6. References

Albesiano, E., Messmer, B. T., Damle, R. N., Allen, S. L., Rai, K. R., and Chiorazzi,
N. (2003). Activation-induced cytidine deaminase in chronic lymphocytic leukemia B
cells: expression as multiple forms in a dynamic, variably sized fraction of the clone.
Blood 102, 3333-3339.

Antonchuk, J., Sauvageau, G., and Humphries, R. K. (2001). HOXB4 overexpression
mediates very rapid stem cell regeneration and competitive hematopoietic
repopulation. Exp Hematol 29, 1125-1134.

Antonchuk, J., Sauvageau, G., and Humphries, R. K. (2002). HOXB4-induced
expansion of adult hematopoietic stem cells ex vivo. Cell 109, 39-45.

Arakawa, H., Hauschild, J., and Buerstedde, J. M. (2002). Requirement of the
activation-induced deaminase (AID) gene for immunoglobulin gene conversion.
Science 295, 1301-1306.

Bachl, J., Carlson, C., Gray-Schopfer, V., Dessing, M., and Olsson, C. (2001).
Increased transcription levels induce higher mutation rates in a hypermutating cell
line. J Immunol 766, 5051-5057.

Bachl, J., Steinberg, C., and Wabl, M. (1997). Critical test of hot spot motifs for
immunoglobulin hypermutation. Eur J Immunol 27, 3398-3403.

Bardwell, P. D., Woo, C. J., Wei, K., Li, Z., Martin, A., Sack, S. Z., Parris, T.,
Edelmann, W., and Scharff, M. D. (2004). Altered somatic hypermutation and
reduced class-switch recombination in exonuclease 1-mutant mice. Nat Immunol 5,
224-229.

Barreto, V., Reina-San-Martin, B., Ramiro, A. R., McBride, K. M., and Nussenzweig,
M. C. (2003). C-terminal deletion of AID uncouples class switch recombination from
somatic hypermutation and gene conversion. Mol Cell 712, 501-508.

Berek, C., Berger, A., and Apel, M. (1991). Maturation of the immune response in
germinal centers. Cell 67, 1121-1129.

Blattner, F. R., and Tucker, P. W. (1984). The molecular biology of immunoglobulin
D. Nature 307, 417-422.

Bornemann, K. D., Brewer, J. W., Beck-Engeser, G. B., Corley, R. B., Haas, I. G.,
and Jack, H. M. (1995). Roles of heavy and light chains in IgM polymerization. Proc
Natl Acad Sci U S A 92, 4912-4916.

Bosma, G. C., Kim, J., Urich, T., Fath, D. M., Cotticelli, M. G., Ruetsch, N. R., Radic,
M. Z., and Bosma, M. J. (2002). DNA-dependent protein kinase activity is not
required for immunoglobulin class switching. J Exp Med 796, 1483-1495.

108



Boyd, A. W., and Schrader, J. W. (1981). The regulation of growth and differentiation
of a murine B cell lymphoma. Il. The inhibition of WEHI 231 by anti-immunoglobulin
antibodies. J Immunol 126, 2466-2469.

Bransteitter, R., Pham, P., Scharff, M. D., and Goodman, M. F. (2003). Activation-
induced cytidine deaminase deaminates deoxycytidine on single-stranded DNA but
requires the action of RNase. Proc Natl Acad Sci U S A 100, 4102-4107.

Brenner, S., and Milstein, C. (1966). Origin of antibody variation. Nature 271, 242-
243.

Buchhagen, D. L., Pedersen, F. S., Crowther, R. L., and Haseltine, W. A. (1980).
Most sequence differences between the genomes of the Akv virus and a
leukemogenic Gross A virus passaged in vitro are located near the 3' terminus. Proc
Natl Acad Sci U S A 77, 4359-4363.

Buermeyer, A. B., Deschenes, S. M., Baker, S. M., and Liskay, R. M. (1999).
Mammalian DNA mismatch repair. Annu Rev Genet 33, 533-564.

Burrows, P. D., Beck, G. B., and Wabl, M. R. (1981). Expression of mu and gamma
immunoglobulin heavy chains in different cells of a cloned mouse lymphoid line. Proc
Natl Acad Sci U S A 78, 564-568.

Butler, J. E. (1998). Immunoglobulin diversity, B-cell and antibody repertoire
development in large farm animals. Rev Sci Tech 17, 43-70.

Camacho, S. A., Kosco-Vilbois, M. H., and Berek, C. (1998). The dynamic structure
of the germinal center. Immunol Today 79, 511-514.

Carlson, L. M., McCormack, W. T., Postema, C. E., Humphries, E. H., and
Thompson, C. B. (1990). Templated insertions in the rearranged chicken IgL V gene
segment arise by intrachromosomal gene conversion. Genes Dev 4, 536-547.
Cascalho, M., Wong, J., Steinberg, C., and Wabl, M. (1998). Mismatch repair co-
opted by hypermutation. Science 279, 1207-1210.

Casellas, R., Nussenzweig, A., Wuerffel, R., Pelanda, R., Reichlin, A., Suh, H., Qin,
X. F., Besmer, E., Kenter, A., Rajewsky, K., and Nussenzweig, M. C. (1998). Ku80 is
required for immunoglobulin isotype switching. Embo J 17, 2404-2411.

Celeste, A., Petersen, S., Romanienko, P. J., Fernandez-Capetillo, O., Chen, H. T.,
Sedelnikova, O. A., Reina-San-Martin, B., Coppola, V., Meffre, E., Difilippantonio, M.
J., et al. (2002). Genomic instability in mice lacking histone H2AX. Science 296, 922-
927.

Chaudhuri, J., Khuong, C., and Alt, F. W. (2004). Replication protein A interacts with

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

109



Chaudhuri, J., Tian, M., Khuong, C., Chua, K., Pinaud, E., and Alt, F. W. (2003).
Transcription-targeted DNA deamination by the AID antibody diversification enzyme.
Nature 422, 726-730.

Chester, A., Somasekaram, A., Tzimina, M., Jarmuz, A., Gisbourne, J., O'Keefe, R.,
Scott, J., and Navaratnam, N. (2003). The apolipoprotein B mRNA editing complex
performs a multifunctional cycle and suppresses nonsense-mediated decay. Embo J
22, 3971-3982.

Chiang, P. W., Wang, S., Smithivas, P., Song, W. J., Ramamoorthy, S., Hillman, J.,
Puett, S., Van Keuren, M. L., Crombez, E., Kumar, A., et al. (1996). Identification and
analysis of the human and murine putative chromatin structure regulator SUPT6H
and Supt6h. Genomics 34, 328-333.

Cyr, D. M., Lu, X., and Douglas, M. G. (1992). Regulation of Hsp70 function by a
eukaryotic DnaJ homolog. J Biol Chem 267, 20927-20931.

Di Noia, J., and Neuberger, M. S. (2002). Altering the pathway of immunoglobulin
hypermutation by inhibiting uracil-DNA glycosylase. Nature 479, 43-48.

Diaz, M., Verkoczy, L. K., Flajnik, M. F., and Klinman, N. R. (2001). Decreased
frequency of somatic hypermutation and impaired affinity maturation but intact
germinal center formation in mice expressing antisense RNA to DNA polymerase
zeta. J Immunol 167, 327-335.

Dickerson, S. K., Market, E., Besmer, E., and Papavasiliou, F. N. (2003). AID
mediates hypermutation by deaminating single stranded DNA. J Exp Med 197, 1291-
1296.

Durandy, A., Revy, P., and Fischer, A. (2003). Hyper-immunoglobulin-M syndromes
caused by an intrinsic B cell defect. Curr Opin Allergy Clin Immunol 3, 421-425.
Durdik, J., Gerstein, R. M., Rath, S., Robbins, P. F., Nisonoff, A., and Selsing, E.
(1989). Isotype switching by a microinjected mu immunoglobulin heavy chain gene in
transgenic mice. Proc Natl Acad Sci U S A 86, 2346-2350.

Ehrenstein, M. R., and Neuberger, M. S. (1999). Deficiency in Msh2 affects the
efficiency and local sequence specificity of immunoglobulin class-switch
recombination: parallels with somatic hypermutation. Embo J 718, 3484-3490.
Ehrenstein, M. R., Rada, C., Jones, A. M., Milstein, C., and Neuberger, M. S. (2001).
Switch junction sequences in PMS2-deficient mice reveal a microhomology-mediated
mechanism of Ig class switch recombination. Proc Natl Acad Sci U S A 98, 14553-
14558.

Endoh, M., Zhu, W., Hasegawa, J., Watanabe, H., Kim, D. K., Aida, M., Inukai, N.,
Narita, T., Yamada, T., Furuya, A., et al. (2004). Human Spt6 stimulates transcription
elongation by RNA polymerase Il in vitro. Mol Cell Biol 24, 3324-3336.

110



Etzerodt, M., Mikkelsen, T., Pedersen, F. S., Kjeldgaard, N. O., and Jorgensen, P.
(1984). The nucleotide sequence of the Akv murine leukemia virus genome. Virology
134, 196-207.

Fagarasan, S., Muramatsu, M., Suzuki, K., Nagaoka, H., Hiai, H., and Honjo, T.
(2002). Critical roles of activation-induced cytidine deaminase in the homeostasis of
gut flora. Science 298, 1424-1427.

Faili, A., Aoufouchi, S., Flatter, E., Gueranger, Q., Reynaud, C. A., and Weill, J. C.
(2002). Induction of somatic hypermutation in immunoglobulin genes is dependent on
DNA polymerase iota. Nature 479, 944-947.

Fayette, J., Dubois, B., Vandenabeele, S., Bridon, J. M., Vanbervliet, B., Durand, I.,
Banchereau, J., Caux, C., and Briere, F. (1997). Human dendritic cells skew isotype
switching of CD40-activated naive B cells towards IgA1 and IgA2. J Exp Med 185,
1909-1918.

Gearhart, P. J., and Bogenhagen, D. F. (1983). Clusters of point mutations are found
exclusively around rearranged antibody variable genes. Proc Natl Acad Sci U S A 80,
3439-3443.

Gearhart, P. J., Johnson, N. D., Douglas, R., and Hood, L. (1981). IgG antibodies to
phosphorylcholine exhibit more diversity than their IgM counterparts. Nature 291, 29-
34.

Gellert, M. (1992). Molecular analysis of V(D)J recombination. Annu Rev Genet 26,
425-446.

Gerondakis, S. (1990). Structure and expression of murine germ-line immunoglobulin
epsilon heavy chain transcripts induced by interleukin 4. Proc Natl Acad Sci U S A
87, 1581-1585.

Gilman, A. G., Simon, M. I., Bourne, H. R., Harris, B. A,, Long, R., Ross, E. M., Stull,
J. T., Taussig, R., Arkin, A. P., Cobb, M. H., et al. (2002). Overview of the Alliance for
Cellular Signaling. Nature 420, 703-706.

Goding, J. W., Scott, D. W., and Layton, J. E. (1977). Genetics, cellular expression
and function of IgD and IgM receptors. Immunol Rev 37, 152-186.

Goodman, M. F., and Tippin, B. (2000). The expanding polymerase universe. Nat
Rev Mol Cell Biol 7, 101-109.

Gordon, M. S., Kanegai, C. M., Doerr, J. R., and Wall, R. (2003). Somatic
hypermutation of the B cell receptor genes B29 (Igbeta, CD79b) and mb1 (lgalpha,
CD79a). Proc Natl Acad Sci U S A 100, 4126-4131.

Gottschalk, A. R., and Quintans, J. (1995). Apoptosis in B lymphocytes: the WEHI-
231 perspective. Immunol Cell Biol 73, 8-16.

111



Green, N. S., Rabinowitz, J. L., Zhu, M., Kobrin, B. J., and Scharff, M. D. (1995).
Immunoglobulin variable region hypermutation in hybrids derived from a pre-B- and a
myeloma cell line. Proc Natl Acad Sci U S A 92, 6304-6308.

Gutman, G. A., Warner, N. L., and Harris, A. W. (1981). Immunoglobulin production
by murine B-lymphoma cells. Clin Immunol Immunopathol 718, 230-244.

Haggerty, H. G., Wechsler, R. J., Lentz, V. M., and Monroe, J. G. (1993).
Endogenous expression of delta on the surface of WEHI-231. Characterization of its
expression and signaling properties. J Immunol 157, 4681-4693.

Harada, Y., Muramatsu, M., Shibata, T., Honjo, T., and Kuroda, K. (2003).
Unmutated immunoglobulin M can protect mice from death by influenza virus
infection. J Exp Med 197, 1779-1785.

Harris, R. S., Bishop, K. N., Sheehy, A. M., Craig, H. M., Petersen-Mahrt, S. K., Watt,
I. N., Neuberger, M. S., and Malim, M. H. (2003a). DNA deamination mediates innate
immunity to retroviral infection. Cell 713, 803-809.

Harris, R. S., Petersen-Mahrt, S. K., and Neuberger, M. S. (2002). RNA editing
enzyme APOBEC1 and some of its homologs can act as DNA mutators. Mol Cell 70,
1247-1253.

Harris, R. S., Sheehy, A. M., Craig, H. M., Malim, M. H., and Neuberger, M. S.
(2003b). DNA deamination: not just a trigger for antibody diversification but also a
mechanism for defense against retroviruses. Nat Immunol 4, 641-643.

Hartl, F. U. (1996). Molecular chaperones in cellular protein folding. Nature 3871, 571-
579.

Hendrickson, B. A., Conner, D. A., Ladd, D. J., Kendall, D., Casanova, J. E.,
Corthesy, B., Max, E. E., Neutra, M. R., Seidman, C. E., and Seidman, J. G. (1995).
Altered hepatic transport of immunoglobulin A in mice lacking the J chain. J Exp Med
182, 1905-1911.

Hickman, S., and Kornfeld, S. (1978). Effect of tunicamycin on IgM, IgA, and IgG
secretion by mouse plasmacytoma cells. J Immunol 727, 990-996.

Honjo, T., and Kataoka, T. (1978). Organization of immunoglobulin heavy chain
genes and allelic deletion model. Proc Natl Acad Sci U S A 75, 2140-2144.

Honjo, T., Muramatsu, M., and Fagarasan, S. (2004). AID: how does it aid antibody
diversity? Immunity 20, 659-668.

Hozumi, N., and Tonegawa, S. (1976). Evidence for somatic rearrangement of
immunoglobulin genes coding for variable and constant regions. Proc Natl Acad Sci
US A 73, 3628-3632.

Imai, K., Slupphaug, G., Lee, W. |, Revy, P., Nonoyama, S., Catalan, N., Yel, L.,
Forveille, M., Kavli, B., Krokan, H. E., ef al. (2003). Human uracil-DNA glycosylase

112



deficiency associated with profoundly impaired immunoglobulin class-switch
recombination. Nat Immunol 4, 1023-1028.

Imai, K., Zhu, Y., Revy, P., Morio, T., Mizutani, S., Fischer, A., Nonoyama, S., and
Durandy, A. (2005). Analysis of class switch recombination and somatic
hypermutation in patients affected with autosomal dominant hyper-IgM syndrome
type 2. Clin Immunol 115, 277-285.

Ito, S., Nagaoka, H., Shinkura, R., Begum, N., Muramatsu, M., Nakata, M., and
Honjo, T. (2004). Activation-induced cytidine deaminase shuttles between nucleus
and cytoplasm like apolipoprotein B mRNA editing catalytic polypeptide 1. Proc Natl
Acad Sci U S A 101, 1975-1980.

Iwasato, T., Shimizu, A., Honjo, T., and Yamagishi, H. (1990). Circular DNA is
excised by immunoglobulin class switch recombination. Cell 62, 143-149.

Jack, H. M., Berg, J., and Wabl, M. (1989). Translation affects immunoglobulin
MRNA stability. Eur J Immunol 79, 843-847.

Jacob, J., Kelsoe, G., Rajewsky, K., and Weiss, U. (1991). Intraclonal generation of
antibody mutants in germinal centres. Nature 354, 389-392.

Jakway, J. P., Usinger, W. R., Gold, M. R., Mishell, R. I., and DeFranco, A. L. (1986).
Growth regulation of the B lymphoma cell line WEHI-231 by anti-immunoglobulin,
lipopolysaccharide, and other bacterial products. J Immunol 137, 2225-2231.

Jensen, N. A., Jorgensen, P., Kjeldgaard, N. O., and Pedersen, F. S. (1986).
Mammalian expression-and-transmission vector derived from Akv murine leukemia
virus. Gene 41, 59-65.

Jung, S., Rajewsky, K., and Radbruch, A. (1993). Shutdown of class switch
recombination by deletion of a switch region control element. Science 259, 984-987.
Kelley, W. L. (1999). Molecular chaperones: How J domains turn on Hsp70s. Curr
Biol 9, R305-308.

Kenter, A. L. (2003). Class-switch recombination: after the dawn of AID. Curr Opin
Immunol 15, 190-198.

Kim, N., Bozek, G., Lo, J. C., and Storb, U. (1999). Different mismatch repair
deficiencies all have the same effects on somatic hypermutation: intact primary
mechanism accompanied by secondary modifications. J Exp Med 790, 21-30.
Kingzette, M., Spieker-Polet, H., Yam, P. C., Zhai, S. K., and Knight, K. L. (1998).
Trans-chromosomal recombination within the Ig heavy chain switch region in B
lymphocytes. Proc Natl Acad Sci U S A 95, 11840-11845.

Kinoshita, K., and Honjo, T. (2001). Linking class-switch recombination with somatic
hypermutation. Nat Rev Mol Cell Biol 2, 493-503.

113



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 regions. Immunity 9, 849-858.

Klasen, M., Spillmann, F. J., Lorens, J. B., and Wabl, M. (2005). Retroviral vectors to
monitor somatic hypermutation. J Immunol Methods 300, 47-62.

Knight, K. L., Kingzette, M., Crane, M. A., and Zhai, S. K. (1995).
Transchromosomally derived Ig heavy chains. J Immunol 155, 684-691.

Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C., Baldwin, J.,
Devon, K., Dewar, K., Doyle, M., FitzHugh, W., et al. (2001). Initial sequencing and
analysis of the human genome. Nature 409, 860-921.

Lau, P. P., Zhu, H. J., Baldini, A., Charnsangavej, C., and Chan, L. (1994). Dimeric
structure of a human apolipoprotein B mRNA editing protein and cloning and
chromosomal localization of its gene. Proc Natl Acad Sci U S A 91, 8522-8526.
Laufen, T., Mayer, M. P., Beisel, C., Klostermeier, D., Mogk, A., Reinstein, J., and
Bukau, B. (1999). Mechanism of regulation of hsp70 chaperones by Dnad
cochaperones. Proc Natl Acad Sci U S A 96, 5452-5457.

Lee, G. S., Brandt, V. L., and Roth, D. B. (2004). B cell development leads off with a
base hit: dU:dG mismatches in class switching and hypermutation. Mol Cell 16, 505-
508.

Li, Z., Woo, C. J., Iglesias-Ussel, M. D., Ronai, D., and Scharff, M. D. (2004). The
generation of antibody diversity through somatic hypermutation and class switch
recombination. Genes Dev 78, 1-11.

Li, Z., Woo, C. J., and Scharff, M. D. (2003). Mutations in AID and UNG extend the
function of AID. Nat Immunol 4, 945-946.

Limoli, C. L., Giedzinski, E., and Cleaver, J. E. (2005). Alternative recombination
pathways in UV-irradiated XP variant cells. Oncogene 24, 3708-3714.

Liu, Y. J., Malisan, F., de Bouteiller, O., Guret, C., Lebecque, S., Banchereau, J.,
Mills, F. C., Max, E. E., and Martinez-Valdez, H. (1996). Within germinal centers,
isotype switching of immunoglobulin genes occurs after the onset of somatic
mutation. Immunity 4, 241-250.

Lorens, J. B., Jang, Y., Rossi, A. B., Payan, D. G., and Bogenberger, J. M. (2000).
Optimization of regulated LTR-mediated expression. Virology 272, 7-15.

Lorenz, M., Jung, S., and Radbruch, A. (1995). Switch transcripts in immunoglobulin
class switching. Science 267, 1825-1828.

Lovmand, S., Kjeldgaard, N. O., Jorgensen, P., and Pedersen, F. S. (1990).
Enhancer functions in U3 of Akv virus: a role for cooperativity of a tandem repeat unit
and its flanking DNA sequences. J Virol 64, 3185-3191.

114



Lutzker, S., and Alt, F. W. (1988). Structure and expression of germ line
immunoglobulin gamma 2b transcripts. Mol Cell Biol 8, 1849-1852.

Ma, L., Wortis, H. H., and Kenter, A. L. (2002). Two new isotype-specific switching
activities detected for Ig class switching. J Immunol 768, 2835-2846.

MacLennan, I. C. (1994). Germinal centers. Annu Rev Immunol 72, 117-139.

Maley, F., Trimble, R. B., Tarentino, A. L., and Plummer, T. H., Jr. (1989).
Characterization of glycoproteins and their associated oligosaccharides through the
use of endoglycosidases. Anal Biochem 180, 195-204.

Manis, J. P., Dudley, D., Kaylor, L., and Alt, F. W. (2002a). IgH class switch
recombination to IgG1 in DNA-PKcs-deficient B cells. Immunity 76, 607-617.

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 switching. J Exp Med 187, 2081-2089.

Manis, J. P., Tian, M., and Alt, F. W. (2002b). Mechanism and control of class-switch
recombination. Trends Immunol 23, 31-39.

Martin, A., Bardwell, P. D., Woo, C. J., Fan, M., Shulman, M. J., and Scharff, M. D.
(2002). Activation-induced cytidine deaminase turns on somatic hypermutation in
hybridomas. Nature 415, 802-806.

Martin, A., Li, Z., Lin, D. P., Bardwell, P. D., Iglesias-Ussel, M. D., Edelmann, W., and
Scharff, M. D. (2003). Msh2 ATPase activity is essential for somatic hypermutation at
a-T basepairs and for efficient class switch recombination. J Exp Med 798, 1171-
1178.

Martin, A., and Scharff, M. D. (2002a). AID and mismatch repair in antibody
diversification. Nat Rev Immunol 2, 605-614.

Martin, A., and Scharff, M. D. (2002b). Somatic hypermutation of the AID transgene
in B and non-B cells. Proc Natl Acad Sci U S A 99, 12304-12308.

Matsuoka, M., Yoshida, K., Maeda, T., Usuda, S., and Sakano, H. (1990). Switch
circular DNA formed in cytokine-treated mouse splenocytes: evidence for
intramolecular DNA deletion in immunoglobulin class switching. Cell 62, 135-142.
McCarthy, H., Wierda, W. G., Barron, L. L., Cromwell, C. C., Wang, J., Coombes, K.
R., Rangel, R., Elenitoba-dohnson, K. S., Keating, M. J., and Abruzzo, L. V. (2003).
High expression of activation-induced cytidine deaminase (AID) and splice variants is
a distinctive feature of poor-prognosis chronic lymphocytic leukemia. Blood 707,
4903-4908.

McCormack, W. T., Carlson, L. M., Tjoelker, L. W., and Thompson, C. B. (1989).

Evolutionary comparison of the avian IgL locus: combinatorial diversity plays a role in

115



the generation of the antibody repertoire in some avian species. Int Immunol 7, 332-
341.

McDonald, J. P., Frank, E. G., Plosky, B. S., Rogozin, I. B., Masutani, C., Hanaoka,
F., Woodgate, R., and Gearhart, P. J. (2003). 129-derived strains of mice are
deficient in DNA polymerase iota and have normal immunoglobulin hypermutation. J
Exp Med 798, 635-643.

McKean, D., Huppi, K., Bell, M., Staudt, L., Gerhard, W., and Weigert, M. (1984).
Generation of antibody diversity in the immune response of BALB/c mice to influenza
virus hemagglutinin. Proc Natl Acad Sci U S A 87, 3180-3184.

Meacham, G. C., Lu, Z., King, S., Sorscher, E., Tousson, A., and Cyr, D. M. (1999).
The Hdj-2/Hsc70 chaperone pair facilitates early steps in CFTR biogenesis. Embo J
18, 1492-1505.

Medema, R. H., de Laat, W. L., Martin, G. A., McCormick, F., and Bos, J. L. (1992).
GTPase-activating protein SH2-SH3 domains induce gene expression in a Ras-
dependent fashion. Mol Cell Biol 12, 3425-3430.

Meyer, J., Jack, H. M., Ellis, N., and Wabl, M. (1986). High rate of somatic point
mutation in vitro in and near the variable-region segment of an immunoglobulin
heavy chain gene. Proc Natl Acad Sci U S A 83, 6950-6953.

Mills, F. C., Brooker, J. S., and Camerini-Otero, R. D. (1990). Sequences of human
immunoglobulin switch regions: implications for recombination and transcription.
Nucleic Acids Res 18, 7305-7316.

Minegishi, Y., Lavoie, A., Cunningham-Rundles, C., Bedard, P. M., Hebert, J., Cote,
L., Dan, K., Sedlak, D., Buckley, R. H., Fischer, A., et al. (2000). Mutations in
activation-induced cytidine deaminase in patients with hyper IgM syndrome. Clin
Immunol 97, 203-210.

Morrison, H. L., Dai, H. Y., Pedersen, F. S., and Lenz, J. (1991). Analysis of the
significance of two single-base-pair differences in the SL3-3 and Akv virus long
terminal repeats. J Virol 65, 1019-1022.

Muramatsu, M., Kinoshita, K., Fagarasan, S., Yamada, S., Shinkai, Y., and Honjo, T.
(2000). Class switch recombination and hypermutation require activation-induced
cytidine deaminase (AID), a potential RNA editing enzyme. Cell 102, 553-563.
Muramatsu, M., Sankaranand, V. S., Anant, S., Sugai, M., Kinoshita, K., Davidson,
N. O., and Honjo, T. (1999). Specific expression of activation-induced cytidine
deaminase (AID), a novel member of the RNA-editing deaminase family in germinal
center B cells. J Biol Chem 274, 18470-18476.

116



Nambu, Y., Sugai, M., Gonda, H., Lee, C. G., Katakai, T., Agata, Y., Yokota, Y., and
Shimizu, A. (2003). Transcription-coupled events associating with immunoglobulin
switch region chromatin. Science 302, 2137-2140.

Navaratnam, N., Bhattacharya, S., Fujino, T., Patel, D., Jarmuz, A. L., and Scott, J.
(1995). Evolutionary origins of apoB mRNA editing: catalysis by a cytidine
deaminase that has acquired a novel RNA-binding motif at its active site. Cell 87,
187-195.

Neuberger, M. S., Harris, R. S., Di Noia, J., and Petersen-Mahrt, S. K. (2003).
Immunity through DNA deamination. Trends Biochem Sci 28, 305-312.

Neuberger, M. S., and Milstein, C. (1995). Somatic hypermutation. Curr Opin
Immunol 7, 248-254.

Nielsen, A. L., Pallisgaard, N., Pedersen, F. S., and Jorgensen, P. (1992). Murine
helix-loop-helix transcriptional activator proteins binding to the E-box motif of the Akv
murine leukemia virus enhancer identified by cDNA cloning. Mol Cell Biol 12, 3449-
3459.

Nikaido, T., Yamawaki-Kataoka, Y., and Honjo, T. (1982). Nucleotide sequences of
switch regions of immunoglobulin C epsilon and C gamma genes and their
comparison. J Biol Chem 257, 7322-7329.

Niles, M. J., Matsuuchi, L., and Koshland, M. E. (1995). Polymer IgM assembly and
secretion in lymphoid and nonlymphoid cell lines: evidence that J chain is required
for pentamer IgM synthesis. Proc Natl Acad Sci U S A 92, 2884-2888.

Nilsen, H., Otterlei, M., Haug, T., Solum, K., Nagelhus, T. A., Skorpen, F., and
Krokan, H. E. (1997). Nuclear and mitochondrial uracil-DNA glycosylases are
generated by alternative splicing and transcription from different positions in the UNG
gene. Nucleic Acids Res 25, 750-755.

Nishikawa, S., Sasaki, Y., Kina, T., Amagai, T., and Katsura, Y. (1986). A
monoclonal antibody against Igh6-4 determinant. Immunogenetics 23, 137-139.
Noguchi, E., Shibasaki, M., Inudou, M., Kamioka, M., Yokouchi, Y., Yamakawa-
Kobayashi, K., Hamaguchi, H., Matsui, A., and Arinami, T. (2001). Association
between a new polymorphism in the activation-induced cytidine deaminase gene and
atopic asthma and the regulation of total serum IgE levels. J Allergy Clin Immunol
108, 382-386.

Okazaki, I. M., Kinoshita, K., Muramatsu, M., Yoshikawa, K., and Honjo, T. (2002).
The AID enzyme induces class switch recombination in fibroblasts. Nature 416, 340-
345.

Oppezzo, P., Vuillier, F., Vasconcelos, Y., Dumas, G., Magnac, C., Payelle-Brogard,

B., Pritsch, O., and Dighiero, G. (2003). Chronic lymphocytic leukemia B cells

117



expressing AID display dissociation between class switch recombination and somatic
hypermutation. Blood 101, 4029-4032.

Otterlei, M., Haug, T., Nagelhus, T. A., Slupphaug, G., Lindmo, T., and Krokan, H. E.
(1998). Nuclear and mitochondrial splice forms of human uracil-DNA glycosylase
contain a complex nuclear localisation signal and a strong classical mitochondrial
localisation signal, respectively. Nucleic Acids Res 26, 4611-4617.

Page, D. M., and DeFranco, A. L. (1988). Role of phosphoinositide-derived second
messengers in mediating anti-lgM-induced growth arrest of WEHI-231 B lymphoma
cells. J Immunol 740, 3717-3726.

Page, D. M., and DeFranco, A. L. (1990). Antigen receptor-induced cell cycle arrest
in WEHI-231 B lymphoma cells depends on the duration of signaling before the G1
phase restriction point. Mol Cell Biol 70, 3003-3012.

Page, D. M., Gold, M. R., Fahey, K. A., Matsuuchi, L., and DeFranco, A. L. (1991).
Mutational analysis of antigen receptor regulation of B lymphocyte growth. Evidence
for involvement of the phosphoinositide signaling pathway. J Biol Chem 266, 5563-
5574.

Pascual, V., Liu, Y. J., Magalski, A., de Bouteiller, O., Banchereau, J., and Capra, J.
D. (1994). Analysis of somatic mutation in five B cell subsets of human tonsil. J Exp
Med 180, 329-339.

Petersen, S., Casellas, R., Reina-San-Martin, B., Chen, H. T., Difilippantonio, M. J.,
Wilson, P. C., Hanitsch, L., Celeste, A., Muramatsu, M., Pilch, D. R., et al. (2001).
AID is required to initiate Nbs1/gamma-H2AX focus formation and mutations at sites
of class switching. Nature 4714, 660-665.

Petersen-Mahrt, S. K., Harris, R. S., and Neuberger, M. S. (2002). AID mutates E.
coli suggesting a DNA deamination mechanism for antibody diversification. Nature
418, 99-103.

Pham, P., Bransteitter, R., Petruska, J., and Goodman, M. F. (2003). Processive
AlD-catalysed cytosine deamination on single-stranded DNA simulates somatic
hypermutation. Nature 424, 103-107.

Phung, Q. H., Winter, D. B., Cranston, A., Tarone, R. E., Bohr, V. A, Fishel, R., and
Gearhart, P. J. (1998). Increased hypermutation at G and C nucleotides in
immunoglobulin variable genes from mice deficient in the MSH2 mismatch repair
protein. J Exp Med 187, 1745-1751.

Powell, L. M., Walllis, S. C., Pease, R. J., Edwards, Y. H., Knott, T. J., and Scott, J.
(1987). A novel form of tissue-specific RNA processing produces apolipoprotein-B48
in intestine. Cell 50, 831-840.

118



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 targeting. Immunity 9, 135-141.

Rada, C., Jarvis, J. M., and Milstein, C. (2002a). AID-GFP chimeric protein increases
hypermutation of Ig genes with no evidence of nuclear localization. Proc Natl Acad
Sci U S A 99, 7003-7008.

Rada, C., and Milstein, C. (2001). The intrinsic hypermutability of antibody heavy and
light chain genes decays exponentially. Embo J 20, 4570-4576.

Rada, C., Williams, G. T., Nilsen, H., Barnes, D. E., Lindahl, T., and Neuberger, M.
S. (2002b). Immunoglobulin isotype switching is inhibited and somatic hypermutation
perturbed in UNG-deficient mice. Curr Biol 12, 1748-1755.

Radbruch, A., Liesegang, B., and Rajewsky, K. (1980). Isolation of variants of mouse
myeloma X63 that express changed immunoglobulin class. Proc Natl Acad Sci U S A
77,2909-2913.

Rajewsky, K., Forster, I., and Cumano, A. (1987). Evolutionary and somatic selection
of the antibody repertoire in the mouse. Science 238, 1088-1094.

Reaban, M. E., and Giriffin, J. A. (1990). Induction of RNA-stabilized DNA conformers
by transcription of an immunoglobulin switch region. Nature 348, 342-344.

Reaban, M. E., Lebowitz, J., and Griffin, J. A. (1994). Transcription induces the
formation of a stable RNA.DNA hybrid in the immunoglobulin alpha switch region. J
Biol Chem 269, 21850-21857.

Reina-San-Martin, B., Difilippantonio, S., Hanitsch, L., Masilamani, R. F.,
Nussenzweig, A., and Nussenzweig, M. C. (2003). H2AX is required for
recombination between immunoglobulin switch regions but not for intra-switch region
recombination or somatic hypermutation. J Exp Med 197, 1767-1778.

Revy, P., Muto, T., Levy, Y., Geissmann, F., Plebani, A., Sanal, O., Catalan, N.,
Forveille, M., Dufourcqg-Labelouse, R., Gennery, A., et al. (2000). Activation-induced
cytidine deaminase (AID) deficiency causes the autosomal recessive form of the
Hyper-IgM syndrome (HIGM2). Cell 102, 565-575.

Reynaud, C. A., Anquez, V., Grimal, H., and Weill, J. C. (1987). A hyperconversion
mechanism generates the chicken light chain preimmune repertoire. Cell 48, 379-
388.

Reynaud, C. A., Dahan, A., Anquez, V., and Weill, J. C. (1989). Somatic
hyperconversion diversifies the single Vh gene of the chicken with a high incidence in
the D region. Cell 59, 171-183.

119



Reynaud, S., Delpy, L., Fleury, L., Dougier, H. L., Sirac, C., and Cogne, M. (2005).
Interallelic class switch recombination contributes significantly to class switching in
mouse B cells. J Immunol 174, 6176-6183.

Rogozin, I. B., and Kolchanov, N. A. (1992). Somatic hypermutagenesis in
immunoglobulin genes. Il. Influence of neighbouring base sequences on
mutagenesis. Biochim Biophys Acta 1771, 11-18.

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

Rudikoff, S., Pawlita, M., Pumphrey, J., and Heller, M. (1984). Somatic diversification
of immunoglobulins. Proc Natl Acad Sci U S A 87, 2162-2166.

Rudolph, A. K., Burrows, P. D., and Wabl, M. R. (1981). Thirteen hybridomas
secreting hapten-specific immunoglobulin E from mice with Iga or Igb heavy chain
haplotype. Eur J Immunol 11, 527-529.

Sale, J. E., Calandrini, D. M., Takata, M., Takeda, S., and Neuberger, M. S. (2001).
Ablation of XRCC2/3 transforms immunoglobulin V gene conversion into somatic
hypermutation. Nature 4712, 921-926.

Schatz, D. G., Oettinger, M. A., and Baltimore, D. (1989). The V(D)J recombination
activating gene, RAG-1. Cell 59, 1035-1048.

Schrader, C. E., Edelmann, W., Kucherlapati, R., and Stavnezer, J. (1999). Reduced
isotype switching in splenic B cells from mice deficient in mismatch repair enzymes. J
Exp Med 790, 323-330.

Schrader, C. E., Vardo, J., and Stavnezer, J. (2002). Role for mismatch repair
proteins Msh2, MIh1, and Pms2 in immunoglobulin class switching shown by
sequence analysis of recombination junctions. J Exp Med 195, 367-373.

Schreier, P. H., Quester, S., and Bothwell, A. (1986). Allotypic differences in murine
mu genes. Nucleic Acids Res 74, 2381-2389.

Shanmugam, A., Shi, M. J., Yauch, L., Stavnezer, J., and Kenter, A. L. (2000).
Evidence for class-specific factors in immunoglobulin isotype switching. J Exp Med
191, 1365-1380.

Shen, H. M., Peters, A., Baron, B., Zhu, X., and Storb, U. (1998). Mutation of BCL-6
gene in normal B cells by the process of somatic hypermutation of Ilg genes. Science
280, 1750-1752.

Shimizu, A., Takahashi, N., Yaoita, Y., and Honjo, T. (1982). Organization of the
constant-region gene family of the mouse immunoglobulin heavy chain. Cell 28, 499-
506.

120



Shinkura, R., Ito, S., Begum, N. A., Nagaoka, H., Muramatsu, M., Kinoshita, K.,
Sakakibara, Y., Hijikata, H., and Honjo, T. (2004). Separate domains of AID are
required for somatic hypermutation and class-switch recombination. Nat Immunol 5,
707-712.

Shinkura, R., Tian, M., Smith, M., Chua, K., Fujiwara, Y., and Alt, F. W. (2003). The
influence of transcriptional orientation on endogenous switch region function. Nat
Immunol 4, 435-441.

Sibley, C. H., and Wagner, R. A. (1981). Glycosylation is not required for membrane
localization or secretion of IgM in a mouse B cell lymphoma. J Immunol 726, 1868-
1873.

Siekevitz, M., Kocks, C., Rajewsky, K., and Dildrop, R. (1987). Analysis of somatic
mutation and class switching in naive and memory B cells generating adoptive
primary and secondary responses. Cell 48, 757-770.

Smith, G. C., and Jackson, S. P. (1999). The DNA-dependent protein kinase. Genes
Dev 13, 916-934.

Snapper, C. M., Marcu, K. B., and Zelazowski, P. (1997). The immunoglobulin class
switch: beyond "accessibility". Immunity 6, 217-223.

Spillmann, F. J., and Wabl, M. (2004). Endogenous expression of activation-induced
cytidine deaminase in cell line WEHI-231. J Immunol 173, 1858-1867.

Stavnezer, J. (2000). Molecular processes that regulate class switching. Curr Top
Microbiol Immunol 245, 127-168.

Stavnezer, J., Radcliffe, G., Lin, Y. C., Nietupski, J., Berggren, L., Sitia, R., and
Severinson, E. (1988). Immunoglobulin heavy-chain switching may be directed by
prior induction of transcripts from constant-region genes. Proc Natl Acad Sci U S A
85, 7704-7708.

Stavnezer-Nordgren, J., and Sirlin, S. (1986). Specificity of immunoglobulin heavy
chain switch correlates with activity of germline heavy chain genes prior to switching.
Embo J 5, 95-102.

Storb, U., Peters, A., Klotz, E., Kim, N., Shen, H. M., Kage, K., Rogerson, B., and
Martin, T. E. (1998). Somatic hypermutation of immunoglobulin genes is linked to
transcription. Curr Top Microbiol Immunol 229, 11-19.

Sun, J., and Butler, J. E. (1997). Sequence analysis of pig switch mu, C mu, and C
mu m. Immunogenetics 46, 452-460.

Svejstrup, J. Q. (2003). Transcription. Histones face the FACT. Science 301, 1053-
1055.

121



Swanson, M. S., Carlson, M., and Winston, F. (1990). SPT6, an essential gene that
affects transcription in Saccharomyces cerevisiae, encodes a nuclear protein with an
extremely acidic amino terminus. Mol Cell Biol 70, 4935-4941.

Swanson, M. S., and Winston, F. (1992). SPT4, SPT5 and SPT6 interactions: effects
on transcription and viability in Saccharomyces cerevisiae. Genetics 132, 325-336.
Syken, J., De-Medina, T., and Munger, K. (1999). TID1, a human homolog of the
Drosophila tumor suppressor [(2)tid, encodes two mitochondrial modulators of
apoptosis with opposing functions. Proc Natl Acad Sci U S A 96, 8499-8504.

Ta, V. T., Nagaoka, H., Catalan, N., Durandy, A., Fischer, A., Imai, K., Nonoyama,
S., Tashiro, J., Ikegawa, M., Ito, S., et al. (2003). AID mutant analyses indicate
requirement for class-switch-specific cofactors. Nat Immunol 4, 843-848.

Teng, B., Burant, C. F., and Davidson, N. O. (1993). Molecular cloning of an
apolipoprotein B messenger RNA editing protein. Science 260, 1816-1819.

Tisch, R., Roifman, C. M., and Hozumi, N. (1988). Functional differences between
immunoglobulins M and D expressed on the surface of an immature B-cell line. Proc
Natl Acad Sci U S A 85, 6914-6918.

Tonegawa, S. (1983). Somatic generation of antibody diversity. Nature 302, 575-581.
Trentin, G. A,, Yin, X, Tahir, S., Lhotak, S., Farhang-Fallah, J., Li, Y., and Rozakis-
Adcock, M. (2001). A mouse homologue of the Drosophila tumor suppressor 1(2)tid
gene defines a novel Ras GTPase-activating protein (RasGAP)-binding protein. J
Biol Chem 276, 13087-13095.

Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., Mural, R. J., Sutton, G. G.,
Smith, H. O., Yandell, M., Evans, C. A, Holt, R. A,, et al. (2001). The sequence of
the human genome. Science 291, 1304-1351.

Ventura, A., Meissner, A., Dillon, C. P., McManus, M., Sharp, P. A., Van Parijs, L.,
Jaenisch, R., and Jacks, T. (2004). Cre-lox-regulated conditional RNA interference
from transgenes. Proc Natl Acad Sci U S A 71071, 10380-10385.

von Schwedler, U., Jack, H. M., and Wabl, M. (1990). Circular DNA is a product of
the immunoglobulin class switch rearrangement. Nature 345, 452-456.

Wabl, M., Burrows, P. D., von Gabain, A., and Steinberg, C. (1985). Hypermutation
at the immunoglobulin heavy chain locus in a pre-B-cell line. Proc Natl Acad Sci U S
A 82, 479-482.

Wabl, M., Cascalho, M., and Steinberg, C. (1999). Hypermutation in antibody affinity
maturation. Curr Opin Immunol 77, 186-189.

Wabl, M., Jack, H. M., Meyer, J., Beck-Engeser, G., von Borstel, R. C., and
Steinberg, C. M. (1987). Measurements of mutation rates in B lymphocytes. Immunol
Rev 96, 91-107.

122



Wang, C. L., Harper, R. A., and Wabl, M. (2004a). Genome-wide somatic
hypermutation. Proc Natl Acad Sci U S A 101, 7352-7356.

Wang, C. L., Hodgson, J. G., Malek, T., Pedersen, F. S., and Wabl, M. (2004b). A
murine leukemia virus with Cre-LoxP excisible coding sequences allowing
superinfection, transgene delivery, and generation of host genomic deletions.
Retrovirology 17, 5.

Wang, C. L., and Wabl, M. (2004). DNA acrobats of the Ig class switch. J Immunol
172, 5815-5821.

Wang, C. L., and Wabl, M. (2005a). Hypermutation rate normalized by chronological
time. J Immunol 174, 5650-5654.

Wang, C. L., and Wabl, M. (2005b). Mutational activity in cell line WEHI-231.
Immunogenetics 56, 849-853.

Wang, H., Kavanaugh, M. P., North, R. A., and Kabat, D. (1991). Cell-surface
receptor for ecotropic murine retroviruses is a basic amino-acid transporter. Nature
352, 729-731.

Waterston, R. H., Lindblad-Toh, K., Birney, E., Rogers, J., Abril, J. F., Agarwal, P.,
Agarwala, R., Ainscough, R., Alexandersson, M., An, P., et al. (2002). Initial
sequencing and comparative analysis of the mouse genome. Nature 420, 520-562.
Weigert, M. G., Cesari, |. M., Yonkovich, S. J., and Cohn, M. (1970). Variability in the
lambda light chain sequences of mouse antibody. Nature 228, 1045-1047.

Weill, J. C., and Reynaud, C. A. (1992). Early B-cell development in chickens, sheep
and rabbits. Curr Opin Immunol 4, 177-180.

White, K. D., Frank, M. B., Foundling, S., and Waxman, F. J. (1996). Effect of
immunoglobulin variable region structure on C3b and C4b deposition. Mol Immunol
33, 759-768.

Winkler, M., aus Dem Siepen, T., and Stamminger, T. (2000). Functional interaction
between pleiotropic transactivator pUL69 of human cytomegalovirus and the human
homolog of yeast chromatin regulatory protein SPT6. J Virol 74, 8053-8064.

Winston, F. (1992). Analysis fo SPT genes: A genetic approach toward analysis of
TFIID, histones, and other transcription factors of yeast. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY In " Transciptional Regulations"”, 1271-
1293.

Winston, F., and Carlson, M. (1992). Yeast SNF/SWI transcriptional activators and
the SPT/SIN chromatin connection. Trends Genet 8, 387-391.

Woo, C. J., Martin, A., and Scharff, M. D. (2003). Induction of somatic hypermutation
is associated with modifications in immunoglobulin variable region chromatin.
Immunity 79, 479-489.

123



Yoshikawa, K., Okazaki, I. M., Eto, T., Kinoshita, K., Muramatsu, M., Nagaoka, H.,
and Honjo, T. (2002). AID enzyme-induced hypermutation in an actively transcribed
gene in fibroblasts. Science 296, 2033-2036.

Yu, K., Chedin, F., Hsieh, C. L., Wilson, T. E., and Lieber, M. R. (2003). R-loops at
immunoglobulin class switch regions in the chromosomes of stimulated B cells. Nat
Immunol 4, 442-451.

Zan, H., Komori, A., Li, Z., Cerutti, A., Schaffer, A., Flajnik, M. F., Diaz, M., and
Casali, P. (2001). The translesion DNA polymerase zeta plays a major role in Ig and
bcl-6 somatic hypermutation. Immunity 74, 643-653.

Zeng, X., Winter, D. B., Kasmer, C., Kraemer, K. H., Lehmann, A. R., and Gearhart,
P. J. (2001). DNA polymerase eta is an A-T mutator in somatic hypermutation of

immunoglobulin variable genes. Nat Immunol 2, 537-541.

124





