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ABSTRACT This review describes studies on somatic hypermutation of immunoglobulin genes

that were started in the mid-80s in collaboration with Ralph Brinster. Almost all of the experiments

were carried out using Ig transgenes as targets for the somatic mutation mechanism. Ig transgenes

can be very good targets of somatic mutation, despite many different transgene integration sites.

Thus, the required cis-acting elements must be present within the approximately 10 kb of the

transgene. Only the Ig variable region and its proximate flanks are mutated, not the constant region

in unmanipulated sequences. Several Ig gene enhancers are permissive for somatic mutation and

they do not have to be associated with the Ig promoter they normally interact with. However, the

mutation process does seem to be specific for Ig genes. No mutations were found in several

housekeeping genes isolated from cells that had very high levels of somatic hypermutation of their

Ig genes. This suggests that the Ig enhancers provide the Ig gene specificity. An exception is the Bcl-

6 gene, encoding a transcription factor, which was found to be mutated in normal human memory

B cells. When the transcriptional promoter that is located upstream of the variable region is

duplicated upstream of the constant region, this region is mutated as well. This suggests a

transcription coupled model in which a mutator factor associates with the RNA polymerase at the

initiation of transcription, travels with the polymerase during elongation, and causes mutations

during polymerase pausing. Our recent data with an artificial substrate for somatic mutation

suggest that the mutations are increased by increased stability of the secondary structures in the

nascent RNA, and the specific nucleotides that are mutated are due to preferences of a mutator

factor.
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Introduction

In the early 80s I called Ralph Brinster to find out if he might have

an interest in questions of immunoglobulin (Ig) gene expression.

This first contact I had with Ralph revealed him as a very kind and

interested man. It was the beginning of a wonderful collaboration

that lasted almost ten years. At that time, the transgenic method

developed by Ralph was practised in very few labs and most of the

mice were produced by his group. The transgenes previously used,

that showed expression, all contained viral sequences, but Ralph

was very agreeable to try for the first time a mouse gene that had

no extraneous additions. The first transgene we experimented with

Abbreviations used in this paper: EPS, EcoRV-PvuII sequence; H and L, heavy

and light chains; Ig, immunoglobulin; MMR, mismatch repair; MuF, mutator

factor; NT, nucleotide; PC, phosphorylcholine; PNA, peanut agglutinin; V

(C) region, variable (constant) region of Ig.

was a functional, rearranged Ig κ light chain gene. It turned out that

its expression was completely tissue specific, occurring only in B

lymphocytes of several independent transgenic lines (Brinster et
al., 1983; Storb et al., 1984,1985). Not only was the transgene

expressed normally, it also answered the question we had posed:

do B lymphocytes recognize that they contain a functional, rear-

ranged light chain gene? Indeed, the rearrangement of endo-
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genous light chain genes was greatly inhibited in these transgenic

mice. Most of the B cells expressed only the transgenic, and not the

endogenous light chains (Ritchie et al., 1984).

The collaboration with Ralph produced several other very inter-

esting findings (reviewed in Storb, 1987,1995), but this paper will

concentrate on our joint attack on the problem of somatic

hypermutation and the more recent outgrowth from those experi-

ments.

Ig transgenes can undergo somatic hypermutation

As mentioned, Ig genes are expressed only in B lymphocytes.

Their precursors, preB cells, have the ability to create a functional

heavy (H) and light (L) chain gene by V(D)J recombination of gene

segments. This process occurs in the bone marrow and is rather

wasteful, leading to out-of-frame, nonfunctional rearrangements

about 90% of the time. Cells that have successfully rearranged

both a heavy and a light chain gene leave the bone marrow as B

lymphocytes. The encounter of a B cell with an immunizing antigen

that has a reasonable binding affinity with the Ig expressed by the

cell, can, upon interaction with T cells, lead to somatic hypermutation

of the expressed Ig genes. Somatic hypermutation occurs in

germinal centers of lymphoid tissues. The mutating B cells undergo

several rounds of rapid proliferation. In general, only the variable

(V) regions and their flanks, not the constant (C) regions of the H

and L genes, become mutated. In this way, the antigen binding

properties of the encoded Ig proteins can change. Cells with

mutations that confer higher affinity to the immunizing antigen are

selected to live, cells that have mutated to lower affinity, or that

have introduced a stop codon, die by apoptosis (Berek, 1992).

In the mid-eighties, it had become evident that somatic

hypermutation can create large numbers of point mutations, up to

several percent of the nucleotides (NT) in the V(D)J regions and

their proximate flanks can be altered (Kim et al., 1981; Selsing and

Storb 1981; Gearhart and Bogenhagen 1983). The sources for the

study of mutated Ig genes were malignant B cells, such as

myelomas and lymphomas, or hybridomas produced from immu-

nized mice. The mechanism generating the somatic mutations was

completely obscure.

Rebecca O’Brien, a graduate student at the time, decided to

investigate if Ig transgenes can be somatically mutated (O’Brien et
al., 1987). She studied mice that carried a Vκ167 transgene that

encodes the light chain of anti-phosphorylcholine (PC) antibodies

(Storb et al., 1986). To be certain that the cells she chose had

undergone somatic hypermutation she selected anti-PC hybridomas

whose endogenous heavy chain genes were mutated (O’Brien et

al., 1987). She found that most had also mutated the light chain

transgene. This was true for two different transgenic lines, suggest-

ing that many integration sites may permit somatic mutation. The

data clearly showed that the cis-acting elements required for

somatic mutation were present in the ~12 kb long transgenes.

Furthermore, only the V regions, but not the C regions appeared to

be mutated.

Limitation of the mutations to the VJ region and about 1 kb

beyond, but sparing of the C region was further supported by

findings of John Hackett and Brian Rogerson in more extensive

sequencing analyses of these transgenes (Hackett et al., 1990;

Rogerson et al., 1991). The mutations were found to extend to the

first half of the JC intron and ceased well before the matrix

attachment region and the kappa intron enhancer.

Somatic hypermutation is linked to transcription initia-
tion

Findings from the Claflin laboratory showed that the 3’ extent of

somatic hypermutation is related to the position of the VJ joint in κ
genes (Weber et al., 1991a,b). When VJ rearrangement is to Jκ1,

the mutations peak over the VJ region and then steadily decrease

so that no mutations are present in Jκ5 or the JC intron. However,

when V is rearranged to the most 3’ J gene, Jκ5, the mutations

extend into the middle of the JC intron. This is the same distribution

as was found by P. Gearhart’s laboratory in endogenous Vκ167/

Jκ5 genes and in our lab in transgenes derived from Vκ167/Jκ5

(Gearhart and Bogenhagen 1983; Hackett et al., 1990; Rogerson

et al., 1991). These differences in 3’ boundary of hypermutability

suggested that something in the 5’ end of the gene or the VJ joint

determined the mutation tract.

To assess if the transcriptional promoter was responsible for

this distribution, A. Peters produced a kappa transgene in which

the normal V gene promoter was duplicated, together with the

leader segment, just 5’ of the constant region gene (Peters and

Storb, 1996). Surprisingly, this transgene, P5’C, was hypermutated

both in the VJ region and the C region, but not in the region between

them. The mutation frequency was similar in the VJ region and in

Fig. 1. Model of somatic hypermutation of Ig genes. MuF, mutator

factor; pol, RNA polymerase II; exo, DNA exonuclease; x, point mutation;

Fen1, flap endonuclease 1. From Storb et al., 1998a.
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the C region. Transcripts were found that initiated from the up-

stream promoter and ended 3’ of the constant region at the normal

polyA site. Transcripts were also found in at least equal quantities

that initiated at the downstream promoter and ended at the same

polyA site. These results suggested that susceptibility to mutation

is induced at the transcription initiation site and persists for approxi-

mately 1 kb into the transcription unit. The findings led to the

formulation of a new model of somatic hypermutation.

The model postulated that, directed by the Ig enhancer, a

mutator factor (MuF) binds to the RNA polymerase at the promoter,

travels with the polymerase during the elongation phase of tran-

scription, and induces pausing of the polymerase (Peters and

Storb, 1996; Storb, 1996; Storb et al., 1996,1998b). This pausing

was proposed to lead to a stable polymerase/MuF complex which

was recognized as a DNA lesion by a DNA repair system, such as

transcription coupled nucleotide excision repair (NER). During

NER the single stranded DNA with the bound complex was

proposed to be excised and resynthesized with the occasional

introduction of errors. These errors were postulated to represent

the somatic point mutations.

Nucleotide excision repair and DNA mismatch repair
appear not to be required for somatic hypermutation

To test the NER aspect of the new somatic mutation model, we

have investigated B lymphocytes from patients and mice with

severe defects in NER (Kim et al., 1997; Shen et al., 1997). Epstein

Bar Virus transformed B lymphocytes from patients suffering from

various forms of Xeroderma Pigmentosum (XP-B, XP-D, and XP-

V) or of Cockayne syndrome (CS-A) showed high levels of somatic

mutation in the V and J regions of their expressed heavy and light

chain genes (Kim et al., 1997). The C regions were not mutated,

suggesting that the V and J region mutations were indeed due to

somatic hypermutation. In further support of somatic hypermutation,

V genes associated with switched CH genes were more highly

mutated than those associated with Cµ genes, and the ratios of

replacement to silent mutations were greater in the complementarity

determining regions than in the framework regions of the V genes.

The four patients were chosen because they had signs of transcrip-

tional defects, suggesting special deficiencies in transcription

coupled DNA repair. It appeared therefore, that transcription

coupled NER was not required for somatic hypermutation. Also, an

XP-D defect without transcription defects, does not interfere with

somatic mutation (Wagner et al., 1996). Finally, we investigated

mice with a knockout of yet another NER gene, XP-C, that has been

implicated in the repair of the non-transcribed DNA strand (Shen et

al., 1997). These mice as well showed normal levels of somatic

hypermutation.

Recently, DNA mismatch repair (MMR) deficiency was shown to

eliminate the preferential repair of the transcribed DNA strand

(Mellon et al., 1996). It was therefore possible, that MMR was

required for somatic hypermutation. Mice with defects in the

mammalian homologs of the E.coli MMR genes Mut L (MLH1,

PMS2) have been investigated for their ability to somatically

mutate Ig genes (Gearhart et al., personal communication; N. Kim,

J. Lo, and U. Storb, unpublished). All appeared capable of high

levels of somatic hypermutation. There was some suggestion,

however, that the distribution and fine patterns of the mutations

may be altered (P. Gearhart, personal communication). This

question is under further investigation.

These data combined suggested that these general mecha-

nisms of DNA repair are not recruited for the process of somatic

hypermutation of Ig genes. We will return to a modified transcrip-

tion-linked model of somatic mutation after an excursion into the

question of the Ig gene specificity of the mutation process.

Specificity of somatic hypermutation for immunoglobu-
lin genes

In natural Ig genes, only the V regions and their proximate flanks

are targets for somatic hypermutation. However, in transgenic

experiments quite a variety of other sequences have now been

shown to be hypermutable when in the context of an Ig gene. These

include the bacterial genes encoding chloramphenicol acetyl trans-

ferase, guanosine phosphoribosyl transferase, and neomycin

phosphotransferase, the human β-globin gene, the constant re-

gion of Ig light chain genes, and a completely artificial substrate,

EPS (Azuma et al., 1993; Yelamos et al., 1995; Peters and Storb,

1996; Klotz et al., 1997). Furthermore, in experiments of nature, the

c-myc and Bcl-6 genes translocated into the Ig heavy chain locus

in certain naturally occurring lymphomas are also hypermutated

(Rabbits et al., 1983; Taub et al., 1984; Migliazza et al., 1995).

Thus, V-gene sequences are not unique targets. Likewise, the V-

gene promoter is also not specifically required, but can be replaced

by the β-globin promoter or the B29 promoter (Betz et al., 1994;

Tumas-Brundage and Manser, 1997), or, in the c-myc and Bcl-6
translocations, by these genes’ respective promoters. Elimination

of the Ig enhancer decreases or eliminates somatic hypermutation

(Betz et al., 1994). Replacement of an Ig enhancer with some other

enhancer has not been tested, but any of the Ig enhancers appears

to be sufficient for the mutation process (Klotz and Storb, 1996).

Since different Ig enhancers possess rather different transcrip-

tional motifs, all of which can also be present in enhancers of non-

Ig genes, these findings raised the question of whether somatic

mutation is really specific to Ig genes.

An alternative possibility is that the somatic hypermutation

process may be able to target many genes expressed during the

short specific period in the life of the B cell when the postulated

mutator factor is expressed. To investigate this question in as

natural a setting as possible, we have searched for somatic

mutations in a number of non-Ig genes that are expressed in B cells

while the somatic mutation process is ongoing (A. Peters, N. Kim,

B. Rogerson and U. Storb, unpublished). The expressed genes we

chose, all have a long 5’ untranslated region with the initiator AUG

far 3’ of where mutations occur in Ig genes; so, if mutations occur,

they would not change the coding sequences of the gene. Germi-

nal center B cells were isolated from hyperimmunized mice by use

of the markers PNAhi and B220hi. The VH genes sequenced from

rearranged Ig genes were found to be mutated at a frequency of

about 1% indicating that the cells had undergone an average level

of somatic hypermutation. We then sequenced the housekeeping

genes c-myc and β-actin, but found no significant numbers of

somatic mutations.

Since these mouse B cells had only average levels of somatic

point mutations in their Ig genes, we then turned to memory B cells

from a normal human donor. The Ig genes in several samples of

memory B cells from this donor were mutated at an extremely high

frequency. Over 6% on average of V region nucleotides in total

expressed Ig genes, and 12% on average in IgG genes were

mutated. In this person, the housekeeping genes c-myc and β-
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actin were again not mutated, nor were the highly expressed

ribosomal protein gene S14 or the unexpressed α-fetoprotein

gene. However, the transcription factor Bcl-6 gene was mutated at

a significant level, 3x10-4 mutations/nucleotide. This was about

100x lower than the mutation frequency in the Ig genes, but at least

three orders of magnitude higher than spontaneous mutations.

This appeared to be somatic hypermutation, since in non-immune

B cells of this donor, the Bcl-6 gene was not mutated. As a control,

the Bcl-6 gene was also sequenced in the mouse B cells investi-

gated earlier. However, like the β-actin and c-myc genes, the Bcl-

6 gene was not mutated in the mouse B cells. Given the 100x lower

mutations of the Bcl-6 gene compared with the Ig gene in the

human cells, mutations in the mouse Bcl-6 gene would have had

to be relatively higher to be detectable. Two other human donors,

but not a fourth, also showed relatively high mutation frequency in

Bcl-6, but not other genes (Shen et al., 1998).

Taken together we interpret the findings with human and mouse

non-Ig genes to indicate that the somatic hypermutation process is

mostly specific for Ig genes. We presume that this specificity is

determined mainly by the Ig enhancers. They all share one motif,

the E2A site, which is a possible candidate for part of this specificity.

The detailed unraveling of the basis of the Ig gene specificity of

somatic hypermutation remains a fascinating challenge for further

investigation.

The sites of somatic hypermutation appear to be deter-
mined by the combination of the secondary structure of
the nascent Ig gene transcript and the nucleotide pre-
ferences of a mutator factor

As described earlier, somatic hypermutation is apparently

induced by a mutator factor traveling with the RNA polymerase

during transcription. Recent experiments have given some clues

as to how the mutations may be introduced. We have created an

Ig κ transgene that contains, inserted into the V region, an artificial

mutation substrate (Klotz et al., 1997). The substrate consists of

alternating EcoRV and PvuII restriction enzyme sites (EPS).

Mutations in the EPS are easily assayed by DNA amplification

and restriction enzyme analysis. The products can be

electrophoretically separated, resulting in a ladder of small frag-

ments when no mutations have occurred. When a mutation exists

in the EPS, two small fragments disappear and a larger one is

created. The EPS transgene is thus a useful substrate for a quick

mutation assay.

When transgene copies with EPS mutations were sequenced,

including the flanking V and J regions, we were surprised to find

that the EPS is on average mutated 7x more frequently than the

flanks (Storb et al., 1998a). Moreover, within the EPS a hierarchy

of mutability exists. Certain nucleotide combinations are mutated

much more frequently than others in every restriction site that

contains the respective nucleotides. For example, GC and TA

appear hypermutable, whereas TG and GA are disfavored. The

preferred targets turned out to be components of hotspots ob-

served in a number of studies of somatic hypermutations (Rogozin

and Kolchanov, 1992; Betz et al., 1993; Smith et al., 1996; Doerner

et al., 1997). In fact, comparing the EPS sequence with the

sequences analyzed in a large survey of somatically mutated Ig

genes (Smith et al., 1996), showed a rather striking correlation of

hyper- and hypo-mutability within the EPS with the di- and tri-

nucleotides that were favored or disfavored for somatic mutation of

normal Ig genes.

This alone, however, did not explain why the EPS was

hypermutable compared with the V and J flanks. These flanks also

contained similar representation of the susceptible di- and tri-

nucleotides. Different to the flanks, though, the EPS sequence,

because of its repeated restriction sites, can form a series of stem-

loop structures with high stability of the stems. Such secondary

structures could form either on the DNA or the RNA level. At

present we favor the view that they play a role in somatic mutation

as RNA structures (see the model, below).

A model of somatic hypermutation of Ig genes

We propose two major rules for somatic hypermutation from the

results with the EPS transgene. First, the overall susceptibility of

the region where point mutations occur is determined by the

secondary structure of the nascent RNA. Second, the exact

nucleotides mutated depend on the nucleotide preferences of a

mutator factor that is specific for the somatic hypermutation of Ig
genes. The findings with the EPS transgene have led us to modify

the original transcription based model (Peters and Storb, 1996) by

postulating that the polymerase pausing occurs by the natural

mechanisms that function during normal transcription (Fig. 1)

(Storb et al., 1998a). Furthermore, the role of a mutator factor

(MuF) is to interact directly with DNA near the pause site to cause

the mutations. For example, MuF could be a nuclease that nicks

DNA, which is followed by excision of a short patch of single

stranded DNA by general exonucleases. Repolymerization of the

patch could be error prone due to the influence of the MuF.

The proposed model is summarized in Figure 1:

(a) MuF associates with RNA polymerase II (pol). This can only

happen if the polymerase (or MuF) has interacted with Ig enhancer

binding proteins during initiation of transcription at an Ig gene

promoter. (b) MuF travels with the polymerase during transcript

elongation. (c) If the RNA polymerase encounters an impediment

to transcription (e.g., a hairpin in the nascent transcript), it pauses.

(d) Perhaps under the influence of elongation factors, the confor-

mation of the pausing polymerase changes, resulting in the trans-

fer of MuF to the DNA. (e) MuF binds to double-stranded DNA

upstream of the polymerase.

How the MuF then causes mutations is rather speculative, but

one testable possibility is that:

(f) MuF nicks the non-transcribed strand, remaining associated

with the newly created 5’ end and also with one or several

nucleotides on the transcribed strand. (g) Because of the bound

MuF, the single-stranded ends cannot be ligated. Exonuclease

trims back the single-stranded 3’ end. (h) A DNA polymerase fills

in the gap creating mutation(s) (x) opposite the MuF associated

base(s). (i) The DNA polymerase continues past the MuF bound

residues, creating a 5’ flap of the nontranscribed strand. The flap

is cut by endonuclease Fen1 (DNase IV). (j) The free DNA ends are

ligated. MuF has been removed with the flap.

The postulated MuF would only be produced during the short

window in the life of the B cell when somatic hypermutation is

ongoing. It can only bind to an initiating RNA polymerase II (pol)

after interaction with transcription factors bound to the Ig enhancer.

It cannot randomly bind to pol or DNA. This property of MuF

coupled with a high chance for polymerase pausing within the first
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1 kb or so of transcribed DNA explains the extent of somatic

hypermutations over only 1-2 kb of the 5’ region of the Ig gene with

sparing of the 3’ region (reviewed in Storb, 1996).

This novel model of somatic hypermutation of Ig genes has

several aspects that can be further tested by studying the proteins

associated with the EPS transgene during somatic mutation and

creating modifications of the EPS transgene. Some of these

studies can be carried out in transgenic mice, others may be

feasible in recently developed cell lines that appear to somatically

mutate Ig genes in culture (Denepoux et al., 1997).

Conclusions

Clearly, the transgenic mouse technology has been invaluable.

Due to the lack of a mutating cell line until very recently it has been

the only tool to study specifically designed Ig genes for the cis

acting elements in somatic hypermutation. We are extremely

grateful to Ralph Brinster. It has been a great pleasure to know

Ralph and benefit from his enormous expertise, generosity, and

scientific insights during our collaboration. The fruit of our col-

laborative period continues to enhance our current projects and

Ralph is still a wise consultant when we have problems with the

transgenic technology.
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