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ABSTRACT
To test the hypothesis that immunoglobulin gene hypermutation in vivo employs a pathway in which

DNA breaks are introduced and subsequently repaired to produce mutations, we have used a PCR-based
assay to detect and identify single-strand DNA breaks in l1 genes of actively hypermutating primary murine
germinal center B cells. We find that there is a two- to threefold excess of breaks in l1 genes of hypermutat-
ing B cells, relative to nonhypermutating B cells, and that 1.3% of germinal center B cells contain breaks
in the l1 gene that are associated with hypermutation. Breaks were found in both top and bottom DNA
strands and were localized to the region of l1 that actively hypermutates, but duplex breaks accounted
for only a subset of breaks identified. Almost half of the breaks in hypermutating B cells occurred at
hotspots, sites at which two or more independent breaks were identified. Breaksite hotspots were associated
with characteristic sequence motifs: a pyrimidine-rich motif, either RCTYT or CCYC; and RGYW, a
sequence motif associated with hypermutation hotspots. The sequence motifs identified at breaksite
hotspots should inform the design of substrates for characterization of activities that participate in the
hypermutation pathway.

SOMATIC hypermutation is a highly regulated pro- cal microenvironments called germinal centers (Kelsoe
1996). A huge database of hypermutated sequences hascess that specifically targets immunoglobulin genes

for very high levels of mutation. The great majority of been compiled, and comparison of these sequences has
revealed common hotspots for hypermutation. The se-the mutations are single base substitutions, with more

transitions than transversions. The mutation rate is quence motif RGYW (R 5 A or G; Y 5 C or T; W 5 A
or T) is frequently found at hypermutated sites (Rogo-about one mutation per kilobase pair per generation,

which is 106-fold higher than the typical mutation rate zin and Kolchanov 1992; Betz et al. 1993; Jolly et al.
1996; Rogozin et al. 1996). Reporter genes (b-globin,in mammalian somatic cells. In mice and human, hyper-

mutation occurs after challenge with antigen and is gpt, and neo) can be targeted for hypermutation when
they are substituted for immunoglobulin variable re-coupled with selection for high-affinity B cell clones.

Following mutation and selection, a B cell can produce gions in transgenic constructs, and the RGYW motif is
also a hotspot for mutation in these reporter genesantibody with greatly increased affinity for antigen. Hyp-
(Yélamos et al. 1995).ermutation thus increases the efficiency of the humoral

Hypermutation alters immunoglobulin loci in verte-immune response.
brates from nurse sharks to mammals, but the regulationExtensive study of hypermutation has produced some
and products of hypermutation differ from species tounderstanding of the biological requirements for this
species. In chicken (Reynaud et al. 1987; Thompsonprocess (reviewed by Klein et al. 1998; Kong et al. 1998a;
and Neiman 1987), rabbit (Becker and Knight 1990;Neuberger et al. 1998; Storb et al. 1998; Winter and
Weinstein et al. 1994; Mage 1998), pig (Butler et al.Gearhart 1998). Transcriptional activation is necessary
1996), and cattle (Parng et al. 1995, 1996), hypermuta-but not sufficient to target an immunoglobulin gene
tion occurs prior to encounter with antigen to diversifyfor hypermutation, and hypermutated sequences are
the preimmune repertoire, and most mutations are tem-restricted to the region 1–2 kb downstream of the pro-
plated. In sheep, hypermutation also occurs prior tomoter. Hypermutation occurs in specialized physiologi-
encounter with antigen, but mutations are untemplated
(Reynaud et al. 1991). In mouse (Betz et al. 1993;
Wagner et al. 1995; Jolly et al. 1996; Kong et al. 1998b),Corresponding author: Nancy Maizels, Departments of Immunology
human (Dorner et al. 1998; Dunn-Walters et al. 1998;and Biochemistry, University of Washington Medical School, Rm.

H474A HSB, 1959 NE Pacific St., Box 357650, Seattle, WA 98195- Varade et al. 1998; Foster et al. 1999), and the distantly
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OH 44106. stimulation and most mutations are untemplated. In an
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attempt to reconcile the apparent paradox of closely two- to threefold higher in hypermutating B cells than
in nonhypermutating B cells isolated from the samerelated organisms using distinct mechanisms to achieve

hypermutation, we have proposed that hypermutation mouse. We measured breaks in both the endogenous
l1 gene of wild-type C57BL/6 mice and in a l1 trans-in all organisms occurs by a break-and-repair pathway

(Maizels 1995; Kong et al. 1998a; Harris et al. 1999). gene that hypermutates actively (Kong et al. 1998b)
and find similar levels and patterns of breaks in theFirst, a nick or double-strand break (DSB) disrupts the

DNA duplex, and then repair by either gene conversion endogenous gene and the transgene. Sequence analysis
shows that a significant fraction of the breaks in hyper-or unfaithful copying would produce either templated

or untemplated mutations. This model generates a testa- mutating B cells are clustered at distinct hotspots, which
contain one of two pyrimidine-rich consensus motifs,ble hypothesis: that DNA lesions related to hypermuta-

tion can be found in immunoglobulin genes of primary RCTYT or CCYC. The hypermutation hotspot sequence
motif, RGYW, was also found at or near most of thehypermutating B cells.

One line of evidence that breaks occur as part of the breaksite hotspots. Our observations support the hy-
pothesis that immunoglobulin gene hypermutation de-immunoglobulin gene hypermutation mechanism in

humans and mice comes from the identification of dele- pends upon a break-and-repair pathway. They also pro-
vide direct evidence for DNA breaks at an endogenoustion and insertion mutations produced as a by-product

of hypermutation in vivo (Goossens et al. 1998; Wilson immunoglobulin locus in vivo. The consensus sequence
motifs at breaksite hotspots may define the specificityet al. 1998a,b). These sorts of mutations are likely to

result from inaccurate repair of DNA breaks. Another of one or more activities essential to the mechanism of
immunoglobulin gene hypermutation.line of evidence comes from analysis of immunoglobulin

loci in lymphoid malignancies. The involvement of DNA
breaks in many B cell lymphomas is well documented,

MATERIALS AND METHODSand while some of these breaks appear to result from
aberrant V(D)J recombination or switch recombination, Isolation of PNAhi and PNAlo B cells and DNA preparation:
others appear to result from breaks induced during The endogenous l1 gene was analyzed in wild-type C57BL/6
hypermutation and implicate aberrant hypermutation mice. A rearranged l1-El2-4 transgene, which undergoes active

hypermutation, was analyzed in the LZ15-90 transgenic lineevents as contributing to some B cell malignancies
(Kong et al. 1998b). Mice were immunized intraperitoneally(Goossens et al. 1998; Kuppers et al. 1999).
with 100 mg alum-precipitated NP-CGG and 2 3 109 BaccilusDirect evidence for the involvement of DNA breaks pertussis. Secondary immunization was with 10 mg NP-CGG in

in hypermutation first came from analysis of a human saline (Peakman and Maizels 1998). Single cell suspensions
B cell lymphoma line, Ramos, which carries out constitu- were prepared from spleen, lymph nodes, and Peyer’s patches.

Cells were stained with PNA-FITC and B220-RPE as previouslytive immunoglobulin gene hypermutation in cell cul-
described (Kong et al. 1998b) and sorted using a FACSVantageture, although at a level approximately fivefold below
cell sorter (Beckton Dickinson, San Jose, CA).that of primary germinal center B cells (Sale and Neu- Identification of breaksites: We developed a method for

berger 1998). Sale and Neuberger (1998) found an rapid identification of breaksites in small numbers of mamma-
increase in the level of insertion and deletion mutations lian cells, referred to as breaksite batch mapping (Kong and

Maizels 2001). This method considerably increases the speed,in the k light chain gene V region in Ramos cells, as
throughput, and convenience of breaksite identification bywell as untemplated nucleotide insertion in transfec-
direct sequence analysis of ligation-mediated PCR (LM-PCR)tants expressing terminal deoxynucleotidyl transferase. products in batch, with no gel purification or cloning steps.

Recently, two groups used ligation-mediated PCR to This method also includes two minor modifications that en-
identify DSBs in immunoglobulin genes in B cells car- hance the sensitivity and specificity of standard LM-PCR proto-

cols: use of a biotinylated primer in the extension step andrying out hypermutation. Papavisiliou and Schatz
use of nested PCR primers in the amplification steps. This(2000) identified DSBs in the immunoglobulin V re-
method, which is described in detail elsewhere (Kong andgions of the Ramos cell line, and by analysis of a reporter Maizels 2001), was used for identification of breaksites in

transgene confirmed that breaks could also be identi- murine l1 genes. Briefly, genomic DNA was prepared from
fied in hypermutating B cells in vivo. Bross et al. (2000) sorted B cells, carefully quantitated, and a small amount of

DNA (2000 cell-equivalents) was denatured and annealed toalso identified DSBs in a “knock-in” mouse model, gen-
a biotinylated primer specific for the region of interest. Theerated by targeting a modified immunoglobulin heavy
primer was extended with Sequenase (United States Biochemi-chain gene to the heavy chain locus. Both groups cal, Cleveland) to produce duplex DNA extension products

showed that the appearance of breaks is dependent that terminated at the site of the break with a blunt end. (A
upon transcriptional activation, as would be predicted minority of Sequenase extension products may not be blunt

but instead contain a nontemplated 39 A, resulting in a modestby the dependence of hypermutation on proximal en-
underestimation of total breaks.) After ligation to a duplexhancer elements.
linker containing one blunt and one staggered end (generatedWe have assayed for the presence of breaks in murine
by annealing oligonucleotides LL3 and LP2), biotinylated ex-

immunoglobulin l1 light chain genes using a PCR- tension products were isolated on streptavidin-magnetic beads
based assay designed to identify single-strand breaks. (Dynal, Great Neck, NY). The recovered extension products

were diluted and aliquoted so that subsequent amplificationWe find that the level of single-strand DNA breaks is
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reactions contained 250 cell-equivalents for analysis of the sites were detected using l1-specific primers, as de-
endogenous l1 gene and 50 cell-equivalents for analysis of scribed in materials and methods. Break sites were
the l1 transgene, which is present at six to eight copies/cell

analyzed not only in the endogenous l1 gene of wild-(Kong et al. 1998b). DNAs were amplified by nested PCR
type C57BL/6 mice but also in a l1 transgene thatusing primer pairs specific to the region of interest or the

linker. PCR products were analyzed by Southern blotting or had been shown to undergo active transcription and
sequence analysis. In some cases, LM-PCR products were sepa- hypermutation (Kong et al. 1998b).
rated by gel electrophoresis and sequenced after subcloning. Figure 1 shows examples of one set of amplification
In most cases, the final PCR product mixtures were sequenced

reactions, in which breaks in DNA preparations fromdirectly on an ABI 3700 sequencer, and the breakpoints were
spleen, lymph nodes, or Peyer’s patches of a singleidentified according to the position of the linker sequence

on the sequencing profiles. C57BL/6 mouse were amplified, resolved by gel electro-
The duplex linker was generated by annealing oligonucleo- phoresis, blotted, and hybridized with a l1-specific oli-

tides LL3 (CGAGTTCAGTCCGTAGACCATGGAGATCTGAA gonucleotide probe. In each of the tissues analyzed,
TTC) and LP2 (GAATTCAGATCTCC). Linker-specific prim- essentially every band visible by ethidium bromide stain-ers for nested PCR were LL2 (GTAGACCATGGAGATCT

ing hybridized with the probe (Figure 1A), verifying theGAATTC) and LL4 (CGAGTTCAGTCCGTAGAC). For identi-
specificity of the PCR-based assay. Specificity of otherfication of breaks in the endogenous l1 gene top strand,

extension was carried out using the biotinylated primer LRB primer sets was comparable (data not shown). As illus-
(BBBBATGCTCTTGCTGTCAGG, B 5 biotin), and l1-specific trated by the examples in Figure 1, there were more
primers for nested PCR were LR2 (GTAGAAATCAGTGAT distinct product bands produced upon amplification ofCGTAC) and LR3 (ACAGGGTGACTGATGGCGAAG). Exten-

samples from germinal center B cells than nongerminalsion and amplification primers for the endogenous l1 gene
center B cells, indicative of more DNA breaks in thisbottom strand were LFB2 (BBBBGATAGTGGGTGTTTATG),

wLF2 (ACTCTGGATAAGCCTGAAC), and wLF3 (GATGAT cell type. This was the case for samples from spleen
TAATGCCCCTGAGCTC). For the l1 transgene, top strand- (Figure 1A), lymph node (Figure 1B), and Peyer’s
specific primers were LRB3 (BBBBGAATGTTCTGTGCTCTC), patches (Figure 1C).
LR4d (CTGTGTCTCTCTCTATGAC), and LR4e (GTTTTCCT

Table 1 summarizes experiments that compared theTCTCCATGAGATAGC); and bottom strand-specific primers
number of single-strand DNA breaks in the top (non-were LFB (BBBBCATGAGATCACTGTTCTC), LF2 (CAGTT

ACGGAGCACACAG), and LF3c2 (GCAACAATGCGCATC transcribed) strand of the l1 gene in germinal center
TTGTCTC). LR3a (CATCTTTCAGTAGCAATCCTGG), LR5a and nongerminal center B cells from five individual
(TATTCCTCACAAAGTTCACCAGC), LF3c3 (GATTTGCTA mice, three wild type (mice 1–3), and two transgenics
CTGATGACTGG), and wLF3a (CAGTGTAGTAGATTTCACA (mice 4 and 5). The ratio of single-strand breaks inTGAC) were end-labeled and used as probes for hybridization

germinal center and nongerminal center B cells rangedfollowing extension and amplification with the LRB, LRB3,
from 2.3 to 3.3 and was similar in wild-type and trans-LFB, and LFB2 primer sets, respectively. Primers used for

sequencing were LR3a, LR3b (CCTTGCCATTGACCTCCAA genic mice. The absolute number of breaks was higher
TAC), LR4a (TATGCCTTCTGGGTACAAG), LR4c (CTAGGAG in the transgenic mice because the l1 transgene is pres-
CCCAGCTTCCAAAC), LR4d, LR4e, LR5a, LR5b (GAGATTA ent at six to eight copies per cell (Kong et al. 1998b).GACATGAAAGGCTACAG), LR6 (TGGTTGCTGTACCATA

The average level of top strand breaks per 100 cells inGAG), and LR7 (TGAGTCACAACAGCCTG) for top strand
the single copy endogenous l1 genes of the wild-typebreaks; and LF3c3, wLF3a, LF4 (CAATGCGCATCTTGTCTC),

LF5a (ACCGAGCTCCAGGTGTTCC), LF5b (GAACCAAACT mice was 1.0 in the germinal center B cells, and 0.35
GACTGTCC), LF7 (TCTCATGGAGAAGGAAAACC), LF8 in the nongerminal center B cells. Thus, in the l1 genes
(GAGAAAAAGTTCAAGCGAGTG), and LF9 (CCAGGATTG of primary germinal center B cells there was an excess
CTACTGAAAG) for bottom strand breaks.

of 0.65 single-strand breaks on the top strand per 100
cells. Similar results were obtained when DNA break
frequencies on the bottom (transcribed) strand wereRESULTS
analyzed (data not shown). We therefore estimate that

DNA breaks in l1 light chain genes: Somatic hyper- z1.3% of primary germinal center B cells contain
mutation occurs in sequestered microenvironments, breaks associated with hypermutation in either strand
called germinal centers (reviewed by Przylepa et al. of the l1 genes.
1998). Germinal centers are dynamic structures that Breaksite hotspots in l1 genes from germinal center
form in secondary lymphoid tissues like the spleen, B cells: The precise sites of DNA breaks were deter-
lymph nodes, and Peyer’s patches. In the germinal cen- mined by sequencing LM-PCR products. Sequences of
ter, B cells make intimate contact with antigen, prolifer- 183 breaks were determined, 84 from the endogenous
ate actively, and undergo selection for production of l1 genes and 99 from the l1 transgenes. Breaksites were
high-affinity antibodies. To ask if breaks are present in identified in DNA from both germinal center (PNAhi)
l1 genes of hypermutating primary B cells, DNA was and nongerminal center (PNAlo) B cells. The breaksites
prepared from hypermutating germinal center B cells are mapped in Figure 2. Strikingly, in the samples from
(PNAhi B2201) and nongerminal center B cells (PNAlo the germinal center B cells, there were numerous exam-
B2201), which had been sorted by FACS from secondary ples of multiple independent breaks at single sites. In

contrast, there was only one example of a site with morelymphoid tissues of individual immunized mice. Break
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Figure 1.—Identification
of DNA breaks in germinal
center (PNAhi) and nonger-
minal center (PNAlo) pri-
mary B cells. DNA was ana-
lyzed in B cells that ori-
ginated from three different
lymphoid tissues: (A) spleen;
(B) lymph node; and (C)
Peyer’s patches. Breaks were
identified as described in
materials and methods,
using the primer set LRB,
LR2, and LR3, which ampli-
fies breaks in the top (non-
transcribed) DNA strand,
and template DNA from ger-
minal center (PNAhi) and
nongerminal center (PNAlo)
B cells from a C57BL/6
mouse. The DNA products
were separated by agarose
gel electrophoresis and hy-
bridized with 32P-labeled oli-
gonucleotide LR3a, com-
plementary to the Jl1-Cl1
intron. The ethidium bro-
mide-stained gel is shown at
left (M1, 1-kb ladder; M2,
100-bp ladder), and the cor-
responding Southern blot
at right. A diagram of the
rearranged l1 gene at the
left of A–C provides an ap-
proximate map of where
breaks occurred. L, leader;
V, variable region; C, con-
stant region.

than one break in the samples from nongerminal center Identical breaksite hotspots in the endogenous and
transgenic l1 genes: Multiple independent breaks wereB cells, and there were a total of only 2 breaks at this

site. identified at nine sites in the endogenous l1 gene, and
nine sites in the l1 transgene. The sequences of theseTable 2 compiles these data, showing the number of

breaks and breaksites in DNA samples from germinal sites and the number of breaks identified at each site
are shown in Figure 3. For simplicity, we refer to sitescenter and nongerminal center B cells. Of the total of

133 breaks identified in germinal center B cells, 55 (or at which multiple independent breaks were identified
as breaksite hotspots. Two top strand and two bottom41%) were at sites of 2 or more breaks. This contrasts

with the results from nongerminal center B cells, where strand breaksite hotspots were identical in the endoge-
nous l1 gene and the transgene and are marked withonly 2 of 50 breaks (4%) mapped to the same site. If

breaks occurred randomly, for example, during DNA asterisks in Figure 3, at positions 236 (bottom strand)
and 377 (top strand). The breaksite hotspot at positionpreparation, some small fraction of repeated hits would

be expected in the dataset, and this fraction would in- 236 is in the Vl1 region, 33 bp upstream of CDR3. Nine
breaks at this site were independently identified, 7 increase with the number of breaks analyzed. Nonetheless,

the difference in the number of breaksites identified in samples from wild-type mice and 2 in samples from the
transgenic line. The breaksite hotspot at position 377the PNAhi and PNAlo cell samples is not sufficient to

explain the large difference in multiple hits at individual is in the Jl1-Cl1 intron. Ten breaks at this site were
independently identified in the top strand, 5 in samplesbreaksites. Instead, these results suggest that germinal

center B cells carry breaks at specific sites in the l1 from wild-type mice, and 5 in samples from the trans-
genic line. Three breaks were also identified in thegene.
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TABLE 1 sition 378), for a total of 16 breaks clustered at positions
377–378. A cluster of breaks was also observed in theTop strand DNA beaks/100 cells in l1 genes of
bottom strand (positions 256–257) z12 bp upstream ofgerminal center (PNAhi) and nongerminal
CDR3. These breaksite hotspot clusters are indicatedcenter (PNAlo) primary B cells
by braces in Figure 3.

Mouse The breaks in the endogenous l1 gene and the l1
transgene were amplified with different primers. Identi-1 2 3 4 5
fication of identical breaksite hotspots in these samples

PNAhi 0.80 1.2 1.0 9.0 8.5 therefore supports the premise that these breaks reflect
PNAlo 0.35 0.40 0.30 4.0 3.0 specific cleavage in vivo and are not artifacts of PCR
PNAhi/PNAlo 2.3 3.0 3.3 2.3 2.8 amplification. The fact that identical breaksite hotspots

Mice 1–3 were wild-type C57BL/6 mice, and mice 4 and 5 were found in samples from both wild-type C57BL/6
were LZ15-90 transgenics carrying six to eight copies per cell mice and l1 transgenics also eliminates chromosomal
of the l1-El2–4 transgene. All mice were immunized with NP- location or details of gene organization as possible con-CCG. B cells analyzed derived from the spleen in all cases

tributors in determining breaksites.except mouse 3, where they derived from Peyer’s patches.
A duplex breaksite hotspot: Breaksite hotspots areMice 1, 4, and 5 were immunized once and killed 12–14 days

later. Mouse 2 was immunized twice, and mouse 3 was immu- mapped in Figure 4A. As the map shows, the most fre-
nized three times; these two mice were killed 3–4 days after quently targeted breaksite hotspots identified in this
the last immunization. dataset map at the 39 end of the Vl1 region or 59 end

of the Jl1-Cl1 intron. This region of the l1 gene is
highly mutated in vivo (González-Fernández et al.bottom strand at the same position. As discussed below,
1994; Azuma 1998). One breaksite hotspot (positionidentification of breaks at the same site in top and bot-
236) maps just upstream of CDR3. Another (positiontom strands is consistent with the possibility that at least
269) is within CDR3 and just 1 bp upstream of a hyper-some of the breaks are DSBs. In addition, 3 top strand

breaks were identified one nucleotide downstream (po- mutation hotspot at Ala89, characterized by frequent

Figure 2.—Sites of DNA
breaks in l1 genes in germinal
center (PNAhi) and nongermi-
nal center (PNAlo) primary B
cells. The positions of break-
sites were determined by se-
quencing LM-PCR products.
Separate maps are shown for
breaks identified in PNAhi and
PNAlo cells from (A) the endog-
enous l1 gene in wild-type
C57BL/6 mice and (B) the
l1 transgene in the LZ15-90
line. Breaks on the top (non-
transcribed) strand are shown
above the line, and breaks
on the bottom (transcribed)
strand below the line. L, leader
region; VJ, variable region; C,
constant region.
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TABLE 2

Breaksites in germinal center (PNAhi) and
nongerminal center (PNAlo) B cells

PNAhi PNAlo

WTa TGb Total WTa TGb Total

Top strand 29 37 66 14 18 32
Bottom strand 31 36 67 10 8 18
Total breaks 60 73 133 24 26 50
Breaks at sites

with .1 break 28 27 55 2 0 2
% breaks at sites

with .1 break 47 37 41 9 0 4

a WT, endogenous l1 gene in wild-type C57BL/6 mice.
b TG, l1 transgene in the LZ15-90 line.

mutation of the G in the GCT triplet (González-Fer-
nández et al. 1994; Jolly et al. 1996). The most heavily
targeted hotspot in this collection maps in the intron
(position 377–378), just downstream of the 39 end of
the Jl1 region. This breaksite in the Jl1-Cl1 intron is
z30 bp upstream of a region of the intron that hypermu-
tates very actively (González-Fernández et al. 1994).

Figure 3.—Sequences of breaksite hotspots. Sequences
Breaks at this site occurred in both top and bottom flanking all sites at which multiple breaks were identified are
strands (see Figures 3 and 4A) and in samples from shown. Breaks are indicated by gaps. The number of times

each breaksite was independently identified is shown in theboth wild-type mice and transgenics.
second column, and the third column shows the position ofRecurrent sequence motifs at breaksite hotspots:
the break, using the numbering system of González-Fernán-RGYW has been identified as a consensus site at which dez et al. (1994), in which the first nucleotide of the V region

hypermutation frequently occurs (Rogozin and Kol- is number 1 and the last nucleotide in the J region is position
chanov 1992; Betz et al. 1993; Jolly et al. 1996). Almost 328. Breaksites identified on both top and bottom strands

are indicated by double daggers (‡). Breaksites identified inall breaksites contain at least one match to either the
samples from both wild-type and transgenic mice are indicatedRGYW motif or to its reverse complement, WRCY (Fig-
by asterisks (*), and numbers identified in wild-type and trans-ure 3). Matches to the WRCY motif are in most cases genics, respectively, are shown in parentheses. In two cases,

at the breaksite. breaks were separated by only a single base. These clustered
All of the breaksite hotspots also contain one of two breaksites are indicated by brackets, and the breaksite se-

quences are aligned. Pyrimidine-rich consensus sequence mo-pyrimidine-rich motifs (Figure 3). An RCTYT consensus
tifs RCTYT and CCYC are underlined. Matches to the hyper-motif occurs at or just downstream of all breaksite hot-
mutation hotspot RGYW and its reverse complement, WRCY,

spots on the top strand and at hotspots upstream of the are in lightface type.
leader on the bottom strand. This motif is in many cases
preceded by a T, which fuses the WRCY hotspot motif (as
TRCT) and the RCTYT motif to generate an expanded bility that DNA must become transiently structured for
consensus motif, TRCTYT. A CCYC consensus motif cleavage.
occurs at or near hotspots in the variable region and Breaks localize to the region of the l1 gene that
the Jl1-Cl1 intron on the bottom strand. The same hypermutates: To ask if the breaks in primary PNAhi B
motifs are found in samples from both transgenic and cells reflected generalized degradation of genomic DNA
wild-type germinal center B cells. rather than a feature of the hypermutation mechanism,

The potential for the DNA sequences spanning the we wanted to compare breaks in regions of DNA that
breaksite hotspots to form secondary structures was ana- mutate at very different rates. We chose for comparison
lyzed by using the Mfold program (http://mfold.wustl. two regions of the Jl1-Cl1 intron. The upstream region
edufolder/dna/form1.cgi). While many breaksite hot- of this intron hypermutates actively and includes a hot-
spots had structural potential, this analysis did not iden- spot that hypermutates at a level comparable to the
tify structural motifs consistently associated with cleav- complementarity-determining regions (CDRs) within
age sites. Nonetheless, because predictions of secondary the V segments; and the downstream region mutates at
structure are sensitive to parameters such as sequence a much lower level (González-Fernández et al. 1994;

Azuma 1998). The Jl1-Cl1 region has a further advan-length and temperature, this does not rule out the possi-



375Break-and-Repair Hypermutation Pathway

Figure 5.—DNA break-and-repair model for somatic hyper-
mutation. A single-strand break introduced into the DNA is
shown (top line). The broken strand is resected by a 39–59
exonuclease (second line); mutations (stars) are introduced
by an error-prone polymerase (third line); and the DNA is
religated (last line). Errors introduced into one DNA strand
can be fixed by subsequent DNA replication or by mismatch
repair. A similar model can also be drawn for initiation of
hypermutation by a double-strand break. This polarity for
resection is shown to emphasize how a 59 end may persist
during both resection and repair, but our data do not preclude

Figure 4.—Breaksites correlate with somatic hypermuta- resection by a nuclease of opposite polarity or strand displace-
tion. (A) Breaksite hotspots mapped in the l1 gene. The ment by a repair polymerase.
murine l1 locus is shown. Arrows denote positions of breaksite
hotspots listed in Figure 3. Numbers above arrows denote the
number of breaks at each position among the 133 breaksites

data are very unlikely to reflect particulars of the PCRidentified from PNAhi cells. (B) Breaks localize to the region
of the Jl1-Cl1 intron that hypermutates. The numbers and analysis. We conclude that the excess of breaks in germi-
ratios of breaks in two intervals within the intron are compared nal center B cells is confined to regions of DNA that
in germinal center (PNAhi) and nongerminal center (PNAlo) actively hypermutate. This provides further evidenceB cells. The upstream interval is 400 bp in length, undergoes

that the breaks are associated with the hypermutationactive hypermutation, and includes a hypermutation hotspot
mechanism.(González-Fernández et al. 1994) that is denoted by a star.

The downstream interval is 753 bp long in wild-type mice and
639 bp in the transgenics and mutates at much lower levels.

DISCUSSION

We have identified single-strand breaks in l1 genestage for this analysis, namely, that it does not encode
protein and is not subject to clonal selection. Moreover, of actively hypermutating primary germinal center B

cells. These breaks appear to be intermediates in theby comparing hypermutation of different zones within
the same gene, rather than two different genes, the hypermutation pathway, for the following reasons: (1)

There are more breaks in l1 genes from germinal centercomparison could be made independently of differ-
ences in levels of transcription. We separately analyzed B cells than from nongerminal center B cells; (2) a

significant fraction (41%) of the breaks in germinalbreaks in two regions within the Jl1-Cl1 intron: a 400-bp
upstream interval, with its 59 border at the Jl1 boundary, center B cells occur at breaksite hotspots, sites at which

two or more independent breaks were identified; (3)and a downstream interval containing the remainder of
the intron, with the 39 boundary at Cl1. The down- characteristic motifs could be identified at breaksite hot-

spots, including the RGYW motif (or its reverse comple-stream interval is 753 bp in the wild-type mice and 639
bp in the transgenics. This difference is due to a 114- ment, WRCY), which is associated with hotspots for so-

matic hypermutation; and (4) breaks are concentratedbp deletion introduced into the intron during transgene
construction (Hengstschläger et al. 1994). in DNA regions that hypermutate.

Figure 5 presents a simple model for how repair ofFigure 4B shows that in DNA from germinal center
B cells there were 60 breaks in the upstream interval a DNA break could produce mutations. In the first step,

DNA undergoes cleavage, shown here as producing aand 14 breaks in the downstream interval and that in
nongerminal center B cells there were 22 breaks in single-strand break. In the second step, DNA is resected;

next, error-prone repair introduces mutations; and inthe upstream interval and 14 breaks in the downstream
interval. The ratio of breaks in germinal center (PNAhi) the last step the duplex is religated. The figure shows

resection occurring by a 39 → 59 exonuclease to drama-to nongerminal center (PNAlo) cells is therefore 2.7 in
the upstream interval and 1.0 in the downstream inter- tize the fact that the 59 end of a DNA break may persist

unaltered between the initial cleavage event and theval. Because the same PCR primers and protocols were
used to amplify DNA from both cell populations, the final religation step. In contrast, the 39 end of the DNA
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break is effectively a moving target, which may be at- present in the VH region of z4% of Ramos cells (Papavi-
siliou and Schatz 2000). The higher fraction of Ramostacked by an exonuclease during resection, and which

will necessarily travel in the 59 → 39 direction during cells with breaks may reflect longer persistence of breaks
in cultured cells, either because breaks are repaired lessrepair by DNA polymerase. The model in Figure 5 is

similar in outline to the model originally proposed by rapidly in this cell line or because cultured cells cycle
less rapidly than primary germinal center B cells.Brenner and Milstein (1966) to explain the origin of

antibody variability. The pathway outlined in Figure 5 Several lines of evidence suggest that there may be two
or more components to the hypermutation apparatuscould readily accommodate initial cleavage to produce

a double-strand break, resection by a nuclease with op- (Milstein et al. 1998; Rada et al. 1998; Sale and Neu-
berger 1998; Ehrenstein and Neuberger 1999; Spen-posite polarity, or strand displacement that accompa-

nies repair synthesis. Cleavage followed by strand trans- cer et al. 1999; Cowell and Kepler 2000). It is possible
that one distinguishing feature of these two componentsfer rather than error-prone repair could result in

templated mutation, as previously proposed by our labo- is creation or persistence of single-strand breaks and
DSBs. The possibility that one component of this processratory (Maizels 1995; Kong et al. 1998a; Harris et al.

1999). involves single-strand breaks is consistent with consider-
able evidence pointing to the involvement of mismatchThe LM-PCR assay we used ligates an identifying

linker to a free 59 end. The assay thus reports both repair in somatic hypermutation (Cascalho et al. 1998;
Frey et al. 1998; Kim and Storb 1998; Phung et al.single-strand breaks and DSBs. If 59 → 39 exonucleolytic

degradation accompanies either repair or strand dis- 1998, 1999; Rada et al. 1998; Winter et al. 1998; Kong
and Maizels 1999; Vora et al. 1999; Wiesendanger etplacement, the dynamic changes in the position of the

59 end will also be identified as nicks at distinct sites; al. 2000) and with the absence of a requirement for
DNA protein kinase (Bemark et al. 2000) in hypermuta-but the assay will not register 39 → 59 exonucleolytic

digestion or extension of the 39 end by a repair polymer- tion. The presence of single-strand breaks is also consis-
tent with observations of Bross et al. (2000), who identi-ase. Thus, some of the breaksites we have identified in

Vl1 regions of primary germinal center B cells may fied DSBs in heavy chain genes in murine germinal
center B cells. This group found that the DNA end atrepresent initial sites of DNA cleavage, and others may

represent sites at which resection or repair is ongoing. the promoter-proximal side of breaks was more readily
ligated to blunt duplex linkers than the promoter-distalSeveral of the breaksite hotspots were clustered (Figure

3). Clustering is consistent with a mechanism in which end, leading them to suggest that a single-strand lesion
may be processed to produce a blunt end.initial cleavage is imprecise or in which limited pro-

cessing of the breaksite occurs prior to linker ligation. Specific sequence motifs could be identified at or
near most breaksite hotspots. Matches to the hypermuta-Other laboratories identified DSBs in immunoglobu-

lin genes in hypermutating B cells (Bross et al. 2000; tion consensus, RGYW, and either of two pyrimidine-
rich consensus motifs were also evident at hotspots. ThePapavisiliou and Schatz 2000). Because the assay we

used detects breaks on both strands, DSBs would be RCTYT consensus motif was found at top strand
breaksite hotspots and at bottom strand hotspots up-expected to comprise a subset of the breaks we identi-

fied. At least one breaksite, at positions 377–378, almost stream of the beginning of the leader intron. The CCYC
motif was found at bottom strand breaksite hotspotscertainly reflects cleavage of the DNA duplex, because

breaks were identified on both top and bottom strands within and downstream of the V region. The sites at
which multiple independent breaks were identified inat this site (see Figures 3 and 4A). This is the most

predominant breaksite identified in the l1 gene: breaks the Vl2 region of the human B cell line Ramos (Papavi-
siliou and Schatz 2000) also contain matches to eitherat this site account for 12% of the total breaks in germi-

nal center B cells and 29% of the breaks at hotspots. the RCTYT or the CCYC motif. Although our data do
not bear directly on the question of whether transcrip-Breaks were found at this site in both the endogenous l1

gene and the transgene. This site is only 30 bp upstream tion plays a role in production of DNA breaks, the obser-
vation that different sequence motifs predominated atfrom the region of the Jl1-Cl1 intron that hypermutates

very actively (positions 406–431; González-Fernández breaksite hotspots on the transcribed and nontran-
scribed strands is intriguing in light of the possibility thatet al. 1994), and it is possible that initial cleavage at

377–378 is followed by repair that preferentially alters the hypermutation apparatus differentiates between the
transcribed and nontranscribed DNA strands.the sequence at this downstream region. Other break-

site hotspots we identified may also correspond to sites The consensus motifs at hotspots are especially com-
pelling evidence in support of the notion that the breaksof duplex cleavage, but the fact that we did not detect

breaks on both strands at some of the most frequently reflect some aspect of the hypermutation mechanism.
The breaksite hotspot sequence motifs identified in ourcleaved sites makes it unlikely that all breaks are DSBs.

We estimate that 1.3% of primary germinal center B experiments may represent sites of endonuclease cleav-
age or sites at which the exonucleases or polymerasescells contain breaks in the l1 regions associated with

hypermutation (Table 1). DSBs were estimated to be pause during DNA repair. If the breaksite hotspot motifs
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