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A_ large portion of the mammalian

enome is derived from ancient
transposable elements. Retroelements,
transported by an intracellular copy-and-
paste process involving an RNA interme-
diate (retrotransposition), constitute a
majority of these mobile genetic elements.
Endogenous retroviruses are LTR-type
retroelements accounting for around 8%
of human or murine genomic DNA. Non-
LTR members are present in extremely
high copy numbers; with LINE-1 con-
tributing to nearly 40% of human and
murine genomes. These LINE-1 elements
modify mammalian genomes not only
through insertions, but also by indirect
replication of nonautonomous retrotrans-
posons such as SINEs. As expected, cel-
lular machineries of vertebrate’s innate
immunity have evolved to support a bal-
ance between retroelement insertions that
cause deleterious gene disruptions and
those that confer beneficial genetic diver-
sity. The ability of APOBEC3 cytidine
deaminases targeting DNA to restrict a
broad number of retroviruses and retro-
elements is now well established. More
recently, the RNA editing family mem-
ber APOBECI, a protein involved in
lipid transport, has also been shown to
be involved in keeping mobile elements
under control. This review discusses cur-
rent understanding of the mechanism of
action of the AID/APOBEC family, and
their role in controlling the retrotranspo-
sition of endogenous retroelements.

Introduction
The ability of the AID/APOBEC family

proteins to confer intrinsic immunity to
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retroviral infection was first recognized in
the case of human APOBEC3G (hA3G),
which can block the replication of HIV-1
mutant lacking the vif gene.! Members of
the APOBEC3(A3) cytidine deaminases
areinnate restriction factors thatactagainst
two distinct endogenous retroelements:
LTR retrotransposons (or endogenous
retroviruses) and non-LTR retroelements
such as LINE-1 (L1) (reviewed in refs. 2
and 3). Endogenous retroviruses, which
are structurally similar to HIV-1 and other
infectious retroviruses, are inherited like
cellular genes following germ-line trans-
mission of some retroviral genomes, accu-
mulating throughout evolution in many
organisms. Endogenous retroviruses, also
called extrachromosomally-primed (EP)
retrotransposons (reviewed in ref. 4), pre-
dominantly undergo reverse transcription
in the cytoplasm of infected cells (Fig. 1).
On the other hand, the replication cycle of
the non-LTR retrotransposon, also called
rarget-primed (TP) retrotransposons, is
different, with reverse transcription occur-
ing exclusively within the nucleus. These
autonomous EP and TP retrotransposons
modify mammalian genomes not only
by creating insertions, but also by indi-
rect replication of SINEs and processed
pseudogenes.

A3 molecules belong to a family of pro-
teins that also includes APOBEC1 (Al),
AID, APOBEC2 (A2) and APOBEC4
(A4). These proteins mediate the enzy-
matic conversion of cytosine bases to
uracils (C to U) on DNA and/or RNA.
Al, the catalytic component of a com-
plex that deaminates apo B mRNA in
gastrointestinal tissues, is the original
member of this family and remains the

197



rmm

ntegrated LINE =v=
g

Target DNA %: .

target-primed reverse
transcription (TPRT)

Figure 1. Models of the retroelement retrotransposition cycle. (Left part) Retrotransposition pathway of endogenous retroviruses (or LTR retrotrans-
posons) such as murine IAP and MusD. Mammalian endogenous retroviruses sequences are structurally similar to infectious retroviruses such as HIV-1
and MLV. The infectious retroviruses encode an envelope protein (Env) that facilitates their transmission from one cell to another, whereas endog-
enous retroviruses either lack or contain a remnant of an env gene and can only integrate into the genome at a new site within their cell of origin.
Endogenous retroviruses also contain slightly overlapping ORFs for their group-specific antigen (Gag), protease (Prt), polymerase (Pol) and terminal

LTRs. The pol genes encode a reverse transcriptase, ribonuclease H and integrase to provide enzymatic activities for generating proviral cDNA from vi-
ral genomic RNA and inserting it into the host genome. Their life cycle includes the formation of VLPs, which remain intracellular. Reverse transcription
of endogenous retrovirus genomic RNA occurs within the VLP in the cytoplasm, and is a complicated, multistep process. (Right part) Retrotransposi-
tion pathway of L1 retroelements. A ~6 kb functional L1 element contains an internal RNA polymerase Il promoter in the 5' UTR, followed by two open
reading frames. ORF1 encodes RNA-binding protein (ORF1p) that is required for ribonucleoprotein particle (RNP) formation in the cytoplasm. ORF2
encodes a protein with endonuclease and reverse transcriptase activities (ORF2p). Both ORF1p and ORF2p are critical for retrotransposition by a “copy
and paste” mechanism. A short 3' UTR is followed by a poly(A) tail, and the entire element is flanked by target site duplications (TSD). L1 DNA synthesis
in the nucleus is based on “target-primed reverse transcription (TPRT)” in which ORF2p nicks target chromosomal DNA, using the resultant 3'-OH to
prime the reverse transcription of L1 RNA as a template. At an early phase of replication, L1 RNA forms a RNP complex in the cytoplasm as a retrotrans-

position intermediate by associating with ORF1p and ORF2p.

best characterized. AID, a DNA-editing
enzyme that is the second member to be
identified, has been shown to act on the
immunoglobulin locus to trigger the anti-
gen-dependent diversification processes in
activated B cells (reviewed in ref. 5). A2
is ubiquitously present in vertebrates and
expressed primarily in cardiac and skeletal
muscle, but the physiological function of
A2 remains unknown. A4 is present in
mammals, birds, amphibian, but not in
fishes.” In mammals, A4 is expressed most
prominently in testis, suggesting its role in
spermatogenesis.

In this communication, we briefly
summarize advances in the general knowl-
edge of AID/APOBEC family proteins
as guardians of the cell genome against
invading endogenous retroelements. In
particular, we describe the role played
by Al cytidine deaminase in this intrin-
sic immunity in mammalian species,
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in addition to its integral role in apo B

mRNA editing.

AID/APOBEC Deaminases
as Restriction Factors

of Endogenous Retroviruses
Mammalian  endogenous  retroviruses
are multicopy retroelements account-
ing for around 8% of human or murine
genomic DNA, with most having been
inactivated over time through mutations
and deletions (reviewed in refs. 8 and 9).
These ancestral retroelements may have
been deleterious, being implicated in hav-
ing immunomodulatory and tumorgenic
potentials to cause several diseases in their
host. But it is obvious that the consider-
able number of endogenous retroviruses
inserted in ancestral mammalian chro-
mosomes has had a profound impact on
the landscape and plasticity of the host
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genome, increasing significantly the rate
of primate evolution.

Many endogenous retroviruses entered
the germ line as infectious retroviruses at
several time points in the ancestral line
of primate evolution. None of the endog-
enous retroviruses currently present in
the human genome (HERVs), however, is
replication competent. Several, including
some murine IAP and MusD sequences,
are still mobile, capable of retrotrans-
position in the host genome. Following
the discovery of the restriction activities
of A3 proteins against HIV-1, similar
DNA editing-dependent activity against
endogenous retrovirus was reported in
references 10 and 11. The AID/APOBEC
family proteins contain either one or two
copies of the active site core motif His-X-
Glu-X,, ,.-Pro-Cys-X, ,-Cys, in which the
His and two Cys residues coordinate Zn?*
ion, and Glu functions as the catalytic
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residue. The inhibitory activities against
IAP and MusD observed with A3 proteins
appeared to be based, at least in part, on
cytidine deamination. Consistent with
reports that the inhibitory activity against
exogenous retrovirus such as HIV-1 by
A3 proteins was mediated by their selec-
tive incorporation into retroviral particle
through interaction with the Gag protein,
direct interactions between A3 proteins
and IAP Gag had been demonstrated.
Further, genetic analyses indicated that
the molecular mechanism(s) for the edit-
ing of reversetranscribed DNA from
endogenous retrovirus and exogenous
retrovirus such as HIV-1 overlapped.'®!
This intra-cellular editing mechanism
induces degradation of the nascent viral
intermediates before integration, possibly
due to the base excision repair pathway, a
process that is initiated by cellular uracil-
DNA glycosylases and can lead to fatal
mutagenesis.

Subsequently, the single-domain cyti-
dine deaminase AID from multiple spe-
cies including primary vertebrates, and Al
proteins from several mammalian species
were also found to possess the capacity
to inhibit endogenous retroviruses.!>' In
addition, several reports indicated that Als
from several mammalian species inhibit
a wide range of exogenous retroviruses
such as HIV-1.""® These results raise the
possibility that not only A3 proteins but
also AID and Al cytidine deaminases are
likely to participate in the intrinsic immu-
nity in various mammalian species against
the retrotransposition of endogenous and
exogenous retroviruses. The catalytic
activity of Als appeared to be critical for
these repressive potentials.'*'” In addition,
although the expression of Al in human
has only been formally documented in
gastrointestinal tissue, the distribution for
mouse, rat and rabbit Als is much wider,
including tissues such as hepatocytes and
spleen which are assumed to have little
apoB mRNA. Furthermore, Al mRNA
is expressed in ovarian and testis tissue, at
least in mouse and rabbit, placing Al in
a compartment where endogenous retrovi-
rus may have the greatest impact in vivo."

Interestingly, the powerful inhibi-
tion of endogenous retrovirus by the
single-domain cytidine deaminase hA3A
appeared to occur independently of
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editing."" Nevertheless, sequence analysis
of the retrotransposed DNA copies using
a differential DNA denaturation PCR
(3D-PCR) to detect G-to-A hypermutated
proviral genome revealed extensive edit-
ing in the presence of hA3A." Thus, the
inhibitory mechanism(s) used by hA3A to
inhibit retrotransposition of endogenous
retrovirus is currently not fully under-
stood, and remains controversial.

AID/APOBEC Deaminases
as Restriction Factors
of Non-LTR Retrotransposons

A large portion of the mammalian genome
is composed of non-LTR retrotranspo-
sons, with L1 elements contributing to
over 35% of the mass of the human and
other mammalian genomes. Furthermore,
around 100 copies of L1s in humans and
3,000 copies in mice appear to be active
(reviewed in refs. 8 and 9). These elements
modify mammalian genomes not only by
insertions, but also by indirect replication
of SINEs that include the most prominent
and active member Alu in human or Bl in
mice. L1 retrotransposition has been dem-
onstrated to result in human diseases such
as Haemophiliae VIII/IX and Duchene
muscular dystrophy, and in the generation
of novel polymorphisms.

Members of the A3 cytidine deami-
nases are certainly one class of the cellu-
lar machineries that play roles as innate
restriction factors against these non-LTR
retrotransposons (reviewed in refs. 2 and
3). All human A3 family proteins, hA3A—
hA3H inhibit autonomous retroelement
L1 to varying degree.””? hA3A and hA3B
are the most potent inhibitors of Lls,
although hA3A does not exhibit any activ-
ity against HIV-1.

In addition, hA3A, hA3B, hA3C and
hA3G were found to inhibit L1-mediated
Alu retrotransposition. The mechanism
of antiretroviral and antiretrotransposon
inhibition differs and the latter appears
to be independent of the enzymatic activ-
ity. Of note, although A3A inhibits L1
retrotransposition efficiently without any
apparent DNA deamination, the con-
served catalytic Glu in the single-domain
A3A cytidine deaminase appears to be
critical for its activity against L1, sug-
gesting the importance for proper folding
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and target factors such as RNA or protein
interaction in addition to the cytidine
deamination.?” hA3A has been suggested
to affect transgene expression through
extensive deamination of transfected plas-
mid DNA.?' Thus, it is likely that hA3A
utilizes a mechanism different from those
observed in other A3 proteins for inhibit-
ing the endogenous retroelements.

In contrast to A3 proteins, it has been
suggested that neither AID nor Al possess
any activity against the L1 retrotranspo-
sitions. However, similar DNA editing-
independent anti-L1 activity was recently
documented for AID from multiple spe-
cies."” Furthermore, Al proteins from sev-
eral mammalian species were also found
to possess the capacity to inhibit the LI
retrotranspositions. The anti-L1 activity
of Al appears to be much more profound
than those documented for AID, and
also does not require cytidine deaminase
activity. The replication cycle of the non-
LTR retrotransposon Lls is different from
that of LTR retroelements such as IAP
or MusD, in which reverse transcription
occurs within the cytoplasm (Fig. 1). So
far, similar DNA editing-independent L1
restriction machineries have been con-
firmed for a variety of AID/APOBEC
family proteins, but the exact step(s) of
L1 replication affected has yet to be deter-
mined. Whether these AID/APOBEC
proteins bind to L1 encoded ORFs and/
or specific sequences in L1 RNA and/or
host factor(s) that facilitate retrotransposi-
tion remains to be determined. Al as well
as hA3A and hA3G are able to inhibit
nascent L1 DNA accumulation, suggest-
ing interference with L1 reverse tran-
scription, integration and/or intracellular
movement of LI ribonucleoprotein par-
ticles (RNDPs)."*" Furthermore, the sup-
pressive activity against de novo L1 DNA
synthesis was mainly in a deamination-
independent manner, and was not affected
by subcellular localization of the proteins.™*
AID/APOBEC proteins might be able to
interact with the cytoplasmic RNPs and
interfere with subsequent RNPs trans-
port and/or nuclear import. Alternatively,
AID/APOBEC proteins may function at
other steps downstream of RNPs forma-
tion in the L1 retrotransposition pathway.
For example AID/APOBEC proteins in
the nucleus might be able to access to L1
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RNA and block the generating nick or
subsequent priming of reverse transcrip-
tion of 1* strand, by interfering the access
of the L1 RNA to the target DNA. AID/
APOBEC proteins without nuclear local-
izing signal (NLS) might be able to enter
the nucleus with the RNP complex in
which ORF2p harbors a putative NLS.
The interactions between AID/APOBEC
proteins and ORF2p have been suggested,
however, the direct interaction has not
been demonstrated, thus far.

Indeed, an interaction between Al as
well as hA3A and hA3G proteins with
L1 and cellular RNAs such as polymerase
II-transcribed GAPDH and elF4G2
RNA, polymerase III-derived 7SL RNA
had been documented.” The copy num-
bers of L1 and cellular RNAs with Als and
hA3A were found to be lower than those
seen with hA3G. It is plausible that this
weaker interaction can be explained by the
fact that Als and hA3A are single-domain,
while hA3G have double deamination
domains. hA3G has been documented to
interact with cellular RNAs to assemble
into high-molecular-mass (HMM) ribo-
nucleoprotein complexes that converts
to a low-molecular-mass (LMM) form
by RNase treatment, and to associate
with stress granules, staufen granules or
P bodies (reviewed in ref. 3). However,
it appeared that the inhibitory activity
of human A3 proteins against Ll ret-
rotransposition does not correlate with
intracellular HMM formation or P-body
association.”” Al proteins were found to
exist in a HMM form both in the absence
or presence of L1. Notably, and in sharp
contrast to hA3G, Al distribution was not
affected by RNase treatment, suggesting
that this single-domain cytidine deami-
nase may be able to interact differently
and/or more strongly with host RNA(s).
The exact step(s) of L1 replication affected
by these AID/APOBEC proteins remains
to be verified, in order to clarify the
molecular mechanism through which L1
retrotranspositions are inhibited, mainly
by the deamination-independent man-
ner. Elucidation of these deamination-
independent repressive activities of AID/
APOBEC proteins to L1 retrotransposi-
tions may provide a new insights into the
consequences of deamination-indepen-
dent HIV-1 inhibition by A3 proteins.
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Despite the impact of L1 insertion on
mammalian genome evolution, much
of the process of L1 retrotransposition,
especially in vivo remains unexplored.
Recent studies suggested that de novo L1
retrotransposition usually occurs eatly in
embryogenesis.”? This scenario indicated
that the germ cells should have evolved
defense
mechanisms that strictly prevent L1 inte-

several  post-transcriptional
gration into the genome. These might
include posttranscriptional silencing via
RNA interference (RNAI),” and cytidine
deamination via the A3 family-mediated
machinery."®"" In addition to these well
documented defense mechanisms, recent
studies including ours indicate that the
AID- and Al-mediated machineries may
contribute to control L1 retrotransposi-
tion in germ cells as well.

Evolution and Diversification
of AID/APOBEC Family

AID/APOBEC family proteins targeting
nucleic acids are thought to arise at the
beginning of the vertebrate radiation and
further expanded in mammalian species.

The single-domain cytidine deaminase
of AID as well as A2 is likely to be the
evolutionary precursor, since only AID-
and A2-like but not A3-related sequences
appear to be encoded in the genomes of
non-mammalian primary vertebrates such
as birds and fishes (reviewed in ref. 24).
Thus, Al and the cluster of A3 gene(s) is
likely to have arisen from duplication of
the locus for the AID- and A2-like ances-
tral gene through a series of gene duplica-
tion and diversification.

The human genome encodes seven
A3 proteins, from A3A to A3H, while
the mouse genome contains a single
A3 gene (Fig. 2). The A3 genes encode
both single- and double-domain cytidine
deaminases, and appear to be specific
to placental (eutherian) mammals. The
ancestral single-domain fusion or duplica-
tion is thought to have occurred after the
divergence of placental and non-placental
mammals. This is supported by the fact
that non-placental mammals such as opos-
sum (marsupialia) and platypus (mono-
tremate) genomic sequences appear to
lack A3 genes.” Thus, the double-domain
cytidine deaminases have been identified
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only in placental mammals, thus far. In
contrast, the single-domain Al protein
with apoB mRNA editing activity appears
to be expressed in the marsupial opos-
26 The recent study further indicated
that the genomes of non-mammalian

sum.

vertebrates such as lizard and zebra finch
encode Al-like molecules.”’” Interestingly,
the identified Al-like enzyme appears
to lack a C-terminal region important
for mammalian apoB mRNA editing.
Indeed, apoB mRNA was not edited by
this Al-like molecules in these primary
vertebrates, however, this lizard Al-like
molecule is able to deaminate DNA in
bacteria. These observations raise the pos-
sibility that the ability of single-domain
cytidine deaminase Al to edit RNA has
been a later evolutionary event well after
their divergence from a common ances-
tor of DNA mutators, and that Al-like
molecules encoded by lizard and zebra
finch genomes may play roles in restrict-
ing the retrotransposition of endogenous
retroelements.

The spectrum of biological functions
of the AID/APOBEC family (compris-
ing AID, Al, A2, A3 subgroups, A4 and
more) of DNA/RNA cytidine deami-
nases in vertebrates is expanding. Clearly,
uncontrolled expression or transposition
of autonomous LTR and non-LTR ret-
rotransposons is deleterious for the host
by causing lethal gene disruptions. But
appropriate levels of retrotransposition in
germline cells and/or early in embryogen-
esis might contribute to beneficial genetic
diversity and host genome evolution. It
is tempting to speculate that the mam-
malian A3 genes have been under strong
positive selection over hundred million
years of mammalian evolution. It is note-
worthy that the rapid expansion of the A3
gene family occurred in primates.?®? This
expansion may have caused the dramatic
decline of retrotransposon activities in pri-
mates. The function(s) of Al as an intrin-
sic immunity is taken over by expanded
A3s in human, but is conserved in rodent
and rabbit.

In summary, several members of the
AID/APOBEC family proteins appear
to play important roles in the intrinsic
immune mechanisms for preventing the
spread of foreign as well as endogenous
nucleic acids through both editing and
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Figure 2. AID/APOBEC genes in human and murine genomes. A schematic of the human and murine genomes containing members of the AID/
APOBEC family. There are several forms of mammalian AID/APOBEC proteins with distinct functions in vivo: activation-induced deaminase (AID),
APOBEC1(AT), APOBEC2(A2), APOBEC3(A3) and APOBEC4(A4). The primate-specific cluster of at least seven A3 related genes: A3A-3H, resides on the
same chromosome within ~150 kb. In contrast, mice retains only a single A3 gene, located on chromosome 15e2, indicating a relatively recent, and
possibly unprecedented gene expansion has occurred in mammalian species. Each A3 gene encodes a protein with one or two conserved zinc-coor-
dinating motifs (Z1, Z2 or Z3).?>*° Grey and blue denote Z1 and Z2, respectively, while orange denotes Z3. Rodents encode only one A3 gene (a Z2-Z3
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supergene family. Biochem Biophys Res Commun

1999; 260:398-404; PMID:10403781; htep://

dx.doi.org/10.1006/bbrc.1999.0925

Rogozin IB, Basu MK, Jordan IK, Pavlov YI, Koonin

EV. APOBEC4, a new member of the AID/APOBEC

family of polynucleotide (deoxy)cytidine deami-
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hetp://dx.doi.org/10.1073/pnas.0404838101

9. Kazazian HH Jr. Mobile elements: drivers of
genome evolution. Science 2004; 303:1626-32;
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ence.1089670
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dine deaminase inhibits retrotransposition of

¢ ! endogenous retroviruses. Nature 2005; 433:430-
ing exogenous retroviruses and endogenous retro- 3; PMID:15674295; http://dx.doi.org/10.1038/
elements. Annu Rev Immunol 2008; 26:317-53; nature03238
PMID:I'8304004; http://dx.doi.org/10.1146/ 11. Bogerd HP, Wicgand HL, Dochle BP, Lueders
annurev.immunol.26.021607.090350 KK, Cullen BR. APOBEC3A and APOBEC3B are

4. Beauregard A, Curcio MJ, Belforc M. The rake potent inhibitors of LTR-retrotransposon function
and give between retrotransposable elements and in human cells. Nucleic Acids Res 2006; 34:89-95;

their hosts. Annu Rev Genet 2008; 42:587-617; PMID:16407327; http://dx.doi.org/10.1093/nar/
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non-editing mechanisms. Further inves-
tigation into the activities against the
endogenous retroelements should provide
insights into the evolution and diversifica-
tion of AID/APOBEC family in mamma-
lian species.
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