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Ig class switching: targeting the recombinational mechanism

Erik Selsing

Recent studies have provided insights into the mechanisms
involved in targeting antibody gene class switch recombination
(CSR) to various switch DNA regions located upstream of
constant region genes. Targeting appears to involve sequence
motifs that are favored for deoxycytosine deamination by the
activation-induced deaminase enzyme that is required for CSR,
together with transcription (and in some cases R-loop formation)
to provide the single-stranded DNA needed for activation-
induced deaminase activity. There is also another poorly
understood mechanism that limits CSR to a specific length of
DNA downstream of the switch-region transcriptional promoter.
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Introduction

Newly emerging B cells generally express immunoglo-
bulin (Ig)M antibodies but, upon stimulation by antigen
and T-cell help in the periphery, can proliferate and
differentiate into cells that express antibodies of other
isotypes. This isotype switching involves the replacement
of C( exons within the antibody H-chain gene by other
downstream CH exons. These C-region replacements
occur by class switch recombination (CSR) events [1].
CSR results from DNA recombinations between switch
(S) region DNA segments located upstream of each CH
gene (Figure 1). The various CH genes are located down-
stream of Cp and reside within a genetic locus that
stretches over approximately 180 kb of DNA.

S regions are sequence elements between 1 kb and 10 kb
in length and are located ~1-5 kb immediately upstream
of each CH gene. S regions include segments of highly
repeated tandem arrays of short specific sequence units.
For instance, the S region contains a tandem repeat
region (SWTR) that can be represented by a 20 bp con-
sensus sequence, (GAGCT);GGGGT, which repeats

approximately 150 times to make up a 3 kb element. Each
Sregion has a distinctive repeat but all exhibit at least some
GAGCT and GGGGT sequence motifs

A number of proteins are important for CSR. One protein
crucial for both isotype switching and somatic hypermu-
tation (SHM) is the activation-induced deaminase (AID)
protein [2]. This protein is specifically expressed in
activated B cells and is the only B-cell-specific protein
that is required for somatic hypermutation [3]. The AID
protein is capable of deaminating cytosine residues in
single-stranded DNA [4,5].

Mice that are deficient in various DNA repair proteins
have also been found to have defects in isotype switching.
Deficiencies in Ku70, Ku80 or DNA-PK greatly decrease
isotype switching [6-8]. Ku and DNA-PK are important
for non-homologous end joining (NHE]) in the repair of
double-stranded DNA breaks, but do not appear to be
involved in DNA repair that is mediated by homologous
recombination. Thus, CSR appears to involve DNA dou-
ble-stranded break repair using NHE] processes.

An important question is the role of the AID protein in
both CSR and SHM. It has been suggested that AID
might either edit RNAs that encode factors important for
CSR or SHM processes or deaminate DNA directly [2]. A
series of studies [9-11] support the notion that AID is
responsible for deoxycytosine (dC) deamination to dU in
DNA and leads to DNA repair activities that could result
in either SHM or CSR. One mechanism to repair dU
residues introduced into DNA by AID deamination
involves the protein uracil DNA glycosylase (UNG)
and UNG-deficient mice and humans show large reduc-
tions in class switching [11,12]. Current models hypothe-
size that repair pathways for AID-induced dU residues in
S regions lead to UNG removal of the dU base and
subsequent cleavage of the abasic DNA residue; this
creates single-stranded breaks that are important for
DNA cleavages of S regions during the switching process
[13].

The AID protein has limited sequence specificity, being
able to deaminate most dC residues. The highest activity
of AID is on dC residues within WRC motifs (in which W
represents A or T and R represents a purine) [14,15]. In
this review, I will focus on recent studies that have
addressed the question of how AID activity (and CSR)
is targeted to the S regions within the IgH locus. The
induction of S-region transcription in stimulated B cells
clearly plays a role in targeting CSR [16]. Whether the
level of S-region transcription can quantitatively regulate
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Overview of class switch recombination. The events leading to a p-to-¢ CSR event are depicted; for clarity, the exon and intragenic regions

are not diagrammed to scale. Lines delineate portions of the IgH locus, and boxes and ovals indicate gene segments and switch regions, respectively.
Bent arrows indicate active promoter elements and the white box and oval represent the location of important transcriptional regulatory

elements. The top line represents the H-chain locus in a naive resting B cell. After B-cell stimulation, induction of germline transcripts marks the
initiation of the CSR process (middle line). CSR results in the juxtaposition of the VDJ gene segment with a downstream CH gene segment by

excision/circularization of the intervening DNA (bottom lines).

the efficiency of CSR is not clear; studies have shown that
a six-fold decrease in S-region transcription has little
effect on CSR frequency [17] but larger decreases can
dramatically reduce CSR [18]. Nevertheless, features
other than transcription must contribute to CSR targeting
because switch recombinations do not occur to all tran-
scribed regions within H-chain genes.

Sequences that target switch recombination

The roles of specific S-region DNA sequences in CSR
have been probed using gene targeting in mice. A mouse
strain in which the SWTR sequences are deleted [19]
shows only a 2-3-fold reduction in CSR levels. This
demonstrates that although SWTR sequences are impor-
tant for the highest efficiency of CSR, sequences outside
of the SWTR are sufficient for CSR targeting. Another
mouse strain that lacks a larger portion of the JH-Cp
intron (A/A mouse strain) has also been analyzed; this
mutant shows a much more pronounced loss of isotype
switching [20], which confirms that sequences that flank
the tandem repeat region are important for switching.

A mutant mouse strain that contains a chromosome that
lacks the Syl region has also been produced [21]. In this

mutant chromosome, about 12 kb of the Iy1-Cy1 intron
has been removed (including about 8 kb that contains all
of the Syl tandem repeats). I# vivo isotype switching to
Cvy1 in the mutant chromosome was nearly abrogated
[21], which demonstrates that S-region sequences are
required for the switching process. Additional mouse
strains that carry varying lengths of Syl sequence exhibit
levels of switching that correlate with the Sy1 length [22],
which indicates that tandem repeat regions carry multiple
CSR sites that together provide for the highest efficien-
cies of successful chromosomal recombination.

What are the sequence motifs that are important for
switch recombination? As mentioned above, WRC motifs
are favored AID deamination sites and, within the Sp
region in normal mice, the location of CSR sites follows
the distribution of WRC motifs [23°]. However, AID
deaminates dC residues on single-stranded DNA and
would, therefore, be expected to cause single-stranded
nicks in the DNA duplex [24]. It is not clear how AID-
induced nicks lead to DNA breaks that can be joined by
the NHE] process. Closely spaced nicks on opposite
strands could lead to the generation of a DNA break
suitable for NHE]; such close nicks might result, for
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instance, from AID activity at WGCW motifs that reflect
the presence of overlapping WRC sequences on opposing
DNA strands [14]. However, the process by which more
widely spaced AID-induced nicks might lead to CSR is
not known. DNA mismatch repairs proteins such as
Msh2, Mlh1, Pms2 and Exol are all important for about
half of the CSR recombination events [25-27]. Although
the roles of these mismatch repair (MMR) proteins in
CSR are not clear, it has been suggested that MMR
activity could process widely spaced AID-induced G:U
mismatches or nicks to provide DNA ends that are also
suitable for NHE] [23°,28,29]. Consistent with this pro-
posal, mice that lack Msh2 (and therefore lack the ability
to process widely spaced nicks) exhibit CSR sites more
frequently located in the WGCW or AGCT motifs that
could provide DNA ends amenable to NHE] without
nick processing [23°,26].

Mutant mice in which a frog Sy segment has replaced the
mouse Syl region show CSR sites predominantly located
within a frog S subregion that has the highest levels of
AGCT motifs [30°]. By contrast, the distribution of CSR
sites within the Sp region of normal mice more closely
correlates with the distribution of WRC motifs than of
AGCT motifs [23°]. Iz vitro deamination of transcribed
sequences by AID (in concert with the single-stranded
DNA-binding protein replication protein A [RPA]) shows
a preference for AID activity on regions that have the
highest levels of the SHM hotspot motif RGYW [31°].
Because all these motifs are related, the differences in the
exact motifs suggested to be preferred might reflect the
different DNA regions that were analyzed. For instance,
within the S tandem repeats almost all WRC motifs are
also AGCT motifs, whereas in sequences that flank the
tandem repeats many WRC motifs are not AGCT. The
more important point is that CSR is found to occur
preferentially in sequences that are the best targets for
AID deamination. These preferred sequences have been
found in all S-region tandem repeats, and it seems prob-
able that the tandem repeats reflect evolutionary duplica-
tion events selected, at least in part, to provide high
concentrations of preferred AID target sites.

CSR targeting by DNA structures

Besides exhibiting multiple AID sites, many S-regions
also exhibit high concentrations of guanine (G)-residues
in the sequences of their non-transcribed DNA strands.
Such G-richness has been shown to lead to stable RNA—
DNA complexes after S-region transcription [32,33];
these complexes appear to reflect R-loops in which the
G-rich RNA transcript pairs stably with the C-rich DNA
template strand and causes the G-rich DNA strand to
be displaced as a single-strand [34]. The presence of
S-region R-loops has been demonstrated among B cells
undergoing switching and it has been suggested that
these R-loops provide favorable single-stranded targets
for AID deamination [34].
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Although many transcribed S regions can form stable R-
loop structures, S regions from frogs are not G-rich and
do not appear to form R-loops upon transcription [30°].
Nevertheless, a frog S sequence is effective as a target
for CSR even when used to replace the G-rich mouse Syl
region [30°]. These findings indicate that CSR does not
require the presence of R-loops, probably because tran-
scription of S-regions can provide sufficient transient
single-stranded DNA for AID activity [5,35]. Even when
not transcribed, double-stranded DNAs can be targets for
AID deamination when they are supercoiled [36]; this is
probably also owing to small regions of single-stranded-
ness induced by supercoiling. Interestingly, when a syn-
thetic DNA sequence that is G-rich on one strand but that
has few preferred AID WRC target motifs is used to
replace the mouse Syl region, CSR depends strongly on
the direction in which the synthetic sequence is inserted
[21]. Much higher CSR levels are found when the syn-
thetic G-rich strand is oriented to be the non-transcribed
strand suggesting that, in this orientation, R-loop forma-
tion might be compensating for the low concentration of
AID target sites. This could indicate that high WRC
concentrations and R-loop-forming sequences are com-
plementary in providing efficient AID targets for CSR.

S-region chromatin structure and CSR
accessibility

Although AID motifs are important in CSR targeting, there
are clearly higher levels of regulation that control whether
any given AID motif will be accessible for CSR. Analyses of
mutant mice that lack the Sp. tandem repeat region show
that sequences that flank the SWTR region can clearly
undergo CSR in the mutant mice but in wild-type mice
exhibitno CSR events [23°]. Comparisons of S TR ™~ and
wild-type mice indicate that CSR is constrained to a DNA
region that is bounded upstream by the S-region transcrip-
tional promoter (Ip), extends ~4-5 kb downstream, and is
bounded downstream (in wild-type mice) near the end of
the tandem repeat region (Figure 2). Previous studies also
indicated that the I promoter represented the upstream
boundary of CSR events [37]. Although wild-type and
SpJTRf/f mice both exhibit a 4-5 kb CSR domain [23°],
the A/A mouse that has a larger Sp. deletion shows not only
greatly reduced CSR but also appears to have CSR limited
to a much smaller domain [20]. This suggests that the
additional S sequences deleted in A/A mice might have a
role in defining the size and location of the CSR domain.

The mechanism that establishes this CSR ‘domain’ is not
known. Previous studies have shown that DNA regions
that undergo SHM are also established by the location of
the upstream (V-region) promoter [38]. Although these
SHM ‘domains’ are only 1-2 kb in length, this similarity in
regulation adds to the numerous features that are shared
between SHM and CSR. It has been suggested that SHM
domains might reflect a transcriptional tracking mechan-
ism whereby factors important for SHM associate with
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Figure 2
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Location of CSR-accessible domains in the JH-C. regions of (a) wild-type (WT) and (b) SuTR

~/~ mice. The locations of the Iy, S and Cp.

elements are indicated to scale. Simplified cartoons depict the double-stranded DNA in these regions with small circles indicating CSR moitifs.
Black circles indicate accessible motifs whereas white circles are not accessible. Regions accessible to CSR and regions that are not
accessible for CSR are indicated by the green and red ovals, respectively. The deletion of the S.TR region in (b) causes some sequences, which in

wild-type mice (a) are not accessible for CSR (e.g. the 5’ end of the Cp. gene segment), to be within the accessible region in SuTR

~/~ mice.

RNA polymerase during transcription and are carried along
until they dissociate after a defined DNA distance [38]. A
similar CSR model would only require the binding of an
alternate factor that results in a longer complex retention to
provide the longer CSR domain. However, because dif-
ferent S-regions have quite different lengths, this type of
model might also suggest that isotype-specific factors
provide the different CSR domain lengths. Factors impor-
tant for switching to specific isotypes have been detected
[39°,40], but the roles of these factors are not yet known.

It is also possible that chromatin modifications or struc-
ture might define the DNA domain that is accessible to
the CSR machinery. The induction of SHM within a H-
chain VD] region in a human B-cell line has been found to
correlate with an increased level of H3 and H4 acetylation
compared with the acetylation levels in the Cp exon
region downstream in the same gene [41]. This suggests
that, for SHM, hyper-elevated levels of H3 and H4
acetylation might control targeting of AID. However,
in normal mouse B cells, H3 and H4 hyper-acetylation
did not appear to demarcate or correlate with the location
of VD] SHM [42].

A number of studies have investigated relationships
between CSR and chromatin histone modification pat-
terns. Increased acetylation of histones H3 and H4 within

the Sy, Se and Sa regions in stimulated B cells has been
linked to the induction of germline transcription and CSR
[16,42,43]; this increased acetylation appears to focus on
the I and S elements associated with each CH exon region
[43]. However, CSR appears to be more closely linked to
germline transcription than to histone acetylation [16],
and, for S, acetylation and transcription are found in
resting B cells prior to any stimulation or induction of
CSR [42-44]. Furthermore, no increased acetylation of
Sw relative to Cp was found when unstimulated B cells
were compared to activated germinal center B cells [42].
By contrast, acetylation of H4 (and to a lesser extent H3)
has been reported to increase in S-regions that are under-
going CSR, based on comparisons of unstimulated normal
B cells with B cells activated in culture with mitogens and
cytokines [43]. These somewhat discordant results might
reflect the multiple H3 and H4 acetylation sites that could
be reacting with the antibody reagents used to assess
acetylation status, and could potentially be resolved using
antibodies specific for each site. Nevertheless, the current
findings leave open the question of whether histone
acetylation might help define and target a DNA domain
for CSR.

The presence of two other histone modifications — the
phosphorylated histones yH2AX and H2BS4P
appears to correlate with S-regions that are actively
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undergoing AID-induced CSR [42]. However, these lat-
ter S-region chromatin modifications are AID-dependent
and might be related to AID-induced DNA damage
rather than to a mechanism that targets the S-region
for CSR. Histone H4 acetylation also appears to be
associated with AID-induced DNA damage in S-regions
[43]. Overall, therefore, it is not yet clear whether any
currently assayed histone modifications are responsible
for targeting AID deamination to the CSR DNA domain.

The I promoter, the Ep enhancer and the intronic
matrix-attachment regions are all elements that appear
to be obvious candidates for regulating the CSR domain.
However, studies of various mutant mice do not appear to
favor these possibilities. Replacement of the [ promoter
with a phosphoglycerate kinase 1 promoter [45], deletion
of the core Ep enhancer [46], or deletion of the intronic
matrix-attachment regions [45] result in only modest
effects on CSR. This suggests that sequences between
I and Cp, but outside of the tandem repeat region, could
play a role in defining the CSR domain. Future mutational
studies should show the locations of these sequences.

Conclusions

Genetic mutation studies have greatly helped to illumi-
nate some aspects of CSR targeting, and the involvement
of AID motifs, transcription and R-loops in this process is
becoming clearer. However, the mechanism that deline-
ates the domain of CSR accessibility is still obscure.
Furthermore, AID is active in both VD] regions and S
regions, but nothing is known about the regulation that
limits CSR to S-region sequences.

Acknowledgements
The author acknowledges support from the National Institutes of Health
(RO1 AI24465).

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. Stavnezer J: Antibody class switching. Adv Immunol 1996,
61:79-146.

2. Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y,
Honjo T: Class switch recombination and hypermutation
require activation-induced cytidine deaminase (AID), a
potential RNA editing enzyme. Cell 2000, 102:553-563.

3. Okazaki IM, Kinoshita K, Muramatsu M, Yoshikawa K, Honjo T:
The AID enzyme induces class switch recombination in
fibroblasts. Nature 2002, 416:340-345.

4. Bransteitter R, Pham P, Scharff MD, Goodman MF: Activation-
induced cytidine deaminase deaminates deoxycytidine on
single-stranded DNA but requires the action of RNase.
Proc Natl Acad Sci USA 2003, 100:4102-4107.

5. Chaudhuri J, Tian M, Khuong C, Chua K, Pinaud E, Alt FW:
Transcription-targeted DNA deamination by the AID antibody
diversification enzyme. Nature 2003, 422:726-730.

6. Rolink A, Melchers F, Andersson J: The SCID but not the RAG-2
gene product is required for S mu-S epsilon heavy chain class
switching. Immunity 1996, 5:319-330.

lg class switching Selsing 253

7. Casellas R, Nussenzweig A, Wuerffel R, Pelanda R, Reichlin A,
Suh H, Qin XF, Besmer E, Kenter A, Rajewsky K et al.: Ku80 is
required for immunoglobulin isotype switching. EMBO J 1998,
17:2404-2411.

8. Manis JP, Gu Y, Lansford R, Sonoda E, Ferrini R, Davidson L,
Rajewsky K, Alt FW: Ku70 is required for late B cell development
and immunoglobulin heavy chain class switching.

J Exp Med 1998, 187:2081-2089.

9. Di Noia J, Neuberger MS: Altering the pathway of
immunoglobulin hypermutation by inhibiting uracil-DNA
glycosylase. Nature 2002, 419:43-48.

10. Petersen-Mahrt SK, Harris RS, Neuberger MS: AID mutates E.
coli suggesting a DNA deamination mechanism for antibody
diversification. Nature 2002, 418:99-103.

11. Rada C, Williams GT, Nilsen H, Barnes DE, Lindahl T,
Neuberger MS: Immunoglobulin isotype switching is inhibited
and somatic hypermutation perturbed in UNG-deficient mice.
Curr Biol 2002, 12:1748-1755.

12. Imai K, Slupphaug G, Lee WI, Revy P, Nonoyama S, Catalan N,
Yel L, Forveille M, Kavli B, Krokan HE et al.: Human uracil-DNA
glycosylase deficiency associated with profoundly impaired
immunoglobulin class-switch recombination. Nat Immunol
20083, 4:1023-1028.

13. Neuberger MS, Harris RS, Di Noia J, Petersen-Mahrt SK:
Immunity through DNA deamination. Trends Biochem Sci 2003,
28:305-312.

14. Beale RC, Petersen-Mahrt SK, Watt IN, Harris RS, Rada C,
Neuberger MS: Comparison of the differential context-
dependence of DNA deamination by APOBEC enzymes:
correlation with mutation spectra in vivo. J Mol Biol 2004,
337:585-596.

15. Pham P, Bransteitter R, Petruska J, Goodman MF: Processive
AID-catalysed cytosine deamination on single-stranded DNA
simulates somatic hypermutation. Nature 2003, 424:103-107.

16. Nambu Y, Sugai M, Gonda H, Lee CG, Katakai T, Agata Y,
Yokota Y, Shimizu A: Transcription-coupled events associating
with immunoglobulin switch region chromatin. Science 2003,
302:2137-2140.

17. Dunnick WA, Shi J, Graves KA, Collins JT: Germline transcription
and switch recombination of a transgene containing the
entire H chain constant region locus: effect of a mutation in a
STAT6 binding site in the y1 promoter. J Immunol 2004,
173:5531-5539.

18. Dunnick WA, Shi J, Graves KA, Collins JT: The 3’ end of the heavy
chain constant region locus enhances germline transcription
and switch recombination of the four y genes. J Exp Med 2005,
201:1459-1466.

19. Luby TM, Schrader CE, Stavnezer J, Selsing E: The p. switch
region tandem repeats are important, but not required, for
antibody class switch recombination. J Exp Med 2001,
193:159-168.

20. Khamlichi AA, Glaudet F, Oruc Z, Denis V, Le Bert M, Cogne M:
Immunoglobulin class-switch recombination in mice devoid of
any Sp. tandem repeat. Blood 2004, 103:3828-3836.

21. Shinkura R, Tian M, Smith M, Chua K, Fujiwara Y, Alt FW: The
influence of transcriptional orientation on endogenous switch
region function. Nat Immunol 2003, 4:435-441.

22. Zarrin AA, Tian M, Wang J, Borjeson T, Alt FW: Influence of switch
region length on immunoglobulin class switch recombination.
Proc Natl Acad Sci USA 2005, 102:2466-2470.

23. MinIM, Rothlein LR, Schrader CE, Stavnezer J, Selsing E: Shifts in

o  targeting of class switch recombination sites in mice that lack
1 switch region tandem repeats or Msh2. J Exp Med 2005,
201:1885-1890.

Mice that have a deletion within the Sp. region show no change in length of

DNA region that undergoes CSR; this indicates that switching occurs

within a domain downstream of the I promoter. It also suggests that

targeting of CSR and SHM are regulated similarly.

24. Rush JS, Fugmann SD, Schatz DG: Staggered AlD-dependent
DNA double strand breaks are the predominant DNA

www.sciencedirect.com

Current Opinion in Immunology 2006, 18:249-254



254 Lymphocyte activation

lesions targeted to Sp in Ig class switch recombination.
Int Immunol 2004, 16:549-557.

25. Schrader C, Edelmann W, Kucherlapati R, Stavnezer J: Reduced
isotype switching in splenic B cells from mice deficient in
mismatch repair enzymes. J Exp Med 1999, 190:323-330.

26. Ehrenstein MR, Neuberger MS: Deficiency in Msh2 affects the
efficiency and local sequence specificity of immunoglobulin
class-switch recombination: parallels with somatic
hypermutation. EMBO J 1999, 18:3484-3490.

27. Bardwell PD, Woo CJ, Wei K, Li Z, Martin A, Sack SZ, Parris T,
Edelmann W, Scharff MD: Altered somatic hypermutation
and reduced class-switch recombination in exonuclease
1-mutant mice. Nat Immunol 2004, 5:224-229.

28. Min IM, Schrader CE, Vardo J, Luby TM, D’Avirro N, Stavnezer J,
Selsing E: The Sp tandem repeat region is critical for Ig
isotype switching in the absence of Msh2. Immunity 2003,
19:515-524.

29. Stavnezer J, Schrader CE: Mismatch repair converts AID-
instigated nicks to double-strand breaks for antibody
class-switch recombination. Trends Genet 2006, 22:23-28.

30. Zarrin AA, Alt FW, Chaudhuri J, Stokes N, Kaushal D, Du

) Pasquier L, Tian M: An evolutionarily conserved target motif for
immunoglobulin class-switch recombination. Nat Immunol
2004, 5:1275-1281.

Mice in which AT-rich frog S sequences have replaced G-rich mouse

Svy1 sequences show substantial levels of switching. This indicates that

stable R-loops that are found in transcribed G-rich S-regions are not

required for CSR.

31. Chaudhuri J, Khuong C, Alt FW: Replication protein A interacts

. with AID to promote deamination of somatic hypermutation
targets. Nature 2004, 430:992-998.

AID deamination of a double-stranded DNA occurs in vitro only when the

DNA is transcribed in the presence of AID and RPA, suggesting that

transcription can provide single-stranded DNA regions for AID-RPA

complex binding and AID activity.

32. Reaban ME, Giriffin JA: Induction of RNA-stabilized DNA
conformers by transcription of an immunoglobulin switch
region. Nature 1990, 348:342-344.

33. Daniels GA, Lieber MR: RNA:DNA complex formation upon
transcription of immunoglobulin switch regions: implications
for the mechanism and regulation of class switch
recombination. Nucleic Acids Res 1995, 23:5006-5011.

34. Yu K, Chedin F, Hsieh CL, Wilson TE, Lieber MR: R-loops at
immunoglobulin class switch regions in the chromosomes of
stimulated B cells. Nat Immunol 2003, 4:442-451.

35. Ramiro AR, Stavropoulos P, Jankovic M, Nussenzweig MC:
Transcription enhances AlD-mediated cytidine deamination
by exposing single-stranded DNA on the nontemplate strand.
Nat Immunol 2003, 4:452-456.

36. Shen HM, Storb U: Activation-induced cytidine deaminase
(AID) can target both DNA strands when the DNA is
supercoiled. Proc Natl Acad Sci USA 2004, 101:12997-13002.

37. Lee C, Kondo S, Honjo T: Frequent but biased class switch
recombination in the Sp. flanking regions. Curr Biol 1998,
8:227-230.

38. Peters A, Storb U: Somatic hypermutation of immunoglobulin
genesis linked to transcription initiation. /mmunity 1996, 4:57-65.

39. Kenter AL, Wuerffel R, Dominguez C, Shanmugam A, Zhang H:

. Mapping of a functional recombination motif that defines
isotype specificity for p — y3 switch recombination implicates
NF-kB p50 as the isotype-specific switching factor. J Exp Med
2004, 199:617-627.

In this study, NF-kB p50 is found to be a protein factor important

specifically for switching to Sy3, and is the first isotype-specific factor

that appears to bind to an S-region.

40. Shanmugam A, Shi MJ, Yauch L, Stavnezer J, Kenter AL:
Evidence for class-specific factors in immunoglobulin isotype
switching. J Exp Med 2000, 191:1365-1380.

41. Woo CJ, Martin A, Scharff MD: Induction of somatic
hypermutation is associated with modifications in
immunoglobulin variable region chromatin. Immunity 2003,
19:479-489.

42. Odegard VH, Kim ST, Anderson SM, Shlomchik MJ, Schatz DG:
Histone modifications associated with somatic
hypermutation. /Immunity 2005, 23:101-110.

43. WangL, Whang N, Wuerffel R, Kenter AL: AID-dependent histone
acetylation is detected in immunoglobulin S regions.
J Exp Med 2006, 203:215-226.

44. LiZ, Luo Z, Scharff MD: Differential regulation of histone
acetylation and generation of mutations in switch regions is
associated with Ig class switching. Proc Nat/ Acad Sci USA
2004, 101:15428-15433.

45. Bottaro A, Young F, Chen J, Serwe M, Sablitzky F, Alt FW:
Deletion of the IgH intronic enhancer and associated matrix-
attachment regions decreases, but does not abolish, class
switching at the p locus. Int Immunol 1998, 10:799-806.

46. Perlot T, Alt FW, Bassing CH, Suh H, Pinaud E: Elucidation
of IgH intronic enhancer functions via germ-line deletion.
Proc Natl Acad Sci USA 2005, 102:14362-14367.

Current Opinion in Immunology 2006, 18:249-254

www.sciencedirect.com



	Ig class switching: targeting the recombinational mechanism
	Introduction
	Sequences that target switch recombination
	CSR targeting by DNA structures
	S-region chromatin structure and CSR accessibility
	Conclusions
	Acknowledgements
	References and recommended reading


