation frequencies and occurrences were calculated based on clones derived from normal peripheral B cells.
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SHMs of IgV regions, mutations in B29 and mb1 were single
nucleotide changes (except for one larger mb1 deletion in the
DLBCL line, OCI Ly10, see Table 7) consisting primarily of base
substitutions (B29, 75%; mb1, 65%) rather than insertions (B29,
10%; mb1, 18%) or deletions (B29, 15%; mb1, 16%; Table 2).
Nearly all insertions (B29, 100%; mb1, 89%) were nucleotide
duplications. Also characteristic of SHM, transitions were more
prevalent than transversions in B29 (1.5:1) and greatly outnum-
bered transversions in mb1 (4:1, Table 2). B29 and mb1 muta-
tions showed statistically significant associations with the SHM
hotspot motifs RGYW�WRCY or WA (where R � A or G, Y �
C or T and W � A or T; B29, 59%; mb1, 53%) and were biased
toward G or C bases (B29, 64%; mb1, 73%; Table 2 and Fig. 2,
which is published as supporting information on the PNAS web
site).

Distribution of SHM in B29 and mb1. SHM of IgV regions typically
begin �100 bp downstream of the transcriptional start site (�1),
peak at �1 kb, and are rarely found at distances greater than 2.5
kb (28, 31, 32). Mutations in mb1 showed this characteristic
distribution with �80% of the identified mb1 mutations falling
in the large first intron, within 2.5 kb of the �1 (Fig. 1b). Because
there are no known regulatory regions in this mb1 intron,
mutations there are unlikely to affect mb1 expression or func-
tion. Of the nine mutations situated outside of intron one, one
was found in the promoter region and five were mapped to

introns two or three. Only three coding region mutations were
found, of which two, in the transmembrane domain, are silent.
The third coding region mutation is a 43-bp deletion crossing the
intron four�exon five (cytoplasmic domain) boundary and re-
moving the 3� splice acceptor. Sequencing of mb1 cDNA showed
that this cell line expressed one normal allele, and that splicing
of the mutated allele introduced a frameshift (data not shown).
This frameshift results in a substitution in the first immune
receptor tyrosine-based activation motif (ITAM) of the mb1
cytoplasmic tail (L191T) and truncation of both the motif
required for tethering Fyn tyrosine kinase to the resting BCR
(DCSM) and the second ITAM. Deletion of the entire mb1
cytoplasmic domain has been shown to result in B cells express-
ing normal levels of surface BCR (33) but with receptors that
were constitutively active (34). The presence of the second
normal mb1 allele in the cell line expressing the truncated mb1
protein is expected to modulate any effect of this mb1 mutation.

In contrast to mb1 mutations, B29 mutations showed a
bimodal distribution with 62% of the mutations occurring 450 bp
to 2.2 kb from the start of transcription and a second cluster
containing 29% of the mutations 2.7–3 kb downstream of the
transcriptional �1 (Fig. 1a). Mutations in B29 occurred primar-
ily outside of exons (66 of 82 � 80%), but a significant number
(16 of 82 � 20%) were found in coding sequences in exons two,
three, and six. Ten of the 16 coding region mutations were either
silent or highly conserved amino acid substitutions. One more

Fig. 1. Distribution of B29 and mb1 mutations in B cell lymphomas and myelomas. (a) Mutations in B29 were located across the length of the gene but occurred
more often in two regions (nt 774–2517 and 2958–3336). The transcriptional start site is located at nt 281. (b) mb1 mutations were found predominantly within
�2.5 of the �1 (nt 785–3054). Transcription begins at nt 671. The regions of B29 and mb1 containing the majority of mutations are highlighted in yellow. The
most densely mutated clusters of the B29 (774–1293 and 2958–3336) and mb1 (785–2389) genes are in boxes. Mutations located within SHM hotspots are shown
in red, mutations found outside of hotspots are shown in blue; brackets indicate a larger deletion. Multiple mutations occurring at the same nucleotide are
indicated by the height of the bar.

Table 2. The features of B29 and mb1 gene mutations are characteristic of SHM of Ig and non-Ig genes in
GC-derived B cell lines

Substitutions
Transitions�
transversions Deletions Insertions

Mutations
within hotspots

Mutations of G�C
nucleotides

B29 62�83 (75%) 1.5:1 13�83 (15%) 8�83 (10%) 49�83 (59%)* 53�83 (64%)
mb1 32�49 (65%) 4:1 8�49 (16%) 9�49 (18%) 26�49 (53%)* 36�49 (73%)

All mutations are point mutations and predominantly transitions, except for one deletion in mb1 in one DLBCL line. Mutations
associated with SHM hotspots were defined as mutations occurring within or adjacent to the RGYW�WRCY or WA motifs.
*Statistically significant (P 	 0.001).
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radical substitution (V26E), appearing in two different cell lines
and located in the B29 Ig domain, is of unknown effect. A third
mutation replaces threonine with alanine (T206A) in the region
between the cytoplasmic ITAM motifs. Serine�threonine phos-
phorylation has been found to modulate the tyrosine phosphor-
ylation of the mb1 cytoplasmic tail (35), and this mutation may
disregulate B29 protein signaling. The fourth mutation substi-
tutes histidine for proline in the transmembrane domain
(P176H) and could interfere with BCR assembly or stable
membrane insertion. The remaining two mutations are single
nucleotide duplications predicted to lead to frameshifts and
result in severely truncated B29 proteins (see Table 5). These
frameshifts in exon three truncate portions of the Ig domain and
all of the downstream transmembrane and cytoplasmic domains.
Deletion of the B29 transmembrane domain has been shown to
abrogate BCR surface assembly (10).

B29 and mb1 Are Mutated More Often than Other non-Ig Genes. We
found B29 and mb1 to be more widely mutated than any other
known non-Ig gene (Tables 3 and 4). The frequencies of the B29
and mb1 mutations were as high or higher than the mutation
frequencies of other non-Ig genes (Table 3). In contrast to these
other non-Ig genes, B29 and mb1 were mutated in the large

majority of human B cell lymphoma and myeloma lines analyzed
here, which represent the major developmental stages of GC and
post-GC B cell maturation (Tables 3 and 4). GC-derived BL and
DLBCL cell lines all had mutations in B29 (100%), and most had
mutations in mb1 (74%). Myeloma cell lines represent terminally
differentiated plasma cells that have all experienced extensive
hypermutation of their IgV regions (1) and all exhibited B29 and
mb1 mutations. Thus, B29 and mb1 hypermutation occurred far
more often than other non-Ig genes (Table 4). The only examples
of non-Ig genes found to be mutated as widely as B29 and mb1
have been translocated into Ig loci (2).

B29 and mb1 Are Mutated in Peripheral B Cells. We used single-cell
PCR to analyze selected regions of the B29 and mb1 genomic
sequences from normal CD19� peripheral B cells for mutations.
Multiple clones were sequenced to ensure that both alleles of
each gene were represented. In CD19� negative control PBLs
both B29 and mb1 were unmutated (see Tables 5 and 7).
Mutations in B29 and mb1, however, were detected in the CD19�

B cells from all donors analyzed, although at mutation frequen-
cies lower than those of transformed B cell lines (Tables 1, 5, and
7). The occurrence of B29 (20 of 60 clones � 33%) and mb1
mutations (13 of 30 clones � 43%, Table 4) closely corresponded
to the occurrence of IgV SHM (�40%) of post-GC peripheral B
cells (1). Characteristic of SHM, substitutions predominated
(B29, 90%; mb1, 93%) with transitions exceeding transversions
(B29, 5:1; mb1, 2:1). Hotspot motifs, however, were less strongly
targeted (B29, 19%; mb1, 60%). Few (4 of 21) B29 mutations
occurred in coding regions. Three of these were silent or highly
conserved, and the fourth (E115G), in the Ig domain, is not likely
to affect B29 function. Interestingly, pairs of clones were isolated
for both B29 and mb1 that contained unique as well as shared
mutations. This suggests that these genes have likely experienced
multiple rounds of SHM (see Tables 5 and 7).

Discussion
We have determined that the genes encoding the critical BCR
accessory proteins, B29 and mb1, are mutated in essentially all
malignant GC and post-GC-derived B cell lines analyzed with
somatically hypermutated IgV. Mutations were not found in cells
outside the B lymphocyte lineage, or in B lineage cells that have
not experienced SHM (e.g., pre-B cells or a PEL line, BC-3, with
unmutated VH). The B29 and mb1 mutations exhibited the
characteristic features of SHM in IgV and other somatically
hypermutated non-Ig genes. Mutations in both genes showed an
increased incidence of single base pair substitutions over dele-

Table 3. Comparison of somatic hypermutation frequencies of Ig
and non-Ig genes in normal peripheral B cells and GC-derived B
cell malignancies

Gene

Cell type

Normal PBL B BL DLBCL Myeloma

VH 0–55 2.1–7.8* 1–23.25 2.7–16.540

Bcl6 0–0.23 0–0.045 0.06–2.95 0.06–0.25

CD95�Fas 	0.004–0.036 NG36 NG5,36 NG4,36

RhoH�TTF5 0–0.008 0–0.02 0–0.4 0
Pax55 0–0.03 0–0.005 0–0.3 0
c-myc 0.013 0.25,‡ 0–0.65 0–0.0055

Pim-15 ND 0 0–0.7 0
B29* 0–0.3† 0–0.5 0–0.8 0–1.2
mb1* 0–0.1† 0–0.2 0–0.06 0.06–0.3

All frequencies were calculated over the most densely mutated regions and
recorded as mutations per 100 bp. ND, not done; NG, not given. Superscript
numbers indicate the reference number of the source of these data.
*This study.
†PBL B cell-derived clones.
‡Translocated c-myc t (8,14).

Table 4. Comparison of the occurrence of somatic hypermutation of Ig and non-Ig genes in
normal peripheral B cells and GC-derived B cell malignancies

Gene

Cell type

Normal PBL B BL DLBCL Myeloma

VH 40%1 4�4 (100%)* 100%1 100%1

Bcl6 26�111 (23%)3 24�65 (37%)5,45 103�183 (56%)2,5,45 58�203 (29%)5,27

CD95�Fas 27�261 (10%)6 0�8 (0%)36 11�63 (17%)36 7�54 (13%)4,36

RhoH�TTF5 4�64 (6%) 3�20 (15%) 13�28 (46%) 0�13 (0%)
Pax55 4�38 (10%) 1�10 (10%) 16�28 (57%) 0�12 (0%)
c-myc 2�24 (8%)3 12�12 (100%)5,‡ 12�37 (32%)5 2�10 (20%)5

Pim15 ND 0�10 (0%) 12�28 (43%) 0�14 (0%)
B29* 20�60 (33%)† 5�5 (100%) 10�10 (100%) 8�8 (100%)
mb* 13�30 (43%)† 4�5 (80%) 7�10 (70%) 8�8 (100%)

SHM occurrences were calculated as the number of mutated samples relative to the total number of samples.
Superscript numbers indicate the reference number of the source of these data.
*This study.
†PBL B cell-derived clones.
‡Translocated c-myc t (8, 14).
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tions or insertions, prevalence of transitions over transversions,
and preferential targeting to the SHM hotspots motifs, RGYW�
WRCY, or WA. As with SHM in other genes, the majority of B29
and mb1 mutations were confined to a region �2.5 kb down-
stream of the transcriptional start site (�1). Mutations were
infrequently detected in mb1 downstream of this region. B29,
however, contained a second significant cluster of mutations
located 2.7–3 kb from �1, over the segment containing the exons
encoding the B29 cytoplasmic tail and ITAM signaling motif.
Like B29, mutations in CD95�Fas also occurred in two clusters,
a promoter proximal cluster, located 100–850 bp downstream of
�1, and a distal cluster �15 kb from the start of transcription,
encoding the CD95�Fas death domain (36). Mutations in the
death domain occurred more often in myeloma cells and in
normal peripheral B cells selected for resistance to CD95�Fas-
mediated apoptosis (6). Mutations in the distal cluster that
impaired death domain function conferred a selective advantage.
Certain mutations in the B29 distal cluster that affect the
cytoplasmic tail may similarly contribute to survival in B cells.
Interestingly, half of the B29 alterations previously described in
B-CLL cells were located in this region (7–9). Diminished BCR
surface expression is postulated to provide a survival advantage
by restricting the B cell responsiveness to BCR signals leading to
apoptosis (37). Truncation of the B29 cytoplasmic domain
resulted in reduced surface BCR and signaling (33, 38). In
contrast, deletion of the mb1 cytoplasmic domain had no effect
on membrane BCR levels (33). These latter findings indicate that
the cytoplasmic domain of B29, but not mb1, plays a central role
in regulating BCR surface display and function. Thus, the
clustering of a subset of mutations over the distal region
encoding the B29 cytoplasmic domain may be related to regu-
latory effects of B29 on BCR surface levels and function.

The B29 and mb1 mutations in these GC-derived B cell lines
are unlikely to have occurred during malignant transformation
or passage in culture. It is known that certain BL cell lines
express the critical SHM protein activation induced cytidine
deaminase (AID, refs. 25 and 39) and that BL and DLBCL cells
exhibit ongoing SHM (1, 40). However, the mutation frequencies
determined for the BL cell lines analyzed here are similar to
those of the PEL and myeloma cell lines that do not express AID
(data not shown). It has been shown reproducibly that the
features of SHM in established B cell lines are highly similar to
SHM in vivo (25, 41–43). We also determined that the B29 and
mb1 genes from isolated normal peripheral B cells exhibited
mutations with the features of SHM, though at lower mutation
frequencies than those in transformed B cell lines. Mutations in
B29 and mb1 were detected in 30% and 43%, respectively, of the
clones that were generated from normal peripheral B cells. The
occurrence of these mutations closely approximates the occur-
rence of SHM in the Ig genes (40%) of peripheral B cells (1).

Deletions and insertions were found to comprise a larger fraction
of B29 (25%) and mb1 (34%) mutations compared with other
somatically hypermutated non-Ig genes. Deletions and insertions
accounted for only 2 - 9% of total mutations in the Bcl6, c-myc,
Pax5, Pim1, and RhoHTTF oncogenes in DLBCL (5). However,
deletions and insertions were frequently detected in somatically
hypermutated IgV in GC-derived normal B cells and in B cell
lymphomas. Such alterations were found in �4% of functionally
rearranged IgV and �43% of nonfunctional IgV in normal GC B
cells (44). Deletions and insertions were seen even more often in
somatically hypermutated IgV of GC-derived B cell lymphomas,
where �10% of functional and �54% of nonfunctional IgV had
such alterations (40). The significantly higher incidence of deletions
and insertions in nonfunctional versus functional somatically hy-
permutated IgV indicates that the manifestation of these alterations
is strongly influenced by selection. Unlike deletions and insertions
in IgV, which largely occur in coding sequences, the overwhelming
majority of deletions and insertions in B29 and mb1 (90% and 94%,

respectively) are located in introns or untranslated regions and are
unlikely to have any selective advantage or disadvantage. Accord-
ingly, the incidence of deletions and insertions in B29 and mb1 is
likely to be related to the structural organization of these genes
rather than an aberration of the SHM process.

It is notable that B29 and mb1 are mutated in a far broader
spectrum of GC-derived B cell lines than other non-Ig genes, in
which SHM is largely restricted to specific B cell malignancies.
Other than B29 and mb1, Bcl6 is the most widely mutated non-Ig
gene with alterations detected in �30–50% of different GC-
derived lymphomas and myelomas (2, 5, 27, 45) and in �25% of
normal GC B cells (3). SHM of CD95�Fas is more limited, seen
in �15% of lymphomas and myelomas (4, 46) but only rarely in
normal GC B cells (6). The oncogenes, c-myc, Pax5, Pim1, and
RhoH�TTF are mutated in �40–50% of DLBCL, but not in
normal GC B cells nor in other GC-derived B cell malignancies
(5). The restricted distribution of SHM in these oncogenes was
attributed to selective advantages in malignant transformation
(2, 5, 45, 47). SHM is tightly coupled to transcription and directly
correlated with transcriptional activity (48–51). These known
somatically hypermutated oncogenes are transcribed at rela-
tively low levels unless translocated into the Ig locus (52–54). In
contrast, B29 and mb1 must be transcribed at levels comparable
to Ig genes to fulfill the stoichiometric requirements for all these
gene products in the BCR on the B cell surface. The B29 and mb1
promoters contain essentially the same array of transcription
factor motifs present in Ig promoters and enhancers (30, 55, 56),
and their transcriptional activities are estimated to be only
moderately lower than Ig genes (�20–30%, refs. 48 and 57). The
similarities in transcriptional control sequences and comparable
transcriptional activities of the B29, mb1, and Ig genes may
explain the widespread accessibility of B29 and mb1 to the SHM
machinery over the diverse spectrum of GC B cells.

Although the features of somatically hypermutated genes have
been extensively characterized, the mechanisms of SHM and the
complete spectrum of genes affected by this process remain to be
resolved. It was previously presumed that certain cis-acting pro-
moter�enhancer sequences or B cell-specific transcription factors
were likely to be involved in targeting SHM to Ig genes. A
substantial body of recent evidence, however, casts doubt on this
hypothesis. Instead, it is now speculated that SHM could occur in
any gene expressed in GC B cells. Whether these mutations could
be detected would depend on the relative rate of transcription,
positive and negative selection, and specific intrinsic features of the
affected gene (e.g., hot spot motifs or chromatin structure; refs. 48,
49, and 51). It has been recently shown that expression of AID is
sufficient for SHM in highly expressed genes in nonlymphoid cells
(25, 42, 43). However, these in vitro systems may not reproduce
SHM processes in vivo. AID transgene expression in transfected
cells was estimated to be greater than in GC centroblasts under-
going SHM (25). Consequently, the highly expressed AID transgene
was mutated in transfected cells, though the endogenous expressed
AID gene was not mutated in DLBCL, in which SHM was detected
in multiple oncogenes (5). It should also be noted that even with the
overexpression of AID, the rates of SHM detected in transfected
nonlymphoid cells were significantly lower that in IgV regions in vivo
(25). A recent study examining the induction of SHM in a BL cell
line also suggests that other B cell factors in addition to AID may
be required for optimal SHM activity (39, 58). This issue will be
resolved by further studies to establish the spectrum of genes
affected by SHM and the features controlling their transcription.
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