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Decades of work have elucidated the existence of two
forms of heritable information, namely genetic and epi-
genetic, which are collectively referred to as the ‘dual
inheritance’. The underlying mechanisms behind these
two modes of inheritance have so far remained distinct.
Cytosine deaminases, such as activation-induced cyti-
dine deaminase (AID) and other members of the APOBEC
family, have been implicated both in genetic variation of
somatic cells and in epigenetic remodeling of germ and
pluripotent cells. We hereby synthesize these seemingly
dissociated functions into one coherent model, and fur-
ther suggest that cytosine deaminases, particularly AID,
might have a broader influence by modulating epigenet-
ic information in somatic or cancer cells, as well as by
triggering genetic variation in germ and pluripotent cells
through mutation followed by natural selection. We
therefore propose that the AID/APOBEC family of dea-
minases are likely to have acted as drivers throughout
vertebrate evolution.

The dual inheritance
The variation and transmissibility of heritable information
is perhaps the primordial principle that drives the evolu-
tion of species. It was already clear from the chromosomal
theory of inheritance and the subsequent identification of
DNA as the heritable material that mutations in DNA can
be passed to offspring and propagated within a population
under natural selection (i.e. genetic inheritance). However,
several phenomena [1-3] have been described over the past
decades where phenotypes are transmitted without any
underlying changes in the DNA sequence (i.e. epigenetic
inheritance), challenging this basic tenet of biology [4].
Because inheritance of both genetic and epigenetic infor-
mation — referred to as the ‘dual inheritance’ [5] — deter-
mines the phenotype, molecule(s) that could modify both of
these forms of heritable information could be important
drivers of evolutionary adaptability. However, such a mol-
ecule remained elusive until cytosine deaminases, such as
AID and other members of the APOBEC family (Glossary),
emerged as potential candidates [6-11].

The past decade of research in the fields of immunology
and cell biology has significantly advanced our understand-
ing of the genetic role of AID in somatic diversification of B
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cells and in cancer [12]. Concurrently, the initial idea that
AID and APOBEC1 might also deaminate 5-methyl-cyto-
sines (bmeC) [9] has been reinforced by recent advances
implicating the AID/APOBEC family in epigenetic remodel-
ing [6-8]. However, the genetic and epigenetic roles
remained segregated, with no evidence for AID/APOBEC-
mediated demethylation in somatic tissues or AID/APO-
BEC-generated mutations in germ and pluripotent cells.
Here, we hypothesize that because cytosine deaminases,
and specifically AID, are unique in that they have the
capacity to modify both forms of heritable information, they
have the potential to connect genetic and epigenetic inheri-
tance. Therefore, we propose that the AID/APOBEC family
of deaminases could be important drivers of evolutionary
adaptability in vertebrates.

AID/APOBEC and the modulation of genetic
information

The universal function of the proof-reading and repair
mechanisms appears to have evolved to prevent deleteri-
ous mutations and to maintain genomic stability. Yet,
paradoxically, some cellular processes actually require
the acquisition of mutations. One such phenomenon is
somatic hypermutation (SHM) of B cell immunoglobulin
(Ig) genes in the germinal centers of secondary lymphoid

Glossary

Activation-induced cytidine deaminase (AID): a member of the APOBEC family
that was first identified in a screen for genes involved in antibody diversifica-
tion in a murine B-cell line. AID was initially thought to function, like APOBEC1,
in editing RNA. However, another model ascribed its function to direct cytosine
deamination for DNA, primarily at the Immunoglobulin (Ig) locus in B cells.
APOBEC: a family of zinc-dependent cytosine deaminases named after the first
identified member APOBEC1 (apolipoprotein B mRNA editing enzyme,
catalytic polypeptide 1) which was shown to edit apolipoprotein B mRNA.
The APOBEC family comprises 5 groups (AID and APOBEC1-4), with each
group containing one or more members. Several members of the APOBEC
family have been shown to deaminate cytosines in DNA.

D-demethylation: a term used here to describe the indirect nature of active
5meC demethylation through a deamination (D)-mediated process.

Dual inheritance: a term previously coined to describe the transfer of both
genetic and epigenetic information.

Epigenetic inheritance: the transfer of heritable information without an
underlying change in the DNA sequence. Epigenetic information can take the
form of protein, RNA, or modifications of DNA, such as cytosine methylation.
Genetic inheritance: the transfer of heritable information contained within the
DNA sequence (genetic information).

Somatic hypermutation (SHM): an AID-dependent process whereby Ig gene
variable regions are subject to a high rate of mutation. SHM, in B cells, leads to
diversification of antibody structure and permits the selection of high-affinity
antibodies.
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organs [13-15]. This genetic process allows the matura-
tion and diversification of antibody affinity through the
accumulation of mutations in Ig gene variable regions,
and these occur at frequencies of 10 to 10 per nucleo-
tide and are subject to clonal selection [16,17]. Initial
investigations in the murine B-cell line CH12F3 [18], in
AID-deficient mice [19], and in humans with hyper-IgM
immunodeficiency [20] led to the characterization of AID
as the mutagenic enzyme responsible for initiating the
genetic modifications required for an efficient immune
response [12,13,15].

Although it was originally hypothesized that AID edits
RNA [18,21], a number of groups have provided evidence to
support a DNA-editing model [13,22-29]. This model illus-
trates how B cells have efficiently adopted cytosine deami-
nation into a mechanism to generate DNA mismatches in
order to trigger genetic variation (Figure la). Any AID-
targeted cytosine (C) can be readily deaminated to form
uracil (U) [30], turning C:G pairs into U:G mispairs that
can be detected and repaired in an error-free manner by
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the base excision-repair (BER) and/or mismatch-repair
(MMR) machinery [13,15,31]. However, U:G mispairs
can also escape detection and be replicated to produce
transitions (T:A in Figure 1), or can be processed through
a mutagenic pathway that recruits error-prone poly-
merases to produce transitions or transversions at the
deaminated site (N:N in Figure 1) [24,32,33]. It is therefore
possible that any cell that expresses AID could also be
subject to deamination-mediated genetic mutations. In-
deed, ectopic expression of AID in mammalian cells
[34,35], yeast [36], or even bacteria [23] can lead to DNA
mutations. Similarly, other members of the APOBEC fam-
ily have been implicated in deaminating cytosine, leading
to mutations in DNA [10,11,37]. Moreover, several studies
have shown that AID can act as a broad genomic mutator
[38], and its inappropriate expression in various tissues
has been linked to tumorigenesis [39-43]. Interestingly,
the tight regulation of AID expression and its mutagenic
activity can also be compromised in B cells and has been
associated with lymphomagenesis [44-51].

Figure 1. A unified paradigm for cytosine deamination in the modulation of genetic and epigenetic information. This model depicts how AID/APOBEC can function on
exposed ssDNA to deaminate cytosines (white C) or 5’-methyl-cytosines (grey C), thereby creating U:G or T:G mismatches in the DNA. (a) Replication of uncorrected
mismatches or error-prone repair has been shown to produce mutations (transitions or transversions) at deaminated sites in somatic cells. These can be classified as either
genetic mutations (C-to-N) or genetic/epigenetic mutations (5meC-to-T). (b) Error-free repair of mismatches results in the incorporation of unmethylated Cs, and these can
have either neutral effects (C-to-C) or lead to epigenetic remodeling (5meC-to-C). The role of AID/APOBEC as DNA D-demethylases has been suggested to result in
epigenetic remodeling of germ/pluripotent cells. (¢) It is plausible to assume a role for cytosine deamination in epigenetic remodeling of somatic cells that express AID/
APOBEC. (d) We further postulate that AID/APOBEC expression in germ and pluripotent cells could also be a source of deamination-induced mutations that can impact upon
the germinal transmission of genetic information. The model assumes that any genetic or epigenetic variation triggered by AID/APOBEC is subject to selection pressures

that dictate the transmissibility of such information.
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AID/APOBEC and the modulation of epigenetic
information

As mentioned above, several phenomena have been de-
scribed where the transmission of heritable information —
between somatic or germ cells — takes place without un-
derlying changes to the DNA sequence, referred to as
epigenetic inheritance. Unlike the genetic material, epige-
netic information can be stored and transmitted in the
form of any of the three macromolecules of the cell (i.e.
DNA, RNA and protein) [4]. One mechanism for epigenetic
inheritance involves DNA methylation [4,52]. In this re-
spect, cytosines in DNA have the remarkable capacity to
hold genetic as well as epigenetic information in the form of
methylation [52]. In vertebrates, methylation of cytosines
is normally associated with CpG dinucleotides [53]. The
presence or absence of 5-methyl-cytosine (5meC) can lead
to changes in gene expression, and thus alterations in the
methylation pattern can result in phenotypic changes
without affecting the actual DNA sequence [52,54]. Studies
during embryogenesis have shown that gametes contain
relatively high levels of DNA methylation, but global
demethylation takes place after fertilization, and eventu-
ally methylation patterns are re-established in somatic
tissues [54]. This cycle strongly suggests that there are
mechanisms to both ‘write’ and ‘erase’ methylated DNA
signatures. Despite the successful identification and char-
acterization of enzymes involved in methylating DNA, the
molecular mechanisms involved in DNA demethylation
have remained elusive in vertebrates.

One way to demethylate 5meC is through a passive
mechanism involving DNA replication. Although the evi-
dence suggests that passive DNA demethylation through
replication does take place [55,56], it is unlikely to be the
only mechanism because there are several examples of
replication-independent demethylation [9,57-59]. A num-
ber of mechanisms have therefore been postulated to ac-
count for an active demethylation process [52,54]. One such
mechanism postulates an indirect enzymatic model where-
by 5meC is deaminated [9,52,54]. However, deaminated
5meC is, in fact, thymine (T). Such a conversion results in a
T:G mispair, and this can subsequently be recognized by
the DNA repair machinery and converted back to a C:G
pair by incorporating an unmethylated C residue
(Figure 1). To distinguish this from other mechanisms of
active demethylation [52,54] we hereafter use the term D-
demethylation to specifically refer to deamination-mediat-
ed demethylation.

Previous work showed that AID and APOBEC1 can
deaminate 5meC in vitro, suggesting that the AID/APO-
BEC family of cytosine deaminases can act as DNA D-
demethylases [9]. In support of this observation, a recent
study reported that both AID and APOBEC2a/b can de-
methylate DNA in zebrafish embryos [7]. Although no
direct biochemical activity has yet been ascribed to APO-
BEC2a/b, the fact that mutants in the conserved putative
catalytic domain are unable to induce demethylation sug-
gests that these proteins could have the ability to deami-
nate 5meC [7]. This function requires two additional
components: MBD4, a DNA glycosylase that can act on
T:G mismatches, and GADD45 family members which are
induced by DNA damage. Overexpression and knockdown
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experiments showed that these proteins not only deami-
nate exogenous methylated DNA but also function on
endogenous loci. Furthermore, these proteins seem to
interact with one another in heterologous cells and can
localize to exogenous as well as endogenous loci that
undergo active demethylation. This study not only provid-
ed the first putative mechanism of active DNA demethyla-
tion in higher eukaryotes, but it also highlighted the
importance of the DNA repair machinery in this process
[7,9].

Further evidence suggesting that AID can modulate
epigenetic information through D-demethylation comes
from studies of cellular reprogramming of interspecies
heterokaryons formed by the fusion of mouse embryonic
stem cells with human fibroblasts [6]. A prerequisite for
cellular reprogramming is the activation of the pluripo-
tency genes OCT4 and NANOG which are normally si-
lenced in somatic cells through DNA methylation. AID was
shown to localize to the promoters of OCT4 and NANOG in
human fibroblasts [6]. Subsequent D-demethylation dur-
ing heterokaryon formation was demonstrated to be repli-
cation-independent and to require AID. In parallel,
another report showed an increase in global DNA methyl-
ation in primordial germ cells (PGCs) of AID knockout
mice, including modest changes in imprinted loci and
transposable elements [8]. However, AID deficiency
seemed to only affect the level of methylation in PGCs.
We believe it would be of great interest to explore if the
effect on other cell types could be accentuated by either the
loss of AID through multiple generations or by the combi-
natorial loss of AID along with potential compensating
APOBEC family member(s). Intriguingly, there seems to
be an effect on the litter sizes of the F1 generation from
AID-deficient homozygous mice. It is tantalizing to specu-
late, as suggested by the authors [8], that the changes in
litter size might be due to epigenetic modifications in the
PGCs of AID-deficient mice, although there is as yet no
direct evidence. Taken together, these studies establish a
role for AID and other APOBEC family members in DNA
D-demethylation, and thereby highlight the potential of
the AID/APOBEC family in modulating epigenetic infor-
mation (Figure 1b,c).

Crosstalk between the genetic and epigenetic functions
of AID/APOBEC

The recognition of AID/APOBEC as components of an
active D-demethylase complex through their ability to
deaminate 5meCpG in germ and pluripotent cells [7,8]
raises the possibility that this mechanism could also
function in somatic cells (Figure 1c). Indeed, this hypoth-
esis is supported by data showing AID activity on 5meC in
bacteria and in vitro [9], and is consistent with recent work
in heterokaryons demonstrating a role for AID in cell
reprogramming through D-demethylation of the OCT4
and NANOG promoters [6]. It is therefore reasonable to
postulate a role for cytosine deamination in the epigenetic
remodeling of any somatic cells that appropriately (e.g. B
cells) or inappropriately (e.g. tumor cells) express a mem-
ber(s) of the AID/APOBEC family. Such somatic remodel-
ing can have either beneficial consequences if AID/
APOBEC-dependent D-demethylation is physiologically
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induced and tightly regulated, or deleterious conse-
quences if inappropriate expression or regulation of
AID/APOBEC pushes the epigenetic remodeling towards
malignancy. Indeed, a number of reports have shown that
AID plays a role in tumorigenesis [39-51]. Therefore, it
would be interesting to study if changes in the DNA
methylation profiles of somatic tissues and cancer cells
are AID/APOBEC-dependent (Figure 1c). Interestingly, it
has been suggested that AID genetic and epigenetic muta-
tions at CpG sites might lead to premature stop codons of
the APC tumor-suppressor gene in some colorectal cancers
[9] (Figure 1a).

Although AID can deaminate both C and 5meC, it
exhibits 3-to-10-fold lower specific activity for methylated
cytosines in vitro [9,27,60]. Despite this, AID has been
implicated in the deamination of 5meC in different cellular
contexts [6-9]. D-demethylation will occur when this de-
amination event is coupled to error-free repair, perhaps
involving the DNA repair proteins GADD45, MBD4, and/or
XPG [7,61], and converts the T back into C, thereby
demethylating a 5meC:G pair into a C:G pair (Figure 1).
However, consistent with the mutator role of AID dis-
cussed above, a T:G mispair can be erroneously converted
into a T:A mutated pair (Figure 1). If this occurs, the
deaminated DNA sequence would lose the original
5meCpG and gain a TpG dinucleotide. Indeed, CpG deple-
tion with TpG gain is a hallmark of many vertebrate
genomes that undergo DNA methylation, and this seems
to be present in species as far back as zebrafish and fugu
(Refs [62,63] and J. Glass, personal communication). This
finding suggests that D-demethylation is a significant
mode of demethylating 5meC in vertebrates. Moreover,
TpG gain is also of particular importance because 5meC
loss alters not only epigenetic information but also the
underlying genetic information. Interestingly, the AID/
APOBEC family of cytosine deaminases seems to have
originated in the vertebrate lineage [37,64]. Because the
AID/APOBEC family is thus far the only known group of
cytosine deaminases in vertebrates [37], and given the
coincidence of the evolutionary emergence of the family
along with CpG depletion, it is possible to postulate that
members of the AID/APOBEC family of deaminases are, at
least in part, responsible for the phenomenon of CpG
depletion with TpG gain (Figure 1d). If this is true, the
AID/APOBEC family of deaminases expressed in the germ-
line could have acted as evolutionary drivers throughout
vertebrate evolution.

Undoubtedly, excessive DNA mutation can be detrimen-
tal to an organism, but mutations can also confer a marked
advantage under some conditions. A good example of this is
APOBEC3G, which normally confers resistance against
viral infections (such as HIV) through its deaminase activity
[11]. The HIV protein termed VIF degrades APOBEC3G and
thereby counteracts its effects. Even so, a naturally occur-
ring attenuated VIF can be permissive for APOBEC3G-
mediated mutations, paradoxically allowing HIV to acquire
drug resistance [11]. As with AID in B cells, this example
supports the idea that balanced enzymatic mutations by
deaminases could confer a marked evolutionary advantage
through natural selection. The intriguing fact that AID/
APOBEC enzymes are expressed not only in somatic cells
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but alsoin germ and pluripotent cells [6,7,9,37,65] raises the
possibility of a common enzymatic behavior for the AID/
APOBEC family in all these scenarios. One should not
disregard the possibility that, analogous to what happens
at the immunoglobulin locus in B cells, AID expression in
germ and pluripotent cells could also induce deamination-
mediated mutations. These mutations would subsequently
be subject to selective pressures and result in genetic varia-
tion during germline inheritance (Figure 1d). In fact, a
recent computational study suggested that the evolution
of protein—protein interfaces shares some similarities with
AID-mediated diversification of antibodies by SHM [66].
Moreover, a recent analysis of the mouse and human gen-
omes identified mutations in retrotransposable elements
that are reminiscent of AID/APOBEC-induced mutations
[67], consistent with the idea that this family of deaminases
might act as defenders of the genome by mutating parasitic
genetic elements [67,68]. It would be of great interest to
analyze the genomes of other vertebrate species to see if a
similar phenomenon is present. In addition, a link between
AID-induced deamination and meiotic recombination,
which is thought to be the main source of genetic diversifi-
cation during germline inheritance, has been recently de-
scribed [69]. Consistent with this notion, some AID/
APOBEC family member(s) are expressed in oocytes and
testis [9,37,65], suggesting a potential role for the mutagenic
activity of AID/APOBEC during the germinal transmission
of genetic information. Therefore, if this hypothesis holds
true, we would predict an enrichment of mutations resulting
from deamination of C or 5meC in the genome of species that
express AID/APOBEC, and these would then be subject to
natural selection, potentially leading to a marked advan-
tage for the organism.

Open questions and future perspectives

Insights from the mutagenic role of AID in B cells strongly
support the involvement of transcription in its function
[15]. In fact, AID has a binding preference for single-
stranded DNA (ssDNA) and binds very poorly to double-
stranded DNA (dsDNA) [25-29]. For this reason the gen-
eration of ssDNA through transcription of Ig variable or
switch regions is thought to be an important prerequisite
for AID function during antibody diversification in B cells
[12,15]. The highly repetitive Ig switch regions are charac-
terized by the transcription-dependent formation of stable
RNA:DNA hybrids known as R-loops [70] which expose the
non-transcribed DNA strand to AID-mediated deamina-
tion. Paradoxically, the observation in heterokaryons that
the methylated and initially untranscribed human
NANOG and OCTH4 loci could be prone to AID-mediated
deamination indicates that transcription might not be
associated with AID-mediated epigenetic reprogramming.
Another obvious alternative to generate ssDNA would be
replication. However, both active demethylation [57-59]
and D-demethylation of the NANOG and OCT4 promoters
has been shown to take place in the absence of replication
[6]. This hints that it might be possible to generate ssDNA
through a yet unknown mechanism, perhaps involving
basal unproductive transcription [71,72], G-quadruplex
DNA [73], or other DNA-unwinding activity at methylated
CpG sites.



The ability of AID/APOBEC to modulate both genetic
and epigenetic information sets forth a slew of fundamen-
tal questions. For example, how does AID/APOBEC differ-
entiate between DNA D-demethylation and DNA
mutation? In other words, could AID/APOBEC make the
choice between genetic and epigenetic modifications? And,
if so, on what grounds is the selection made? Is it cell-type
specificity, expression levels of AID/APOBEC, or targeting
and/or chaperoning factors that can modulate AID/APO-
BEC activity accordingly? In addition to the aforemen-
tioned DNA-mediated mechanism, it was originally
postulated that AID could also function through an
RNA-mediated mechanism [18,21]. Although this remains
controversial, if it holds true then this might offer another
layer of complexity to AID function. In either case, future
studies on the potential role of the DNA repair machinery
in mediating AID/APOBEC activity might help to shed
more light on these questions.

Concluding remarks

At first glance, genetic variation and epigenetic reprogram-
ming seem to be two distinct processes. However, looking
at them through the AID/APOBEC lens the two seem to be
intertwined, akin to opposite faces of the same coin. Be-
cause AID/APOBEC has the capacity to modulate both the
genetic and epigenetic programs it is possible that they
could alter both forms of information storage in a given cell;
whether it be by mutating and perhaps demethylating
DNA in somatic cells (Figure la,c) or by demethylating
and perhaps mutating DNA in germ or pluripotent cells
(Figure 1b,d). Whereas the former might be involved in
normal cell physiology and possibly tumorigenesis, the
latter scenario is of particular significance because germ
cells will eventually give rise to future progeny and thus, by
modifying both the genetic and epigenetic programs in
such cells, AID/APOBEC has the unique potential to influ-
ence the dual forms of inheritance. It is therefore plausible
that the AID/APOBEC family might embody the molecular
convergence of evolutionary adaptability by both genetic
variation and epigenetic inheritance. The latter, seemingly
a short-term fix, could occur through heritable epigenetic
modifications, whereas the former might offer a longer-
term advantage through genetic mutability of germ cells
followed by rounds of natural selection.
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