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Mutations...

 during replication/transcription
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AID is a DNA mutator

‣ Expression of AID in E.coli gives 
an increased frequency of 
Rifampicin-resistant mutants

  Petersen-Mahrt et al., 2002

‣ Expression of Ugi (UDG inhibitor) 
in DT40 cells abolishes all C>G 
mutations, leaving only the C>T 
originating from replication

  Di Noia et al., 2002

‣Mutations in UNG-/- mice show 
the same pattern

Rada et al., 2002

Vector AID

Wild Type

Deficient in
Uracil-DNA
Glycosylase

AIDVector

To
A G C T

A
G
C
T

5 5 10
23 23
2 60 62
1 2 4 7

26 7 9 60
Transition at dC/dG83%

To
A G C T

From
A 16 13 10 39
G 2 0 0 0

0

0
3 5

C 4 4 25 33
T 3 16 4 23

9 36 17 38
Transition at dC/dG27%
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Xrcc2
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Replicative
DNA Pol?

MSH2/6
ExoI
Polη

Other TLS 
polymerases

(Polθ?)

NHEJ

G

GT
A

T
A

A
T

G

G
C

IgV gene
conversion

Class switch
recombination

Transitions
at C:G pairs

Transversions + transitions
at C:G pairs

Mutations
at A:T pairs

AID

UNG

Figure 2
DNA deamination model of immunoglobulin gene diversification, emphasizing somatic hypermutation
and indicating some of the key enzymes implicated in each pathway. Abbreviations: AID,
activation-induced deaminase; ExoI, mismatch repair exonuclease I, IgV, immunoglobulin variable
region, NHEJ, nonhomolgous end joining; MSH2/6, mismatch recognition proteins; Pol, polymerase;
Rev1, Y-family DNA polymerase involved in DNA damage tolerance; TLS, translesion synthesis; UNG,
uracil-DNA glycosylase; Xrcc2 and Xrcc2, Rad51 paralog proteins involved in homologous
recombination repair.

diversification pathways: Modifying or ablat-
ing enzymes involved in processing U:G le-
sions should therefore significantly perturb
antibody gene diversification pathways. Both
types of prediction have been confirmed in a
variety of studies.

Thus, both bacterial genetic studies as well
biochemical studies of recombinant AID have
confirmed that it is able to deaminate cyto-
sine in DNA (47, 54–59). Indeed, AID shows
a preference for C residues that lie within a
WRC consensus, suggesting that the WRCY

hot spots observed during IgV somatic muta-
tion in vivo could result from AID oligomers
acting preferentially on targets comprising
overlapping WRC motifs on opposite DNA
strands (57, 60).

With regard to genetic evidence that
the U:G lesion is an intermediate in anti-
body diversification, a deficiency in the major
uracil-excision enzyme (UNG) perturbs so-
matic mutation, gene conversion, and switch
recombination exactly as predicted by the
scheme (61–66). Similarly, the second phase
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AID & Lymphomas: mutations
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IgH
JH4 Eμ Sμ Cμ Eg Sg Cg

Physiology:

Class Switch Recombination

IgH
JH4 Eμ Sμ CgSg

AID



AID

IgH
JH4 Eμ Sμ Cμ Eg Sg Cg

Sμ  repeats

IgH/c-myc
Exon 2 Exon 3JH4 Eμ

c-myc
Exon 1 Exon 2 Exon 3

Ramiro et al. 2004; 2006 Robbiani et al. 2008; 2009

Pathology:

Chromosomal Translocations



sporadic Burkitt’s Lymphoma
Diffuse Large B Cell Lymphoma
B-Chronic Lymphocytic Leukemia
Lymphoplasmacytoid Lymphoma
Diffuse Large Cell Lymphoma
Extranodal Lymphoma
Multiple Myeloma

CSR-dependent 
Chromosomal Translocations

Chromosomal breakpoints at the Switch Regions

c-myc, t(8;14)
bcl-6, t(3;14)
bcl-3, t(14;19)
Pax-5, t(9;14)
lyt-10, t(10;14)
MUC-1, t(1;14)
FGFR-3, t(4;14); 
c-maf, t(14;16); 
MUM1/IRF4, t(6;14)



AID transgenic Mice develop Tumors
(lung adenocarcinomas and T-cell lymphomas, other)

Okazaki et al. 2003; others

AID & Cancer

AID-deficient Cancer Prone Mice are unable 
to develop Mature B-cell Tumours

Pasqualucci et al. 2008



AID is expressed in lymphoproliferative 
disorders

Greeve, 2003; Oppezzo, 2003; many others

Humans

Expression of AID is triggered by a number     
of factors

Machida, 2004; Babbage, 2006; Matsumoto, 2007



AID is the trigger of Ig secondary diversification 

AID is a key player in mature B-cell Tumours

What brings AID to the Ig locus? 
Other physiological roles?

What makes AID fail and mistarget other genes? 
Is AID involved in tumorigenesis in other tissues?
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Beyond AID...
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Saunders & Magor 2004;
Conticello 2005; Zhao 2005

Bony Fish
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Cartilaginous Fish

degenerate primers for RT-PCR amplification of AID, and
using these primers, cloned a partial cDNA of what appears
to be a bona fide AID ortholog in dogfish (Scyliorhinus
caniculus). This molecule shows 79% similarity to human
AID with the main difference from AID in other species,
being that it comprises the sequence HAE (rather than the
usualAID-specificHVEconsensus) in the zinc-coordinating
domain (fig. 6). The other residues characteristic of the
AID/APOBEC gene family are conserved. So far, we
have failed to identify an APOBEC2 ortholog in dogfish
but cannot conclude that such a homolog is absent.

APOBEC1 Is a Later Arrival, Likely Derived from AID

Several screens have been performed to find homologs
ofAPOBEC1 (the firstmember of theAID/APOBEC family
to be identified) (Anant et al. 1997;Anant,Yu, andDavidson
1998; Fujino et al. 1999; Dance et al. 2001). However, our
analyses indicate that none of the APOBEC1-related se-
quences that can be identified in nonmammalian species are

true APOBEC1 orthologs. Thus, for example, a yeast
cytidine deaminase (CDD1; asterisked in the CDA cluster in
figure 1A) has recently been described as an APOBEC1
ortholog (Dance et al. 2001; Xie et al. 2004). Nevertheless,
despite a description of its ability to deaminate apolipopro-
tein B RNA (Dance et al. 2001), we find that it is clearly
much more closely related to canonical cytidine deaminases
(that work on free cytidine) than to members of any other
gene family, including the AID/APOBECs. Indeed, its zinc-
coordinating domain displays the signature of the cytidine
deaminases, as opposed to that characteristic of the AID/
APOBEC family (fig. 1B). Furthermore, not only is there
evidence that yeast does not normally exhibit any editing
activity that can work on apoliporotein B RNA (Lellek et al.
2002), but genetic evidences identifies CDD1 as functioning
in the free pyrimidine nucleotide salvage pathway in yeast
(Kurtz et al. 1999). Thus, APOBEC1 appears as a mammal-
specific gene.

The phylogenetic relationships of the sequences
(fig. 1A and 2) suggest that APOBEC1 (and APOBEC3

FIG. 4.—Temperature-sensitive mutator activity of Fugu AID. (A) Frequencies of rifampicin-resistant mutants in cultures of either Ung1 or Ung2

E. coli transformants carrying human or fish AID expression constructs or vector-only controls grown at 188C or 378C as indicated. Each point
represents the mutation frequency of an independent overnight culture. The median mutation frequency and the fold enhancement resulting from AID
expression are indicated. (B) Comparison of the distribution of independent rpoB point mutations identified in rifampicin-resistant cells transformed
with empty vector (pTrc99) or with human or Fugu AID expression constructs after 32 hours growth at 188C.
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Vif
an “accessory” gene of HIV

Gabudza et al., 1992; von Schwedler et al., 1993; Madani and Kabat, 1998; Simon et al.,1998



APOBEC3G - innate immunity 
against retroviruses

Sheehy et al. 2002



‣APOBEC3G is able to restrict HIV infection 
(under specific conditions)  

  Sheehy, 2002      

‣Most of the other APOBEC3s have some 
sort of anti-retroviral activity

‣Many are active against mobile elements 
and foreign DNA

‣APOBEC3G restricts viral infectivity 
through DNA deamination

Harris, 2003; Mangeat, 2003; Lecossier, 2003; 
Mariani, 2003; Zhang, 2003

APOBEC3s
immunity against...
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DNA

APOBEC1
ApoB-long
    (liver)

ApoB-short
  (intestine)

mRNA
CAA

mRNA
UAA

‣catalyzes the C>U deamination of the 
ApolipoproteinB mRNA

  Scott, 1987; Davidson, 1993

‣APOBEC1 deficient mice do not present any 
characteristic phenotype, aside the lack of ApoB 
editing

Morrison, 1996; Nakamuta, 1996; Hirano, 1996

‣It is able to deaminate DNA
Harris, 2002; Cervantes Gonzalez, 2009; Petit, 2009

‣Other mRNA targets
Skuse, 1996;  Anant 2000; Rosenberg 2011

APOBEC1
an RNA editing enzyme



APOBEC1 transgenes develop Tumors
(hepatocellular carcinomas)

Yamanaka et al. 1995

what about cancer?

Cancer prone (Apc-) mice deficient 
in APOBEC1, suffer less Tumours

Blanc et al. 2007
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mammals
chicken
zebra finch
lizard

AUAUAUGAUACAAUUUGAUCAGUAUA
G---C--G-G---A-A--G-----C-
--TCC-----a--G----G-----C-
C---C---C-a-UGC---CA-U----

No Evidence 
of ApoB mRNA editing
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APOBEC1 transgenes develop Tumors
(hepatocellular carcinomas)

Yamanaka et al. 1995

Back to Cancer

Cancer prone (Apc-) mice deficient 
in APOBEC1, suffer less Tumours

Blanc et al. 2007

RNA
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