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During maturation of the immune response, IgM* B
cells switch to expression of one of the downstream
isotypes (IgG, A or E). This class switching occurs by
region-specific recombination within the IgH locus
through an unknown mechanism. A lack of switch
recombination in mice deficient in components of the
DNA-dependent protein kinase (DNA-PK)-Ku com-
plex has pointed to a role for non-homologous end
joining. Here we characterize a switching defect in
mice lacking a protein involved in DNA mismatch
recognition. Mice deficient in Msh2 give diminished
IgG (but not IgM) responses following challenge with
both T cell-dependent and T cell-independent antigens.
This appears to reflect a B cell-intrinsic defect since B
cells from Msh2-deficient mice also exhibit impaired
switching (but not blasting or proliferation) on in vitro
culture with lipopolysaccharide. Furthermore, those
switches that do occur in Msh2-deficient B cells reveal
a shift in the distribution of recombination sites used:
the breakpoints are more likely to occur in consensus
motifs. These results, which intriguingly parallel the
effects of Msh2 deficiency on hypermutation, suggest
a role for Msh2 in the mechanics of class-switch
recombination.

Keywords heavy chain switch recombination/
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Introduction

Chl exon of each of the downstream isotypes. Analysis
of a large number of switch junction sequences has
revealed that the recombination itself occurs between non-
homologous sequences without any clear consensus motifs
defining either the donor or acceptor breakpoints (Dunnick
et al,, 1993; Kinoshiteet al., 1998; Leeet al., 1998).

In an attempt to glean information about the molecular
mechanism of class switching, various groups have
monitored whether it is affected by deficiency in various
generally expressed proteins involved in DNA recombina-
tion and repair. Such experiments revealed that switching
is greatly diminished in B lineage cells from mice lacking
components of the DNA-dependent protein kinase (DNA-
PK)-Ku complex (Rolinket al., 1996; Casellagt al.,
1998; Maniset al, 1998), arguing for a role for non-
homologous end joining in switch recombination. During
a similar screen looking at the effects of DNA repair
deficiency on somatic hypermutation, we recently noted
(Radaet al.,, 1998) that mice deficient in the mismatch
repair protein Msh2 could make a fully satisfactory IgM
response @ a T cell-dependent antigen but exhibited
greatly diminished IgG responses. Here we show that this
defect reflects an intrinsic switching deficiency in the B
cells themselves and leads to an altered pattern of switch
recombination sites.

Results

Immunoglobulin heavy chain class switching can occur
in Msh2-deficient mice: there is little difference between
Msh2t~ and Msh2/~ siblings in the abundance of the
various serum isotypes (Figure 1A). However, our previous
work revealed a consistent 3- to 4-fold reduction in the
titre of NP-specific IgG1 (but not IgM) antibody in NP—
chicken y-globulin (NP-CG)-immunized Msh2-deficient
mice at day 8 and day 12 as compared with controls
(Radaet al., 1998).

Impaired IgG (but not IgM) responses to NP-Ficoll
To discover whether the diminished IgG1l response to

Class-switch recombination (reviewed in Lorenz and Rad- this T cell-dependent antigen might be attributable, for
bruch, 1996; Stavnezer, 1996) allows a B lymphocyte that example, to impaired T cell help or whether it could
initially expresses an IgM antibody to develop into an reflect an intrinsic B cell defect, we compared the response
IgG-, IgA- or IgE-expressing cell. Itis exceptional amongst of mice to the T cell-independent antigen NP—Ficoll. The
programmed gene rearrangements in that it is neither aresults reveal that Msh2 deficiency leads to a greatly
homologous nor a site-specific recombination event; rather, diminished 1gG3 response to NP—Ficoll although the IgM-
it is region specific. Class switching occurs by the creation specific response is essentially unaffected (Figure 1B). A
of a deletion in the heavy chain locus which removes the weak IgG1 anti-NP response was also found at day 14 in

exons of Qu and thereby brings the rearrange@d D44
segment into proximity with the Cexons of one of the
downstream isotypes. Thé &nd of the deletion lies either
within or adjacent to thet switch region (§), an ~3 kb

the control mice but was not detectable in the Msh2-
deficient animals (not shown).

LPS blasts from Msh2/~ mice exhibit diminished

stretch of highly repetitive sequence which is located in switching to IgG3

the intron betweenand Gu. The 3 end of the deletion

That switching to IgG3 was greatly diminished even on

lies at one of the switch regions located upstream of the day 8 of a T-independent response suggested that the
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Fig. 1. Serum immunoglobulin titres in unimmunized animals and in
mice challenged wit a T cell-independent antigerA) Titres of serum
immunoglobulin in unimmunized 8-week-old Msh?2 (@) and

Msh27= (O) mice. B) Titres of NP-specific IgM and IgG3 antibody in
mice challenged with NR—Ficoll. Specific antibody titres are given in
units defined as in Ehrenstegt al. (1998).

switching defect in Msh2-deficient mice might be intrinsic

Switch recombination in Msh2-deficient mice

concentration of secretory IgM is largely unaffected
(Figure 2C). The effect of Msh2 deficiency on class
switching is not peculiar to 1gG3; a diminution in IgG1-
expressing B cells (from 25 2% to 9 = 1%) is also
seen following culture with LPS plus IL4 (Figure 2D).
Thus, there is a deficiency in class switching exhibited by
Msh27- mice which is, at least in part, a property of the
B cells themselves.

Altered distribution of Su-Sy recombination

junctions in LPS blasts

These results led us to consider whether the deficiency in
Msh2 might affect the mechanics of class switching rather
than simply the induction of the process. Since switching

can occur in the absence of Msh2 (albeit at significantly

reduced efficiency), we asked whether lack of Msh2

affected the nature of the recombination junctions.

We used a PCR approach analogous to that used in
other studies of switching (Det al., 1997; Leeet al,
1998) to characterize th@—y3 switch recombination
junctions in LPS-cultured B cells from Msh2 and
Msh27~ mice. Such an approach allows a reasonable
database of switch junction sequences to be assembled,
but the method will, nevertheless, introduce biases of its
own. Thus, the distribution of the junctions characterized
will be probably be biased in favour of those that yield
smaller PCR amplification products. This should not,
however, give rise to an artificial distinction between
junctions detected in Msh2-proficient and -deficient B
cells, and the size distribution of PCR products in the two
sets of samples is indeed similar (see below). Another
topic of concern, given the repetitive nature of the switch
regions, is whether the distribution of sequences obtained
by PCR could be distorted by the effects of polymerase
slippage during the amplification itself or by non-specific
oligonucleotide priming. The sequences of some of the
PCR products could be modified by polymerase slippage
between repeated sequences, but this is unlikely to distort
the sequences of the actyaty3 recombination junctions
themselves since these do not show donor—acceptor homo-
logy (see below). To avoid non-specific priming, the
amplification was performed using one oligonucleotide
that primes forward from the unique sequence located in
the B-flanking region of the repetitive region ofuSwith
the other priming back from unique sequence located at
the 3 end of §3, several hundred nucleotides distal of
the tandemly reiterated 49 nucleotide repeats. This also
has the advantage that information can be gleaned about

to the B cells themselves. To test this, we compared the recombination events that occurred in the B-flanking

ability of splenic B cells from Msh2- and Msh2-
mice to undergo class switchirig vitro in response to

region which, since it is composed of interspersed rather
than tandemly reiterated consensus pentamer motifs, can

lipopolysaccharide (LPS). The results reveal a 7-fold provide insightinto the sequence specificity of the recomb-

reduction in the proportion of blasting B cells that switch
to 1gG3 using B cells from Msh2-deficient mice as
compared with control animals (from 538 0.9% down

to 0.7 = 0.1%; Figure 2A). However, in keeping with our

ination.

The products of the PCR amplification were cloned
into Bluescript vector and sequenced. A database of
recombination events was assembled that is derived from

previous observation that Msh2 deficiency does not affect clones obtained from independent LPS cultures performed

the proliferative response to LPS (Raelaal., 1998), the

on splenic B cells from multiple mice (Figure 3). Typically,

proportion of B cells that have blasted in response to the only 1-3 distinct clones were sequenced from each PCR
LPS treatment is similar in the two sets of samples (Figure amplification.

2B). Furthermore, whereas the culture supernatants of the Thep breakpoints identified were scattered both within
day 6 LPS-blasted B cells from Msh2-deficient mice the main repetitive region of [Bas well as within its

contain a substantially diminished titre of 1gG3, the

5’ flank, agreeing with the conclusions from other studies
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Fig. 2. Diminished class switching on LPS stimulation of B cells from Msh2-deficient mi&gEkpression of surface 1gG3. Spleen cells from six
Msh27~ mice and six litter-matched MsH2" controls were incubated in medium containing &ml bacterial LPS for 4 days prior to cell-surface
staining for IgG3 and CD45R(B220) and flow cytometric analysis. The analyses were performed on three separate litters (i, ii and iii) and the boxed
areas indicate the proportion of CD45R(B22@® cells that stain IgG3 (averaging 5.3+ 0.9% in the Msh2/~ mice and 0.7+ 0.1% in the Msh2-
deficient animals).E) Blasting response to LPS. The proportion of blasts that had developed during the 4 day culture with LPS was determined by
analysing light scattering (FSC, forward scatter; SSC, side scatter). Results are shown for representatifeaktsh2sh2’~ mice; the proportion

of blasts at day 4 was 6 7.1% in the Msh2-deficient animals and 5810.7% in the Msh2/~ controls. C) IgG3 expression in the culture

supernatant of LPS-blasted cells. Titres of IgM (top panel) and 1gG3 (bottom panel) in the day 6 culture supernatants (circles) were determined by
ELISA. The filled squares indicate titres measured in the culture supernatants of th&/Mstratrols at day 6 without stimulationD} Expression

of surface IgG1. Spleen cells from Msh2 and Msh2/~ mice were incubated with 5@g/ml LPS + 50 ng/ml IL-4 and analysed for surface IgG1
expression on day 4. Only one representative litter pair is presented, but the numbers above the boxed areas depict the mean-p8EMitage (
B200" cells that are IgG1 as analysed on four litter pairs.

(Dunnicket al., 1993; Leeet al., 1998). However, compar- (49 nucleotide) repeat structure. By virtue of the PCR
ison of the sequences of the breakpoints identified in  strategy used here, we will not have obtained information
Msh2-deficient and -proficient B cells reveals a striking about biases in recombination junctions occurring within
difference (contrast the proportion of open symbols in the these 49 nucleotide repeats. However, even within the
left and right hand panels of Figure 3B). Whereas only range of breakpoints detected, there is nevertheless clear
five of the 28 breakpoints identified in Msh2-proficient  preferential clustering of thg3 breakpoints in the B cells
B cells occurred at a GAGCT or TGGGG motif, 17 of from different Msh2-deficient mice as compared with
the 22 breakpoints from Msh2-deficient cells occurred controls (Figure 3D). The reason for this clustering is a
at such a motif (mostly GAGCT), with four of the matter for speculation. We note that the sequence at this
remaining five clones containing a GAGCT at they3 cluster site bears homology to the sequence in the upstream
switch junction created by nucleotide insertion (Figure 3). repeat region of ¥ that has been proposed as a site of
Analysis of they3 breakpoints also reveals marked occurrence of double strand breaks (Wuerfiehl., 1997).
skewing. They3 switch region (like that of the other Furthermore, secondary structure predictions indicate that
y subclasses) is not composed of tandemly reiterated shortpalindromic sequences in the vicinity of the cluster site
motifs but rather exhibits a somewhat longer would place it at the neck of a stem-loop, the same
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Fig. 3. Distribution of p andy3 breakpoints in IgG3 switch junctions in LPS blasts. DNA spanmpirg switch junctions was PCR amplified from
individual wells of day 4 LPS splenic B cell cultures from seven Mshand seven Msh2- mice, cloned into Bluescript and sequences)) PCR
strategy used. The exons ofi@nd G/3 are depicted by filled boxes, the repeat regionsof8d §3 by hatched boxes. The positions of the

priming (M1 and G1) and nesting (M2 and G2) oligonucleotides used for the PCR are indi&jt&tafter analysis of thg breakpoints. The

charts depict the locations of thebreakpoints of individual clones whose provenance is indicated or-&xés. Nucleotide numbering on theaxis

is according to DDBJ/EMBL/GenBank accession No. MISIGCDO7. Squares denote breakpoints froff-Mst2 and circles from Msh?™ mice;

open symbols denote breaks that occurred at a GAGCT or TGGGG consensus, those denoted by filled symbols did not. Half-filled symbols denote
switches in which a GAGCT consensus had been created by nucleotide insertion at the switch junctiofr: dste22 had AGCTGAGCTGA

inserted, clone 6 had GAGCTGAGCTGAGCTGC inserted, clone 16 had a 149 nucleotide insertion that initiated CTAAGC, thereby forming a
GAGCT consensus on juxtaposition with thebreakpoint, and clone 18, whilst containing no insertion, contained a GAGCT at the breakpoint
junction through abutment qf andy3 switch sequences. With regard to clones from Mgh2nice, clone 8 had a 44 nucleotide insertion that

included a single GAGCT pentamer, whereas clone 11 harboured an insertion of ACATA. Single nucleotide changes were also identified in the
vicinity (50 nucleotides either side) of recombination junctions. From the Nfshgtice, six clones had one mutation, three had two mutations and

20 had no mutations. From the Msti2mice, eight clones had one mutation, two had two mutations and 11 had no mutations. These mutations do
not reflect germline polymorphism since the same regions were sequenced in multiple clones; however, we cannot exclude the possibility that they
were generated during the PCR amplificatia@) Positions of that breakpoints. Thet breakpoints in PCR-amplified—y3 switch recombination

clones from the Msh?~ mice are indicated above the sequence and those fromTshze are below the sequence. Symbols as in (B). GAGCT

and TGGGG motifs, which are characteristic of the re, are in upper case. Where there is donor—acceptor homology at the switch junction (and,
therefore, ambiguity about the precise location of the breakpoint), the extent of ambiguity is indicated by a horizontal line attached toghe lollipo
symbol. D) Scatter analysis of thg3 breakpoints. The clone numbers, indicated onxtfaeis, and symbols are the same as in (B) except that open
and half-filled symbols are not used since, unlike e y3 switch region is not composed of a highly reiterated pentanucleotide repeat. Nucleotide
numbering on thg-axis is according to DDBJ/EMBL/GenBank accession No. MUSIGCDES.Rositions of the individuay3 breakpoints depicted

as in (C).

location as that proposed for the microsites at which switch analysed switches to égthat had occurred in Peyer’s

recombination occurs iKenopugMulimannret al., 1997). patch lymphocytes. We initially confirmed that the Msh2
deficiency had not led to any major defect in the regulation

Altered distribution of Su-Sa recombination of accessibility for class switching as judged by the

junctions in Peyer’s patch cells presence of germline ¢S transcripts (Figure 4A). We

To ascertain whether Msh2 deficiency also affected the then amplified thep—a junctions from Peyer’s patch
distribution of recombination sites in switches that lymphocytes in order to detect whether the pattern of
occurredin vivo as well as switches to other isotypes, we switch recombination sites was affected. Analysis of the
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sequences of thg breakpoints from Msh2-deficient mice  With respect to the breakpoints withimmgFigure 4E),
again reveals a major bias in favour of the consensusthere does appear to be a skewing in the distribution of

motifs (Figure 4C and D); the twp breakpoint identified

breakpoints over the region analysed, but the database

in Msh2-deficient B cells that had not occurred at a does not reveal markedly increased focusing on any
GAGCT/TGGGG consensus had nevertheless acquired ashort consensus motif. This may be attributable in part to

nucleotide insertion at the-a junction creating a GAGCT.
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the fact that the oligonucleotide faramplification primes
directly into a region comprising highly reiteratedx S
short repeats, with the componentt Pentamers being
identical to those found in|5

Discussion

These experiments reveal that, in the absence of Msh2,
class switching is less efficient both vivo andin vitro

and also exhibits an altered distribution of switch site
breakpoints with a marked focusing towards consensus
motifs.

With regard to the diminished efficiency of switching,
we cannot rigorously exclude the possibility that the
defects seen are a consequence of unidentified effects of
Msh2 deficiency on B cell maturation. However, it seems
unlikely since the B cells from Msh2-deficient mice have
been shown to behave normally with respect to both
proliferation (Radaet al, 1998) and blasting with con-
sequent antibody secretion (this work). Similar findings
with respect to a diminished efficiency of class-switch
recombination by LPS-stimulated B cells from Msh2-
deficient mice have also been noted by Stavneteal.
(C.E.Schrader, W.Edelmann, R.Kucherlapati and
J.Stavnezer, unpublished data). However, in a very recent
study, Voraet al (1999), whilst noting (like we do)
attenuatedn vivo switch recombination following antigen
challenge, failed to detect an effect of Msh2 deficiency
on the efficiency ofin vitro switching. The discrepancy
between the results of Voret al. and those of Stavnezer
and ourselves probably rests in the assays used to detect
in vitro class-switch recombination.

Fig. 4. Distribution of p anda breakpoints in IgA switch junctions
from Peyer’s patch lymphocytesA) Abundance of 8 germline
transcripts (Igigt) in Peyer’s patch lymphocytes from five Msti2zand
five Msh2"~ mice was examined by RT-PCR (30 cycles) using the
primers and protocol described by Qétial (1999). The amplification
was controlled using oligonucleotides for CD20 (O’'Keeteal.,

1998). No distinction in the abundance of the RT-PCR product
obtained from the Msh2-and Msh2/~ mice was observed even if
10-fold less cDNA was used for the amplification (not shown).

(B) Map to indicate the PCR strategy used for analysig-af switch
junctions. The exons of Cand Qx are depicted by filled boxes and
the repeat regions ofpfSand S by hatched boxes. The positions of
the priming and nesting oligonucleotides used for the PCR (adapted
from Leeet al., 1998) are indicated( and D) Scatter analysis and
positions of theu breakpoints in IgA switch junctions are illustrated
using the same symbols as in Figure 3B and C. Nucleotide numbering
on they-axis is according to DDBJ/EMBL/GenBank accession No.
MUSIALPHA. The Sx region has a quite high homology witluS
(Arakawaet al, 1993) and contains GAGCT and TGGGG motifs,
although not in such a high density as found i ®f thea
breakpoints, 10 out of 27 clones from the Mshi2mice occurred in
these repeats compared with 11 out of 19 clones from the Wish2
mice. E) Scatter analysis ofi breakpoints in IgA switch regions.

With regard to insertions, two clones from Msfi2mice had

insertions that resulted in a GAGCT at the switch junction, clone 10
having an insertion of TAGGCTGAGCTGCGCTAAA and clone 19
having an insertion of CTAA. In contrast, three clones from the
Msh2~ mice had insertions at the switch junction, but these did not
include or create a GAGCT consensus (the insertion in clone 2 was
GTTC and that in clone 20 was TTGAATTGCAATGTCT).
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Quite apart from the diminished efficiency of switch complex in prompting the creation or detection of breaks
recombination, the most intriguing aspect of the Msh2 formed in the vicinity of hotspots.
deficiency is the altered distribution of switch recombina- It is notable that the hotspot focusing of somatic
tion junctions. The mechanism by which Msh2 deficiency hypermutation observed in mice deficient in Msh2 (Frey
leads to consensus-biased switching is, of course, a matteet al, 1998; Jacobet al, 1998; Radeet al., 1998) was
for speculation. If we assume that the initial DNA breaks not evident in Pms2-deficient mice (Fre al., 1998;
can be made either at or removed from the pentamerWinter et al., 1998), suggesting that the role of Msh2 in
consensus motifs, then a possible interpretation is thathypermutation does not implicate the entire mismatch
rejoining involving a break made at a consensus is Msh2 repair pathway. By analogy, it will be interesting to
independent whereas joining of consensus-distal breaks isascertain whether the distribution of switch recombination
Msh2 dependent. The alternative explanation, which we junctions is affected by deficiency in other components
favour, is that the initial DNA breaks are biased intrinsic- of the mismatch repair pathway apart from Msh2.
ally towards consensus motifs and that, in the absence of
Msh2, switch-recombination junctions are created prefer- Materials and methods
entially by direct abutting of the (_jonor and acceptor Mice and immunizations
breaks’,' If presgnt, _however' V\,/e envysage that MS_h2 playsMshZ-deficient mice (de Wincet al, 1995) were kindly provided
a role in the migration of the final point of synapsis away py pr H.te Reile through Dr K.Brown (CRC Beatson Laboratories,
from the consensus motifs. University of Glasgow) and were bred and genotyped as previously
Wit might sich a e be? Athough cassiclly viewsd desrber Cadatal s, Fr st s & 12 eckc o
as acting to prevent recombmatlon between mismatched Sciences, Sa% Rafaell,:)CA) in ph%sphate-buffefé_d saline (PBS). Enzyme-
duplexes (Radman, 1988), itis clear from more recent WOrk jinked immunosorbent assays (ELISAs) were performed on NP—bovine
in yeast that Msh2 can actually facilitate recombination serum albumin (BSA)-coated plates using biotinylated anti-lgM and
(Sarpabaeet al., 1996) and acts to assist the removal of 19G1 and IgG3 antibodies from Pharmingen (San Diego, CA).
non-homologous ‘3 ends during double strand break- .
induced gene conversion, probably by recognizing ! vitro cultures .
branched DNA structures (Paques and Haber, 1997: Single cell suspensions of_ spleen cells _(after red blood cell I_y5|s) \(/)vere
- cultured at x10° cells/ml in RPMI medium supplemented with 10%
Sugawaraet al, 1997). In the context of heavy chain fetal calf serum (FCS) and 50g/ml Escherichia coliLPS (Sigma,
class switching, we note that there is little homology Poole, Dorset, UK) with or without 50 ng/ml interleukin-4 (IL-4) (R&D,
between the donor and acoeptor sequences at switchiesels, B, Satues wac, petomes I 8 Jae O, T
recombination junctions, whether generated in the _prese_ncel%munoglobuliny secretion into culture supernatan%ls. Flow cytometr%
or absence of Msh2. We therefore favour models in which anajysis of surface 19G1 or 19G3 expression was performed using
Msh2 performs a function in switching by virtue of its biotinylated anti-immunoglobulin antibodies (Pharmingen), fluorescein
ability to recognize discontinuities in the DNA duplex, be isr?thiocy?aate (F!TC);anjugitedR ASgEGPégvidin (Da||<0, Penmtfflrk) and
H 1 coer rin-conjugate ra - monocional anti-mouse
LheysbranChed ts trlfCtngS?W'th fr?é ends, as er;ylsaggd F(?‘,Dy45R(>I/32_20) (Gincgo, Paisley, UK). Activated lymphocytes were gated
y ,uQawarae al ( )' or loops or Jl'_'nc 1ons 1n on the basis of forward and side scatter.
continuous DNA duplexes, as noted by Alatial. (1995,
1997) and Kirkpatrick and Petes (1997). Analysis of switch recombination junctions
The results presented here reveal intriguing parallels Genomic DNA was prepared from day 4 LPS cultures or Peyer’s
between heavy chain class-switch recombination and patch lymphocytes following proteinase K digestion. First round PCR

. . : amplification [six cycles of 93°C (40 s), 64-55°C (touch-down annealing)
V region somatic hypermutation. The two processes (40 s) and extension at 72°C (120 s) followed by a further 24 cycles

eViqemly target diStinCt regions of the 'im.mun09|0bU“n with these extensions performed at 55°C] was performed uat
loci and, whilst taking place at a similar stage of polymerase (Promega) and oligonucleotidgsl §5-TAGTAAGCG-
differentiation, can proceed independently. Nevertheless, AGGCTCTAAAAAGCAT, nucleotides 5031-5055 of MUSIGCDO7)

i and either §3.1 (8-CTACTGAGTTCCTGTGCTTG,; nucleotides 1050—
we have proposed here that class switching, and have; ;oo ¢ isicCpis) or 8.1 (5-CAGCAGTGAGTTTAACAATCC:

proposed elsewhere (Raefeal., 1998) that hypermutation,  pcleotides 4803-4823 of MUSIALPHA). PCR products were purified
occurs in two stages. For switching, the first stage is the using a Qiagen kit (Crawley, Sussex, UK), and 1% of the sample was
preferential creation of double strand breaks at consensussubjected to secondary amplification [24 cycles of 93°C (40 s), 55°C

sequences; the second stage, which is Msh2 dependent#0s)and 72°C (120 s)] performed usingZY5-ATCGAATTCGCTTG-
q 9 P AGCCAAAATGAAGTAGACT: nucleotides 5140-5163 of MUSIGC-

causes migration of the point of synapsis away from the 57y, either .2 (5-CCGGAATTCTTGACCTGGTACCCTAGC;
original break site. For hypermutation, the first stage is nucleotides 1035-1052 of MUSIGCD18) 003 (5-CCGGAATTCCT-
also focused on intrinsic hotspots (Raetaal., 1998) and CAGTGCAACTCTATCTAGGTCT; nucleotides 4182-4205 of MUSI-

could well involve the introduction of DNA breaks (Sale ALPHA) prior to purification of the DNA cloning into Bluescript

and Neuberger, 1998); the second stage, which is Msh2llowing digestion withEccRI and sequencing.

dependent (Radet al., 1998), leads to mutation creation

away from the hotspot sites. The GAGCT consensus of

switch regions conforms to the consensus deduced severafe afi i?‘:e:)tde_d to J_U”a”dsa}'ev t‘%”S“”a Rad? tiﬁdaCMk”Ste(ij”thVJ t
H H H 7 . many nelpiul aiscussions during the course 0O IS WOrK and to Jane

)F/Qeozrgzi?g:ndfolzollggézsgg ]rglggt%r;i‘! 2|Oti%%t§) S:IESIYSW, Stavnezer for permission to cite unpublished results.

indeed identical to the refined mutational hotspot con- References

sensus deduced in a more recent triplet analysis (Milstein AlGniE. ChiNW. and KolodnerR. (1995) Th&accharomyces

:T’eallt')olt?l gt8r(’)a:nEgﬁtgt%rnnﬁ;i’ezwgfohéggszgd I\r;l)z/ag%rem:‘lr;[aggtnh cerevisiaeMsh2 protein specificaII‘y binds to duplex oligonucleotides
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Acknowledgements

3489



M.R.Ehrenstein and M.S.Neuberger

Alani,E., Lee,S., Kane,M.F., Griffith,J. and Kolodner,R.D. (1997)
Saccharomyces cerevisig&SH?2, a mispaired base recognition protein,
also recognizes Holliday junctions in DNA. Mol Biol., 265, 289-301.

Arakawa,H., lwasato,T., Hayashida,H., Shimizu,A., Honjo,T. and
Yamagishi,H. (1993) The complete murine immunoglobulin class
switch region of the alpha heavy chain gene—hierarchic repetitive
structure and recombination breakpoinisBiol. Chem. 268 4651—
4655.

Betz,A.G., Rada,C., Pannell,R., Milstein,C. and Neuberger,M.S. (1993)
Passenger transgenes reveal intrinsic specificity of the antibody
hypermutation mechanism: clustering, polarity and specific hot spots.
Proc. Natl Acad. Sci. US/0, 2385-2388.

Casellas,Ret al. (1998) Ku80 is required for immunoglobulin isotype
switching. EMBO J, 17, 2404-2411.

de Wind,N., Dekker,M., Berns,A., Radman,M. and te Riele,H. (1995)
Inactivation of the mouseéMsh2 gene results in mismatch repair
deficiency, methylation tolerance, hyperrecombination and
predisposition to cance€ell, 82, 321-330.

Du,J., Zhu,Y., Shanmugam,A. and Kenter,A.L. (1997) Analysis of
immunoglobulin §3 recombination breakpoints by PCR: implications
for the mechanism of isotype switchinglucleic Acids Res.25,
3066-3073.

Dunnick,W., Hertz,G.Z., Scappino,L. and Gritzmacher,C. (1993) DNA
sequences at immunoglobulin switch region recombination sites.
Nucleic Acids Res21, 365-372.

Ehrenstein,M.R., O'Keefe,T.L., Davies,S.L. and Neuberger,M.S. (1998)
Targeted gene disruption reveals a role for natural secretory IgM in
the maturation of the primary immune resporBec. Natl Acad. Sci.
USA 95, 10089-10093.

Frey,S., Bertocci,B., Delbos,F., Quint,L., Weill,J.C. and Reynaud,C.A.
(1998) Mismatch repair deficiency interferes with the accumulation
of mutations in chronically stimulated B cells and not with the
hypermutation procesémmunity 9, 127-134.

Jacobs,H.et al (1998) Hypermutation of immunoglobulin genes in
memory B cells of DNA repair-deficient micel. Exp. Med. 187,
1735-4173.

Kinoshita,K., Tashiro,J., Tomita,S., Lee,C.G. and Honjo,T. (1998) Target
specificity of immunoglobulin class switch recombination is not
determined by nucleotide sequences of S regidnanunity 9,
849-858.

Kirkpatrick,D.T. and Petes,T.D. (1997) Repair of DNA loops involves
DNA-mismatch and nucleotide-excision repair proteiNature 387,
929-931.

Lee,C.G., Kondo,S. and Honjo,T. (1998) Frequent but biased class switch
recombination in the S mu flanking regior@urr. Biol., 8, 227-230.

Lorenz,M. and Radbruch,A. (1996) Developmental and molecular
regulation of immunoglobulin class switch recombinati@urr. Top.
Microbiol. Immunol, 217, 151-169.

Manis,J.P., Gu,Y., Lansford,R., Sonoda,E., Ferrini,R., Davidson,L.,
Rajewsky,K. and Alt,F.W. (1998) Ku70 is required for late B cell
development and immunoglobulin heavy chain class switcRingxp.
Med, 187, 2081-2089.

Milstein,C., Neuberger,M.S. and Staden,R. (1998) Both DNA strands of
antibody genes are hypermutation targétsc. Natl Acad. Sci. USA
95, 8791-8794.

MuBmann,R., Courtet,M., Schwager,J. and Du Pasquier,L. (1997)
Microsites for immunoglobulin switch recombination breakpoints from
Xenopugo mammalsEur. J. Immunol.27, 2610-2619.

O’Keefe,T.L., Williams,G.T., Davies,S.L. and Neuberger,M.S. (1998)
Mice carrying aCD20gene disruptionlmmunogenetic#18, 125-132.

Paques,F. and Haber,J. (1997) Two pathways for removal of non-
homologous DNA ends during double-strand break repair in
Saccharomyces cerevisiadol. Cell. Biol, 17, 6765-6771.

Qiu,G., Harriman,G.R. and Stavnezer,J. (1998) dxon-replacement
mice synthesize a spliced HPRTxQranscript which may explain
their ability to switch to IgA. Inhibition of switching to IgG in these
mice. Int. Immunol, 11, 37-46.

Radman,M. (1988) Mismatch repair and genetic recombination. In
Kucherlapati,R. and Smith,G.R. (edsfzenetic Recombination
American Society for Microbiology, Washington DC, pp. 169-192.

Rada,C., Ehrenstein,M.R., Neuberger,M.S. and Milstein,C. (1998) Hot
spot focusing of somatic hypermutation in MSH2-deficient mice
suggests two stages of mutational targetingmunity 9, 135-141.

Rogozin,|.B. and Kolchanov,N.A. (1992) Somatic hypermutagenesis in
immunoglobulin genes. Il. Influence of neighbouring base sequences
on mutagenesidBiochim. Biophys. Actall171 11-18.

Rolink,A., Melchers,F. and Andersson,J. (1996) T3@ID but not the

3490

RAG-2gene product is required for S mu-S epsilon heavy chain class
switching.Immunity 5, 319-330.

Sale,J.E. and Neuberger,M.S. (1998) TdT-accessible breaks are scattered
over the immunoglobulin V domain in a constitutively hypermutating
B cell line. Immunity 9, 859-869.

Saparbaev,M., Prakash,L. and Prakash,S. (1996) Requirement of
mismatch repair gene#SH2 and MSH3 in the RAD1-RAD10
pathway of mitotic recombination irSaccharomyces cerevisiae
Genetics 142, 727-736.

Stavnezer,J. (1996) Antibody class switchiAgyv. Immunol.61, 79-146.
Sugawara,N., Paques,F., Colaiacovo,M. and Haber,J.E. (1997) Role of
Saccharomyces cerevisiddsh2 and Msh3 repair proteins in double-
strand break-induced recombinatidfroc. Natl Acad. Sci. USA94,

9214-9219.

Vora,K.A., Tumas-Brundage,K.M., Lentz,V.M., Cranston,A., Fishel,R.
and Manser,T. (1999) Severe attenuation of the B cellimmune response
in Msh2-deficient miceJ. Exp. Med. 189, 471-482.

Winter,D.B.et al. (1998) Altered spectra of hypermutation in antibodies
from mice deficient for the DNA mismatch repair protein PMS2.
Proc. Natl Acad. Sci. USA5, 6953-6958.

Wuerffel,R.A., Du,J., Thompson,R.J. and Kenter,A.L. (1997) M8 S
DNA-specific double strand breaks are induced in mitogen-activated
B cells and are implicated in switch recombinatidnlmmunol, 159,
4139-4144.

Received March 30, 1999; revised April 14, 1999;
accepted April 15, 1999



