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Discussion

Is there a role for RNA in somatic hypermutation 

and class switch recombination?

As set forth in the introduction, AID was discovered as a homologue of APOBEC-1, and
was first assumed to be an RNA-editing protein. Since then, however, ample evidence has
been provided that AID can act directly on DNA, as demonstrated in various
experimental in vitro and cell culture systems. Moreover, when SHM is stripped from
both pathways of repair that are involved (i.e. mismatch repair and base excision repair,
in UNG/MSH2 and UNG/MSH6 knockout mice), this reveals the C:G transition
mutation as the basis of SHM, which is fully compatible with the deaminase footprint of
AID. Hence, the general consensus now implies direct DNA deamination by AID as the
basis of SHM and CSR. Nevertheless, there is a number of recent findings that relate AID
to RNA, which will be discussed here.

There are a few alternative models, involving RNA intermediates. Tasuku Honjo, the
discoverer of AID, aims his efforts at substantiating an RNA deamination role for AID.
He recently found that AID indirectly interacts with mRNA at its C-terminus, which is
reminiscent of APOBEC1 binding its target (ApoB-) mRNA via the APOBEC1
complementation factor (ACF).1 In addition, the same group claimed to have identified
an AID mutant (N51A) which lacked DNA-deamination activity while retaining some
CSR activity.2 They considered this to be supportive for the alternative model in which
RNA editing could provide the tools for CSR, however they omitted providing evidence
for RNA-editing activity by AID. In fact, in their first report on AID, they mention a lack
of RNA-binding and deamination capacity for AID.3 In agreement, Bransteitter et al. did
not detect any deaminase activity on ssRNA or RNA hybridised with DNA.4

Edward Steele does not refute DNA-editing by AID, but finds support for an RNA-
intermediate in the fixation of mutations in the genome. In his model, AID mutates



cytidines in the Ig gene, prior to transcription. After transcription, the nascent mRNA
undergoes adenosine-to-inosine (A-to-I) deamination, supposedly by ADAR1. Error-
prone reverse transcriptase activity by Pol-η is then required for copying the mRNA back
into DNA, followed by invasion/integration of the genome to incorporate the new
mutations. The arguments for this model are based on complex and detailed analyses of
mutation patterns and as such reach far beyond the scope of this discussion.5

Neither of the two previous models receive broad support. As such, a potential role for
RNA in the AID-mediated Ig gene alterations, will be discussed from the perspective of
the standard DNA deamination model. The most longstanding relationship between
AID activity and RNA is the requirement for transcription. As addressed in the
introduction, somatic hypermutation activity is correlated to the site of transcription and
transcription levels, presumably by exposing the ssDNA template. Although it was found
that a small stretch of ssDNA similar in size to a transcription bubble gives sufficient
space for AID to act, there have been numerous reports on secondary structures that
provide more stable and larger openings in the DNA, such as R-loops formed during
CSR (see figure 4 of the general introduction). R-loops arise when a nascent G-rich
transcript is allowed to pair with the displaced DNA-strand during transcription
elongation.6 Transcripts from the “non-coding” strand were detected for both the variable
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Figure 1 Cotranscriptional mRNA processing.

Simplified view of eukaryotic gene expression, covering transcription and the nuclear mRNP processing steps

of 5′-end capping, splicing, mRNP assembly, 3′-end cleavage and polyadenylation, mRNP surveillance and

RNA export, which are coupled or coordinated with transcription. NMD, nonsense-mediated decay; NPC,

nuclear pore complex; RNAPII, RNA polymerase II. (Adapted from Aguilera, Curr. Opin. Cell Biol., 2005)9



region and the switch regions of the immunoglobulin genes, which would allow targeting
of both strands.7 However, this finding was recently disposed as a PCR artefact by others.8

Normally, newly generated gene-transcripts are capped and loaded with numerous
messenger ribonucleoproteins (mRNPs) that will prevent the occurrence of such DNA:RNA
hybrids. They guide the (pre-)mRNA through splicing and eventually nuclear export
(Figure 1).9 Mutations in the mRNP-assembling THO-complex, display increased AID
mediated mutation and recombination in yeast.10 Similarly, genome instability in the
presence of AID is increased when the Thp1-Sac3-Sus1-Cdc31 complex is affected,
supposedly due to the prevention of R-loops by its role in transcription elongation and
mRNA export.11 Hence, down-modulation of the transcription elongation and mRNA
export can be envisaged to have a role in facilitating Ig diversification (Figure 2).
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Figure 2 Transcription-associated recombination.

A. Numerous ribonucleoproteins and splicing factors associate with the nascent RNA behind the elongating

RNA polymerase (RNAP), in order to protect it from hybridising with the displaced DNA strands during

transcription.

B. When co-transcriptional formation of an optimal mRNA–particle complex is impaired, the RNA can

hybridise with its template DNA strand forming a transient R-loop. The single-stranded non-translated

strand region can either be more susceptible to damage or to the formation of DNA secondary structures

that can compromise RF progression. This can occur in THO-complex mutants in yeast, and in splicing

factor ASF (also known as SF2)-depleted DT40 and HeLa cells, but also at natural loci such as in the

switch (S) regions of immunoglobulin (Ig) genes. (Adapted and modified from Aguilera and Gómez-

González, Nat Rev Genet. 2008)24



In eukaryotes, loading of the THO-complex depends on the presence of the splicing
machinery on the mRNA (Figure 1).12-15 In agreement, RNA splicing seems important for
AID-activity as well. It was found that switching to the g1 switch region requires the
presence of an intact I-exon splice donor site. Similar to mutations in the THO-complex,
disruption of the ASF/SF2 splicing factor leads to genome instability.16,17 More recently,
AID was found to interact with CTNNBL1 (also discussed in the general introduction).
The function of this protein is still unknown, yet its co-immunoprecipitation with
members of the splicing complex is suggestive for a role in cotranscriptional mRNA
processing.18 The interaction between AID and CTNNBL1 was needed for proper
antibody diversification. In analogy, DDX5 was identified as one of the AID-interactors
and its knockdown impaired CSR.19 DDX5 is a helicase that, beside being a
transcriptional regulator, has also been implicated in the pre-mRNA processing and
alternative splicing.20-22 Further characterisation of the components of the cotranscriptional
mRNA processing complexes, in particular during SHM and CSR, may provide more
insight in the interplay between AID, mRNA, splicing and nuclear export. 

To end with, there is the (in-)direct interaction of AID with RNA. Although, Honjo
et al. noticed that the interaction with mRNAs at its C-terminus occurred most likely via
a co-factor1, Bransteitter et al. found that removal of the RNA by Rnase is required to
permit DNA-deamination activity in vitro.4 What the function of RNA binding in vivo
would be, is unknown. Interestingly APOBEC-3G, which deaminates cytidines in retroviral
copy-DNA, was found to interact with RNA as well. It is currently under debate whether
that RNA may attribute to the encapsidation of APOBEC3G into the HIV-I virion.23

In conclusion, there seems to be a relationship of AID with RNA, transcription,
elongation, splicing and nuclear export, although the precise mechanisms are still elusive.
Future investigations in this field may prove rewarding in exposing an additional layer of
regulation of Ig gene diversification. 
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