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ABSTRACT: It is generally assumed that the genetic
mechanism for immune diversity is unique and distinct from
that for general genome diversity, in part because of the high
efficiency and strict regulation of immune diversity. This
expectation was partially met by the discovery of RAGI and -2,
which catalyze V(D)J recombination to generate the immune
repertoire of B and T lymphocyte receptors. RAG1 and -2
were later shown to be derived from a transposon. On the
other hand, activation-induced cytidine deaminase (AID),
which mediates both somatic hypermutation (SHM) and the
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class-switch recombination (CSR) of the immunoglobulin genes, evolved earlier than RAGI1 and -2 in jawless vertebrates. This
review compares immune diversity and general genome diversity from an evolutionary perspective, shedding light on the roles of
DNA-cleaving enzymes and target recognition markers. This comparison revealed that AID-mediated SHM and CSR share the
cleaving enzyme topoisomerase 1 with transcription-associated mutation (TAM) and triplet contraction, which is involved in
many genetic diseases. These genome-altering events appear to target DNA with non-B structure, which is induced by the
inefficient correction of the excessive supercoiling that is caused by active transcription. Furthermore, an epigenetic modification
on chromatin (histone H3K4 trimethylation) is used as a mark for DNA cleavage sites in meiotic recombination, V(D)J
recombination, CSR, and SHM. We conclude that acquired immune diversity evolved via the appearance of an AID orthologue
that utilized a preexisting mechanism for genomic instability, such as TAM.

he discovery of V(D)]J recombination and the subsequent

identification of RAG1 and -2 established that a unique
sequence-specific recombination is responsible for generating
the immune repertoire of T and B cell receptors." Furthermore,
transposon insertion sometime early in vertebrate evolution
was responsible for introducing RAGI and -2 and the
generation of immunoglobulin (Ig) and T cell receptor
genes.” These findings led to the assumption that the
mechanism for generating acquired immune diversity is
different from the mechanisms resulting in general genome
diversity.

Subsequently, the antigen stimulation-induced immune
diversity in the Ig locus was found to depend on activation-
induced cytidine deaminase (AID) and to involve class-switch
recombination (CSR), somatic hypermutation (SHM), and
gene conversion (GC).** SHM and GC introduce point
mutations into the variable (V) region of Ig genes in a
nontemplated and templated manner, respectively. CSR takes
place between the donor S region (Sy) and the acceptor S
region (Sy, S¢, or Sa) of the Ig heavy-chain locus, resulting in a
looping-out deletion and replacement of the heavy-chain
constant (Cy) region, which is expressed in association with
the Vy region. This process changes the isotype from IgM to
IgG, IgE, or IgA.

More recently, an AID orthologue was identified in the
lamprey Petromyzon marinus, the earliest vertebrate ancestor
known to exist.” P. marinus cytidine deaminase PmCAD1 and
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PmCAD2 carry out GC-type DNA alterations to generate an
enormous diversity of non-Ig-type genes called variable
lymphocyte receptors (VLR). These findings indicate that the
most ancient origin of acquired immune diversity is mediated
by an ancestral form of AID.

Most reviews about AID function propose that it directly
deaminates C on DNA to create G/U mismatches, which leads
to DNA cleava§e by either base excision repair or the mismatch
repair pathway®’ (Figure 1). This DNA deamination hypothesis
reinforces the idea that the immune diversity mechanism is
unique among genome diversification mechanisms, including
mechanisms resulting in genomic instability. In contrast, this
review emphasizes the similarities of these mechanisms, based
on the RNA editing hypothesis.

General genomic diversification is mediated by the
introduction of point mutations and recombinations into
somatic and germ cells. The generation of mutations during
replication is one of the major causes of genome diversity.
However, somatic cells, in which immune diversity is generated,
are also equipped with transcription-associated mutagenic
mechanisms. Examples are the two- to five-base deletion in
transcription-associated mutagenesis (TAM)® and triplet
contraction or expansion, which is the cause of many genetic
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Figure 1. Distinction of two models of AID-induced DNA cleavage of
the IgH locus. In the RNA editing model, the cytidine deaminase
activity of AID will introduce C to U editing on RNA (a putative
microRNA), which in turn will regulate the cellular Topl to generate a
transcription-coupled DNA break at the IgH locus. In the DNA editing
model, the cytidine deaminase activity of AID will introduce dC to dU
editing on DNA of the IgH locus and the DNA break will be generated
at dU during its processing by UNG and AP endonuclease.

diseases.” These two mechanisms appear to have several
similarities. Both take place at actively transcribed loci, and
transcription appears to induce non-B DNA structures and to
enhance these genetic alterations.'””"> Furthermore, topo-
isomerase 1 (Topl) was recently shown to be responsible for
introducing the DNA cleavage in both cases.">'* Interestingly,
recent studies of the molecular mechanisms for AID-mediated
DNA cleavage, based on the RNA editing hypothesis for AID
function, revealed that the generation of immune diversity is
not completely unique but instead shares features with other
types of genome diversification. Two critical features, tran-
scription-associated non-B DNA structure formation and Topl
involvement, are also required for AID-dependent DNA
cleavage.'>'*

The genetic alterations in germ cells are generally mediated
by meiotic recombination. The molecular mechanism for this
recombination is complex and has been studied most
extensively in yeast, using a large number of mutants. The
critical step is the introduction of DNA cleavage by a
topoisomerase 2-type enzyme, Spoll.15 It was recently
shown that meiotic recombination requires at least two marks
to determine where the DNA cleavage takes place. The cis-
marking element is a DNA sequence consisting of a loosely
conserved 13mer, which is relatively abundant within the
genome and usually linked to a promoter. The other mark for
cleavage was recently discovered by studies of PRDMY, a
histone methyltransferase that recognizes the conserved 13mer
DNA sequence by its zinc finger motif and conducts the
trimethylation of lysine 4 of histone H3 (H3K4me3) on the
surrounding chromatin.'®™'® As PRDMJ is essential for meiotic
recombination, the combination of the cis DNA element and
trans H3K4me3 histone modification appears to determine the
initiation site of the DNA cleavage for meiotic recombination.

An important question in both immune diversity and
genomic diversity is how the specific target DNA is chosen
and cleaved. The target is not random, because there is clearly
biased target specificity in every type of genetic alteration.
Surprisingly, the target specificity determination mechanisms
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for immune diversity and genome diversity, i.e., the
combination of cis and trans markers and the enzymes
involved, share some common features. In this review, we
examine these mechanisms from an evolutionary perspective,
which may explain why immune diversity and genome diversity
are related at the molecular level.

B DNA-CLEAVING ENZYMES IN IMMUNE AND
GENOME DIVERSITY

Top1 in Genomic Instability. Efficient transcription often
induces an unbalanced superhelical structure in the DNA, in
which excessively negative supercoiling is created behind the
transcription machinery. Top1 is the enzyme that corrects this
excessive DNA superhelix (Figure 2). Topl nicks the DNA,
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Figure 2. Transcription-coupled DNA cleavage by Topl during AID-
induced CSR and SHM. A negatively supercoiled zone behind the
RNA polymerase II complex produces non-B DNA structures, which is
enhanced when repetitive sequences or inverted repeats are abundant.
Topl preferentially recognizes non-B DNA structures, introduces a
nicking-type cleavage, and forms a covalent intermediate with the
DNA. Top1 then normally mediates the directed rotation of the DNA
around the axis, to neutralize the negative superhelicity. However, the
non-B DNA structure can cause this rotation to fail. As a result,
irreversible DNA cleavage takes place, and the Topl—DNA complex
remains bound and is removed by end processing repair complexes
like MRN or Ctip. The same repair complexes are known to be
involved in the resection of Spoll from meiotic DNA break points.
Histone post-translational modification H3K4me3 appears on
nucleosomes near the Topl-cleaved non-B structure, indicating that
it may serve as a reader—recruiting chromatin mark for AID-induced
formation of the DNA cleavage complex.

forms a transient covalent bond at the DNA’s 3’ end with one
of its tyrosine residues, rotates the DNA around the helix, and
then religates the cleaved ends; this set of actions can result in
an increased or decreased degree of twisting of the superhelix."®
Notably, the active transcription of repeat sequences is
predicted to form non-B DNA structures.’”>' When the
DNA has aberrant structures like non-B DNA, rotation around
the helix may be inhibited, and the cleavage by Topl can
become irreversible and trigger genomic instability (Figure
2) 111220

TAM has long been known to cause point mutations,
microdeletions and -insertions, and recombination.®** Two
groups showed by genetic analysis that TAM in yeast is
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Table 1. Genomic Instability Depends on Negative Superhelix Induced by Excessive Transcription

system biochemical cause
TAM/triplet D transcription 1
SHM/CSR transcription 1, Topl |

human genome

negative superhelix mutation rate

excessive, non-B 1 1076
highly excessive, non-B 11 1073
normal 1078

dependent on Topl. Topl-deficient yeast cells are viable but
show a drastic reduction in the level of TAM involving two- to
five-base deletions.'"'> Complementation assays clearly showed
that the Topl catalytic activity is essential for TAM.
Furthermore, Topl covalently linked with the target DNA of
mutagenesis was demonstrated by ChIP experiments. These
results strongly indicated that DNA cleavage by Topl is the
primary cause of TAM.

More recently, the molecular mechanism for triplet
contraction or expansion, which is widely known to cause a
large variety of genetic diseases, was studied in mammalian
model cells. Hubert et al.'® generated FLAH2S human cells
with a hypoxanthine guanine phosphoribosyl transferase
(HPRT) reporter gene containing a (CAG)ys repeat insert
that prevents the expression of HPRT. In this system, reduction
of the number of CAG repeats to <38 allows the expression of
HPRT. Using this system, the authors showed that Topl is also
involved in DNA cleavage of the triplet repeat region. They
screened a chemical library to find effectors of triplet
contraction and found that inhibition of the Topl religation
step with camptothecin augmented triplet contraction.
Similarly, siRNA against Topl or its tyrosine-hydrolyzing
enzyme, Tdpl, accelerated triplet contraction. These data were
interpreted as follows. (1) When the level of Topl is reduced,
the negative supercoil is augmented to form non-B DNA at the
CAG repeats, which induces the covalent association of Topl
with DNA. (2) Tdp1 removes the Top1 from the DNA, leading
to correct repair. (3) Furthermore, the inhibition of tran-
scription-coupled nucleotide excision repair (TC-NER) blocks
triplet contraction, suggesting that TC-NER is responsible for
the contraction of CAG repeats after Top1 cleaves and binds to
the DNA.

Top1 in Immune Diversity. Topl was first shown to be
involved in the cleavage of S-region DNA during CSR, and
considerable evidence indicates that Topl is required for DNA
cleavage during AID-induced CSR. Kobayashi et al.'* found
that the expression of AID but not its loss-of-function mutant
reduces Topl and simultaneously causes irreversible DNA
cleavage in the S region. The artificial knockdown of Topl
augments CSR as well as DNA cleavage in the S region. The
authors showed that CSR can be blocked by brief exposure to a
very low concentration of camptothecin (30 nM), which traps
the Topl bound to DNA, probably by inhibiting the
subsequent resection step, and thereby exposes the cleaved
DNA ends. Although this result appears to be contradictory to
those of the triplet contraction experiments described above,
the concentration of camptothecin was 300 times lower than
that used by Hubert et al.'® At the higher concentration,
camptothecin is known to induce rather nonspecific DNA
cleavage, as shown by Pommier’s group. In addition, the
mechanism for removing the DNA-bound Topl may differ
between CSR and triplet repeat contraction; hydrolysis (Tdp1)
and resection (Ctlp and MRN) may be involved in CAG repeat
contraction and CSR, respectively, because the knockdown of
Ctip and MRN but not Tdp1 affects CSR (unpublished data).
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More recently, Kobayashi et al."* showed that Topl is also
involved in DNA cleavage of the Ig variable (V) region during
SHM. They found that a mutant lymphoma cell line expressing
a severely reduced amount of Topl has a higher mutation
frequency than the parental cell line. In addition, Topl
overexpression by a transgene suppresses SHM. Furthermore,
in Topl heterozygous animals, in which the amount of Topl is
half that of the wild type, the level of SHM in the Peyer’s patch
B cells is dramatically increased. These results clearly indicate
that Topl is involved in DNA cleavage in both CSR and SHM.
The mutation rate in TAM is on the order of 107, whereas that
in SHM is 1073.">'"* The difference could be due to the
efficiency of non-B-DNA formation, because TAM depends
only on augmented transcription while SHM utilizes both an
elevated level of transcription and the reduction of Topl
(Table 1).

DNA Deamination by AID in Immune Diversity. The
DNA deamination hypothesis for AID function proposes that
AID directly deaminates DNA, generating U/G mismatches,
which are removed by two repair pathways: base excision repair
(BER) and mismatch repair (MMR).>>** BER is initiated by
uracil DNA glycosylase (UNG), which removes U and
generates abasic sites whose phosphodiester bonds are cut by
apyrimidine/apurine endonuclease (APEX). In the DNA
deamination model, instead of faithful repair by polf in the
normal BER reaction, in B cells many error-prone polymerases
are recruited to introduce mutations. Similarly, in the MMR
pathway, the MMR proteins Msh2 and Msh6 are also proposed
to recognize U/G mismatches and to introduce DNA
cleavage.”

However, experiments in UNG-deficient mice showed that
the level of SHM is instead increased, although CSR is severely
damaged. The absence of Msh2/6 also does not greatly affect
SHM and affects CSR severely. GC is also affected by the
absence of UNG. These results clearly indicate that the
functions of UNG and Msh2/6 are different in SHM from
those in CSR and GC. This could be because both CSR and
GC require a recombination step, while SHM does not.
Although the mechanism for recombination differs between
CSR and GC, both must go through an unstable pairing phase
between two cis loci, where UNG and Msh2/6 might be
involved.

In general, both BER and MMR are involved in correcting
sporadic mutations in the genome, and their most important
roles are during replication. Normally, AP endonuclease-
cleaved sites are recognized by polf and correctly repaired. It
is not clear why both the BER and MMR pathways are involved
in mutagenesis only in B lymphocytes. Importantly, this model
proposes a mechanism that is not found in other cells and
organisms. The mechanism that causes these proteins to have
unique functions in B lymphocytes is unknown. However,
evidence indicates that AID can induce mutations in non-
lymphocytes such as hepatocytes and epithelial cells of the
stomach, and overexpression of AID can generate tumors in T
cells, muscle cells, lung cells, and hepatocytes.%’27 If these
mutations are caused by a common mechanism, AID must have
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a unique property that converts the mutation correction
function of the BER and MMR pathways into a mutagenic
function. The mechanism by which repair systems are turned
into a mutagenic system is not yet known.

RAG1 and RAG2 in Immune Diversity. V(D)] recombi-
nation is catalyzed by RAGI and RAG2 to generate the antigen
receptor repertmre ® These enzymes, together with T and B
cell receptor genes carrying a recombination signal sequence
(RSS), are thought to have been derived from transposon
insertion during early vertebrate evolution. RAGI and RAG2
share many properties with transposase.2 They recognize
relatively conserved sites and have transposase activity. RAG1
is basically a catalytic subunit for DNA cleavage, and RAG2 is a
regulatory element. RAG1 can recognize the RSS, but its DNA
cleavage activity is inhibited by its interaction with RAG2,
unless the histone mark H3K4me3 is recognized by the PHD
domain of RAG2.>”*° RAG1 and RAG? are rather specifically
expressed in T and B lymphocytes, and their contribution to
general genomic instability is probably limited to lymphoma-
genesis. Nonetheless, RAG1 and RAG2 are reported to cause
aberrant translocation in addition to the ordinary V(D)J
recoglg)zlnatlon in the immunoglobulin and T cell receptor
loci.

From an evolutionary point of view, RAGI and RAG2 are
totally different from the rest of the DNA-cleaving enzymes
discussed above. Nonetheless, strikingly, they have adopted a
regulatory element involving histone modification. Although
RAG1 and RAG2 recognize relatively conserved RSSs, the RSS-
like sequences are widely distributed in the genome. Therefore,
it is important to restrict the target by another mechanism.
That is probably the role of the H3K4me3 recognized by the
PHD domain of RAG2. In fact, mutations in the PHD domain
of the RAG2 protein cause a severe immune deficiency called
Omenn syndrome. Mutation in RAG leads to defects in T and
B cell development in individuals with Omen syndrome.
Patients are extremely susceptible to infection and suffer from
various immunological disorders because of abnormal T cells in
the circulation and a lack of B cells.

Spo11 in Meiotic Diversity. It is well established that
meiotic recombination uses Spoll, a type of topoisomerase 2,
as a DNA-cleaving enzyme. Homodimeric Spoll cleaves DNA
on both strands at sites four bases apart.*>** Each monomer of
Spol1 forms a covalent association at the DNA strands’ 5" ends,
and additional enzymes are required to remove Spoll from the
target DNA to expose the cleaved ends. The enzymes involved
in this resection process are Ctip and the MRN complex, which
is composed of Mrell, Rad50, and Nbs1.>® After resection, the
DNA has a 10—20-base single-stranded region at both sides of
the cleavage that was initially made by Spoll. Subsequent
single-strand digestion by exonuclease 1 exposes longer single-
stranded regions so that strand invasion of the homologous
chromosome can occur, to initiate homologous recombination.

B TARGET DNA RECOGNITION AND SPECIFICITY:
TRANSCRIPTION, REPEAT SEQUENCE, AND DNA
STRUCTURE

Non-B-DNA in Genomic Instability. In general, DNA
sequences form the canonical right-handed B-DNA structure in
the genome. However, DNA can adopt alternative conforma-
tions (non-B-DNA structures), especially in repeated sequen-
ces. Several types of non-B structures are known, including
hairpins and cruciforms, Z-DNA, H-DNA (triplexes), G-
quadraplex (tetraplex), sticky DNA, and looped-out slipped
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20,36 .
structures.” > Non-B-DNA structure-forming sequences are

not randomly distributed in the genome; rather, they are
enriched at chromosomal breakage or fragile sites and thus are
potential contributors to genomic instability and evolution.

The involvement of non-B conformations has been
implicated in translocation-related mah%nant diseases such as
myeloma, leukemia, and lymphoma.*”~ Breakage hot spots
often coincide with various forms of repeat sequences such as
direct repeats, inverted repeats, and mirror repeats. Non-B
structures are detected in the promoter region of the c-MYC
gene,*” which overlaps with break points found in various c-
MYC-induced malignancies. Similarly, the major breakpoint
region (Mbr) of the BCL-2 gene associated with follicular
lymphomas adopts a non-B structure, and disruption of the
structure markedly reduces the frequency of translocation
events.*"* Moreover, non-B-DNA structure-induced genomic
instability was directly demonstrated in a mouse model utilizing
known Z-DNA- and H-DNA-forming sequences.*

Long tracts of GAA.TTC.CGG.CCG and CTG.CAG triplet
repeats are a potential source of non-B structures and are
implicated in the repeat-induced instabilities in various genetic
disorders, including Fragile X syndrome, Huntington’s disease,
Friedreich’s ataxia, and myotonic dystrophy.>”** It was
demonstrated in a bacterial assay system that a high negative
supercoil density enhances the mutagenic potential of
CCTG.CAGG repeats but not of CAATTG repeats,45 which
is incapable of forming non-B-DNA conformations. The same
study also revealed that active transcription is the main factor
behind the mutagene51s in quasi-stable non-B sequences.
Napierala et al.** demonstrated that DNA triplet sequences
can easily adopt various non-B-DNA structures under the
negative superhelical density that is exgected to accumulate
behind the running RNA polymerase.*”** This finding was
further supported by a theoretical analysis predicting that
CTG.CAG and CGG.CCG repeats begin to writhe at a lower
free energy of supercoiling than nonrepeating DNA.*

However, it is still not well understood how a non-B
structure-forming sequence receives a DNA break or which
cellular enzyme cleaves these structures to generate mutagenic
genomic rearrangements. Recent reports suggest that Topl
targets triplet-rich repeat sequences and is responsible for
cleaving them.'"”"" Transcription-induced non-B structure is
irreversibly cleaved by Topl, as described above. The bulky
Topl-bound lesions are presumably repaired by several
pathways, which may lead to various mutations, including
point mutations, deletions, insertions, and inversions, within
the repeat tracts. In fact, the repair of non-B structure-induced
breaks was found to be facilitated by terminal homologous
regions of several base pairs, which suggested the involvement
of the error-prone NHE]J and/or AE] repair pathways in the
end processing.>”*"

Overall, it appears that Topl is the critical enzyme for
controlling the stability of repeat-rich sequences at two phases
during transcription: regulating the superhelical density over
the repeat tract and breaking repeat-induced non-B structures.
Bidirectional convergent transcription over triplet repeats was
also recently reported to enhance the non-B structures>> that
are thought to be the potential Topl cleavage substrates.
Topl’s involvement was also reported to enhance R-loop
formation over respetltlve sequences and R-loop-induced
genomic instability.>»**

The possibility of bidirectional transcription and R-loop
formation at the IgH locus has been examined.>>™>* As Topl is
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involved in AID-induced genomic alterations, it is important to
understand what feature causes the locus to adopt a non-B
structure that eventually becomes the target of Topl during
transcription-associated CSR and SHM. Interestingly, error-
prone repair pathways are well-known to be involved in AID-
induced genomic instability.*”%

Non-B-DNA in Immune Diversity. CSR takes place
between a universal donor S region (Su) and one of the
acceptor switch regions (Sy, Sa, and Se¢) located upstream of
each constant region. I promoters are strategically positioned
immediately upstream of each S region and drive the active
transcription through the two recombining S regions.61 S
regions are 2—12 kb in length and rich in highly repetitive
sequences.”> CSR is abolished if the S regions or their
promoters are deleted, suggesting that transcriéption and
repetitive sequences are mandatory for CSR %6376

Transcription through long repetitive regions is likely to form
various non-B structures. The S region has characteristic repeat
units of 25—80 bp that are arranged tandemly and contain
motifs such as TGGGG, GGGGT, GGGCT, GAGCT, and
AGCT. Among vertebrates, the S regions of mammals and
birds are GC-rich and contain tandem repeats with an
abundance of such motifs. The Xenopus S region is AT-rich
but also harbors AGCT motifs, and replacement of the mouse S
region with the Xenopus S region does not prevent efficient
CSR.*” On the other hand, a change in the orientation of the S
region reduces CSR efficiency.’®®® More recently, a similar
replacement study was conducted in a CSR-proficient cell line
(CHI12 cells) that undergoes IgA switching.”” The authors
demonstrated that, at the acceptor Sa, the transcriptional
orientation and the presence of successive AGCT motifs are
critical for CSR. Moreover, alteration of sequence motifs such
as ACGT can cause dramatic reductions in the level of germline
transcription (GLT) and CSR, suggesting that the individual S-
region repeats are naturally set for optimal transcription and
non-B structure formation for the initiation of DNA cleavage
and recombination.

S-Region sequences are all prone to forming non-B-DNA
structures whose stability correlates with the CSR efficiency.
Indeed, bisulfite probing of C-rich areas in the Sy region of
CHI2 cells showed a non-B structure-forming ability'* that was
enhanced by Topl knockdown, suggesting that a Topl-
dependent supercoiling control mechanism is involved in
CSR. Studies applying bisulfite techniques in vivo and in vitro
also support the idea that repetitive GC-rich sequences can
form non-B structures, including R-loops and G-quartets (G4),
during transcription.”®”"

Like CSR, SHM is tightly coupled to transcription, as
revealed by the finding that the level of SHM is reduced when
the V-region promoter is deleted and enhanced when the
promoter is duplicated.””””* Several studies also demonstrated
that the SHM rate is proportional to transcription efficiency,
which decreases with the distance from the promoter.”>”®
Therefore, SHM-associated DNA breakage also occurs in a
highly localized and restricted fashion in which the upstream
(promoter) and downstream (JH segment) boundaries are
defined, and the mutation rate peaks over the rearranged
variable region.”®””®

Does the V-region sequence possess specific sequence
elements that induce point mutations? The V region apparently
lacks the S-region-type repetitive sequence signature, leading to
the question of whether transcription-induced secondary
structure occurs. Transcription-induced single-stranded (non-
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template) DNA is a prerequisite for the formation of various
non-B structures. Bisulfite footprinting of isolated genomic
DNA or chromatinized DNA indicated that the V region has a
large amount of sin§le—stranded DNA that does not conform to
R-loop structures.””® Presumably, negative supercoil-induced
single-stranded regions form other types of non-B structures,
such as stem loops, as predicted by computer modeling.*"**
Another line of evidence suggests that tripletlike motifs are the
targets of AID-induced SHM, such as AGC, TAC, and their
inverse repeates (GCT and GTA, respectively). These triplets
are not consecutively arranged as a triplet track, but they are
abundant and frequent targets of mutation in the V region.*>**
Moreover, enhanced SHM is observed when E-box-like
sequence elements, which may be prone to forming non-B-
DNA, are introduced within the V region.85

Consistent with these findings, all the SHM substrates in
AlID-induced SHM studied so far require high transcription
activity.** " The most commonly used SHM substrate is the
GFP transgene, which undergoes mutation only when it is
transcriptionally active, upon activation of an inducible
promoter.**® Interestingly, the GFP gene is also GC-rich
and contains several AGCT motifs, and invariably, their
positions and vicinity are hot spots for mutations. Consistent
with this idea, the transcription of certain repetitive sequence
elements in a particular orientation leads to the efficient
formation of transcription-induced DNA secondary structures,
which are the presumed targets of cleavage and subsequent
processing.

Recently, Kobayashi et al."’ investigated the role of Topl
deficiency in SHM in mice carrying a haplodeficiency of Topl
and in the GFP substrate in a cell line. Astonishingly, they
found that the level of AID-induced SHM is elevated several-
fold both at the natural IgH locus in the Top1 haploinsufficient
mice and at the GFP gene in Topl-reduced cells. Topl is the
only enzyme so far known to play an essential role in balancing
transcription-induced supercoiling. Therefore, it is plausible
that transcription-induced negative supercoiling favors the
formation of non-B structure over the CDR sequences in the
V region, which are eventually recognized in conjunction with
site-specific chromatin marks and other cofactors, to be
discussed below.

Neither a consensus sequence motif, such as RGYW,76 nor a
specific secondary structure, such as the R-loop, can fully
explain the specificity of targeting in CSR or SHM. Although
specific secondary structures, such as the R-loops generated by
polymerase II (pol-II) stalling during elongation, are likely
DNA break targets, no direct evidence of an R-loop-induced
DNA break has been found for CSR or SHM. Moreover, no
mutational preference was seen in a zone containing large
amounts of secondary structure.”” Neither the pol-II pause sites
in the ¢-Myc gene nor enhanced pol-II pausing by a DNA-
intercalating transcription inhibitor induces SHM.”"" There-
fore, it is plausible that transcription-coupled supercoiling
favors only non-B structures as key target specificity
determinants in conjunction with the site-specific chromatin
environment.

We recently investigated this assumption by conducting a
genome-wide capture of AID-induced break points. We used a
novel approach” to identify AID-induced break points in a
human Burkitt lymphoma line BL2 that expresses a hyper-
mutating form of AID. The break-point library, generated by
capturing biotin-dUTP-tagged cleaved DNA ends, was analyzed
by both whole-genome sequencing and human promoter array
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hybridization. This study identified several novel non-Ig AID
target loci, including MALAT1, SNHG3, BCL7A, and CUX1.”
Similar to the IgH locus, the newly identified loci showed
enhanced break signals and a characteristic accumulation of
mutations surrounding the break zone, suggesting that the
DNA cleavage occurred by a similar mechanism. Therefore, we
examined the sequence features of the loci in detail and found
that all of these loci are highly transcribed and the break regions
harbor abundant repetitive sequences, including AGCT
elements (Table 2). These findings support the assumption

Table 2. Non-B Structures Are Common Features of AID
Target Loci”

repetitive sequences non-B form
VDJ direct and inverted repeats yes
Su GGGCT, GAGCT, GGGGT yes
MYC CCGC yes
SNHG3 GCCTC yes
MALATI GAAG, AGGA yes
BCL7A CGCG yes
CUX1 CCCG, CGGG yes

“From ref 92.

that the non-B-DNA structure induces breaks for both IgH and
non-IgH loci during AID-induced genomic instability. More
interestingly, this study also revealed a strong correlation
between the non-B structure-induced DNA breaks and
epigenetic marks on the break-point chromatin, which will be
discussed later.

R-Loop in Deamination of DNA by AID. To explain the
role of transcription in CSR, Lieber and his team first proposed
that an R-loop forms in the S region,””® because of this
region’s repetitive sequences and G-rich content.”*”® In this
proposed mechanism, the S region’s transcripts (GLT) remain
bound to the template-strand DNA, and thus, the untranscribed
(nontemplate) strand forms a single-stranded loop (R-loop). In
fact, it has been shown using in vitro systems that transcription
through the S regions adopts R-loops. The existence of R-loops
was further demonstrated in vivo in the genomic DNA of
primary B cells by a bisulfite footprint assay.”” No R-loops are
detected if the DNA is pretreated with RNaseH, which digests
the RNA in the RNA—DNA heteroduplex.

Because AID deaminates single-stranded DNA very
efficiently in vitro,”*”” the R-loop target model gained
considerable support to explain how AID can deaminate dC
to dU in the top strand of the S region, which eventually leads
to DNA breakage and mutations. However, RNaseH-over-
expressing B cells are not defective in CSR, and no R-loop has
been detected in the V region.79’80’98 Moreover, the Xenopus Sy,
which is AT-rich and thus lacks the ability to form R-loops, can
functionally complement mouse Sy to mediate CSR.Y To
explain these observations, Alt and colleaguesm’99 instead
proposed that the common AGCT repeats are targeted by the
phosphorylated AID—replication protein A (RPA) complex
through a non-R-loop mechanism during transcription.

Alternative modes of R-loop formation by interfering splicing
and mRNA transport have also been suggested. Aguilera and
colleagues showed that the stability of the R-loop is extended in
a THO complex defective strain of yeast.9S Again, however, the
RNAi-based knockdown of THO complex components in B
cells does not show any significant alteration in CSR (ref '*
and unpublished data). Because the template strand forms an

5248

RNA—DNA hybrid during transcription, the DNA deamination
model requires alternative enzymes that will resolve the hybrid
structure to allow dC deamination on the template strand.

Alt and colleagues recently proposed that the RNA-
degrading exosome complex,” which appears to be associated
with AID, helps deaminate both the template and nontemplate
strands, even without RPA. It remains to be determined
whether this in vitro T7 transcription-based study can be
recapitulated during Pol II-driven transcription on chromatin in
vivo and confirmed in exosome-deficient B cells. Recently, Senl
and Xrn2, which are involved in RNA polyadenylation and
cleavage, were also reported to be involved in R-loop formation
in yeast and mice; thus, there are many molecular players, and it
is currently unknown which pathway leads to physiological R-
loop formation in the S region.'*"'?

The DNA deamination hypothesis also postulates the
involvement of specific cofactors for AID to explain AID’s
targeting in the S and V regions. However, none of the AID-
interacting proteins reported so far, which include Pol II, RPA,
SptS, and PKA, has any locus specificity. In fact, extensive
searches have revealed a large number of proteins that interact
with AID.'®~""! 1t is difficult to explain how such a large
number of proteins can specify or distinguish DNA targets for
CSR and SHM.

It is also puzzling how the DNA deamination model can
explain why the C-terminal domain of AID is specifically
required for CSR."'> The C-terminal region of AID is strikingly
well conserved among vertebrates, suggesting that it has an
important function.'"*"'* Several functions have been proposed
for this region, including stabilization of the AID protein and
protection from cell death induced by double-strand break-

e H1L11S 116 However, a C-terminal mutation in AID causes a
loss of CSR but a less severe defect in SHM, features that have
also been observed in hyper-IgM syndrome type 2 (HIGM2)
patients.""” In addition, C-terminally truncated AID mutants
that retain the ER domain show a similar loss of CSR with
intact or hyper SHM."'® The deamination of DNA by AID can
explain the DNA cleavage activity but not the C-terminally
specific activity required for CSR.

Recombination Signal Sequence (RSS) in V(D)J
Recombination. Transcription is also required for the RAG-
induced recombination of B and T lymphocyte antigen
receptor genes, and the importance of promoters and
enhancers for V(D)J recombination is well-established.''*'2°
Compared to AID-induced CSR, which is a region-specific
recombination, V(D)] recombination is sequence-specific."'*!
The RAG1—-RAG2 complex recognizes RSSs consisting of a
palindromic heptamer (5-CACAGTG) and an A-rich nonamer
(5-ACAAAAACC) with a pair of intervening spacers of 12 or
23 bp. Recombination takes place between a pair of RSSs with
different spacer lengths, thereby specifying the 12/23 rule.'**
The V, D, and J gene segments are flanked by RSS elements;
they are located at the 3’ end of each V segment, the 5" and 3’
ends of each D segment, and the 5’ end of each J segment.
Although RSSs are well-conserved DNA elements, they are
numerous, and most endogenous RSSs deviate from the
consensus sequence.'>>">* The nonamer motif is recognized by
the nonamer-binding domain of RAG1 and functions to anchor
the RAG proteins to the DNA. The heptamer enhances binding
of the RAG recombinase to the RSS and specifies the site of
DNA cleavage. The first three nucleotides of the heptamer (5
CAC) are essentially invariant in functional RSSs. In contrast to
the nonamer and heptamer sequences, the spacer sequences are
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much more variable, but the length of the spacer is highly
conserved and helps align the heptamer and nonamer. The
sequence of the spacer can also influence the efficiency of
V(D)]J recombination, although to a small extent.'>>'¢

It appears that RSS, RAG1, and RAG2 were introduced in
early vertebrates by transposon insertion. The catalytic core
sequence of RAGI1 shows significant similarity with the
transposase of the Transib superfamily, including the conserved
DDE catalytic motif."””” It has been demonstrated that RSSs
were derived from terminal inverted repeats of an ancient
Transib transposon. Several studies have suggested that RAG-
mediated transposition can lead to translocations, and cryptic
RSS sites can be detected in some proto-oncogenes in T cell
leukemia."**"*® Interestingly, several in vitro studies indicate
that RAG can cleave specific DNA structures, including non-B
structures such as bubbles, flaps, cruciforms, and G4.711%° The
best-studied example is the Mbr region of the BCL2 gene,
which undergoes a t(14;18) translocation; the Mbr region was
shown biochemically to form a non-B-DNA structure and to be
cleaved by the RAG complex.*

The RAG-induced cleavage of non-B structures occurs in the
context of a certain sequence and/or base specificity.
Theoretical analysis of chromosomal breakage points showed
statistically significant CpG enrichment; a mutation in C
produces a mismatched bubble, which can be cleaved by RAG
alone or in cooperation with other nucleases to introduce DNA
breaks."**'*' Therefore, a bona fide recombination-specific
recombinase not only recognizes sequence-specific targets but
also can attack non-B structure-forming sites, directly or in
cooperation with other enzymes, such as topoisomerases.

Conserved 13mer Sequences in Meiotic Recombina-
tion. How is the target specificity of Spoll determined in germ
cells? Spoll-induced double-stranded breaks (DSBs) occur at
discrete genomic loci known as recombination hot spots."**
High-resolution mapping of the recombination crossover sites
identified more than 30000 recombination hot spots in the
human genome.'*® Remarkably, 40% of them have a 13 bp
consensus sequence motif (5-CCNCCNTNNCCNC-3'),
which is recognized by the zinc finger domain of Prdm9, a
germ cell—sg)eciﬁc histone methyltransferase, in both humans
and mice.'®'”"** Hot spot-specific recombination is severely
impaired by an introduced mutation or polymorphism that
disrupts this consensus motif. A recent study also found a
significant association between DSB hot spots and GC content,
short interspersed nuclear elements (SINEs), long interspersed
nuclear elements (LINEs), long terminal repeats (LTRs), and
additional features like CCTCCCT and CCCCACCCC
elements."*?

Similarly, five classes of recombination hot spot elements
were identified in the yeast genome, called motif M26 (S-
ATGACTG-3'), motif S'-CCAAT-3’, motif-oligo-C (5'-
CCCCCGCA-3'), motif 4095 (5-GGTCTRGAC-3'), and
motif 8-6 (5-WTCGGCCGA-3').!3%13¢ Interestingly, the
yeast genome lacks the 13 bp motif recognized by the zinc
finger domain of human Prdm9. However, recombination hot
spots in yeast are often found at promoters or in their vicinity
and thus appear to be associated with active transcription. A
large body of work in the yeast system suggests that a single site
is not sufficient for the specificity but, rather, that the
recombination hot spots are context-dependent;">>"?” there-
fore, sequence-specific binding proteins and the local chromatin
environment may both contribute to the selection of a hot spot
motif.
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B TARGET CHROMATIN RECOGNITION: SPECIFICITY
BY CHROMATIN MARKS

H3K4me3 in CSR and SHM. Stanlie et al."*® revealed a
requirement for H3K4me3 in the AID-induced DNA break in
CSR during an investigation of the role of SSRP1, a subunit of
the FACT complex histone chaperone. Furtheremore,
depletion of the histone chaperone FACT or of Setl complex
core components does not perturb S-region transcription but
inhibits DNA breaks and CSR."*® They showed that the
knockdown of FACT components decreases the amount of
H3K4me3 in the acceptor and donor S regions and
concomitantly blocks DSB formation in both the S regions.
To compare these results with the situation in V(D)J and
meiotic recombination, they examined whether knockdown of
the core components of the H3K4 methyltransferase complex,
ASH2, WDRS, or both, leads to a CSR defect. The depletion of
core components of the Setl H3K4 methyltransferase complex
strongly inhibited CSR, which was reminiscent of the decrease
in the level of V(D)J recombination by WDRS depletion or by
Setl H3K4 demethylase overexpression.'> Notably, depletion
of the H3K4 methyltransferase MLL1 did not cause any defect
in CSR or in H3K4me3 deposition in the S region, although
ASH2 and WDRS are the core components of MLLI.'*

Because both transcription- and meiotic recombination-
associated H3K4me3 marks are mediated by the Setl H3K4
methyltransferase in yeast,">”'*! the authors investigated the
role of Setl in CSR instead by knocking down Wdr82 and
CxxC1, the specific cofactors of the mammalian Setl enzyme.
Indeed, the knockdown of Setla and Setlb affected CSR more
severely compared to the knockdown of other MLLs (1—S5)
(our unpublished data). Furthermore, meiotic recombination is
defective in both yeast and mice if the H2B ubiquitination is
blocked, which is a prerequisite for H3K4 formation. The Brel
ubiquitinating enzyme and Pafl complex play critical roles in
H2B ubiquitination,142 and Brel or Pafl knockdown also leads
to a CSR defect,"*® pointing to a tight link between the
chromatin modification cascade and CSR.

Moreover, the trans-histone chromatin modification cascade
is intimately associated with transcription elongation involvin
various accessory elongation complexes such as DSIF,"*'**
which is composed of two subunits, SptS and Spt4. Our recent
work'® revealed that SptS, the larger subunit of the DSIF
complex, is involved in H3K4me3 regulation specifically in the
Sa region, presumably through its known ability to promote
H2B ubiquitination,'**+146

Consistent with the S-region-specific H3K4me3 regulation
by SptS, the levels of CSR and CSR-associated DNA breaks are
decreased upon the siRNA-mediated knockdown of SptS in B
cells. Interestingly, Stanlie et al.'*® observed that this function
of the SptS subunit of DSIF is independent of the smaller
subunit, Spt4, suggesting that the two subunits of this
elongation complex have different regulatory roles in CSR.
Consistent with this notion, these authors also revealed a novel
transcription-coupled DNA repair feature of this complex.
Thus, it appears that elongation-associated auxiliary factors that
are directly or indirectly involved in the regulation of histone
marks like H3K4me3 are critical regulators of CSR.

Accordingly, a second key histone chaperone, Spt6, was
found to regulate CSR very similarly. It appears that while
FACT and Spt6 are both involved in core histone maintenance
in Sy, they can regulate H3K4me3 in both the acceptor and
donor S regions.'**'** It was initially puzzling that CSR but not
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SHM was affected by Spt6 depletion,'® but it was later
discovered that the GFP transgene, which is often used as an
SHM substrate, is insensitive to Spt6-mediated H3K4me3
regulation.

On the other hand, SHM in the V region and other non-Ig
target loci of AID, such as MALAT1 and SNHG3, show a tight
correlation with the formation of Spt6-dependent
H3K4me3.>'%" Remarkably, CDR regions in the V region,
which are hot spots for SHM, are strongly correlated with
H3K4me3 enrichment (Figure 3). These observations further

V-region of IgH locus
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Figure 3. Mutation frequency is correlated with H3K4me3 enrichment
in the variable region of the IgH locus. Mutation analysis was
performed in a hypermutating human B cell line, BL2, and the
mutation rate was calculated as the percentage of mutated bases per 50
bp length. The mutation frequency plots colored black and gray
represent data from two independent studies.”> Three CDRs (C1, C2,
and C3) that are hot spots for SHM showed H3K4me3 peaks, but the
leader region (L) and its 3’ region were devoid of both H3K4me3 and
mutations.

strengthen the idea that chromatin marks at a particular locus
can influence AID-induced genomic alterations. Consistent
with this idea, a recent study of AID-induced translocations and
chromatin marks at breakpoints indicated that many of the AID
target loci are indeed enriched with H3K4me3 and other active
histone marks, like H3Kac and H3K36me3.'*®

It will be interesting to determine whether H3K4me3, alone
or in combination with other marks, determines target
specificity, because actively transcribed S regions are enriched
with various active histone PTMs."**'**'5% In particular, the
level of histone acetylation is higher in gene segments that are
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poised to recombine and in meijotic recombination sites.
Conversely, histones H3K9 and H3K27, markers of inactive
chromatin, are correlated with recombinational inactivity and
are absent from meiotic hot spots,"*" although H3K9 has been
found only at the donor Sy, and a few reports su$§est that it
might be associated with active loci, as wel] 105152153

Interestingly, deficiency of a DNA repair factor PTIP, which
also acts as a cofactor of MLL2 and MLLS3, selectively decreases
the level of H3K4me3 at the Iy2b and Iy3 promoters, leading to
transcriptional inhibition from the respective loci.'>* As both
repair and transcription are affected in the PTIP-deficient B
cells, the biological significance of H3K4me3 per se in the DNA
cleavage step of CSR was not defined by this study. It will be
interesting to determine whether a MLL2 or MLL3 deficiency
causes an Ig isotype-specific CSR defect in mouse models.

H3K4me3 in V(D)J Recombination. RAG’s accessibility
to the RSS site is also known to depend on chromatin structure,
and earlier studies pointed to the importance of modifications
in histone acetylation,"*""*>'> a common characteristic of
transcriptionally active domains or open chromatin conforma-
tions. Another line of evidence suggests that the ATP-
dependent chromatin remodeling complex SWI/SNF plays a
role in the accessibility by a nucleosome sliding activity that
exposes the recombination site to the RAG complex.'>”">*
However, the most compelling discovery emerged recently,
which was that RAG2 itself has the ability to recognize
H3K4me3."*”">® While the N-terminus of RAG2 interacts with
RAGI through RAG2’s Kelech motif, the C-terminus of RAG2
interacts with chromatin through its PHD domain, 139159160
suggesting a novel pathway for target site selection by V(D)]J
recombinase. An in vitro interaction study indicated that the
RAG2 PHD domain has a higher binding affinity for H3K4me3
(K4 ~ 4 uM) than for H3K4me2 (K, ~ 60 uM), H3K4mel, or
H3K4me0.

RAG?2’s interaction with H3K4me3 was also confirmed in
vivo by genome-wide ChIP sequencing. Furthermore, residues
Y415, M443, and W453 of the RAG2 PHD domain form an
aromatic binding channel with the K4me3 side chain of histone
3139199 Mutation of any one of the key residues that destroys
RAG2’s interaction with H3K4me3 severely reduces V(D)]J
recombination activity. Consistent with this observation, several
PHD domain mutations, including W453, have been identified
in a rare immunodeficiency syndrome (Omenn), which shows a
complete lack of peripheral T and B cells due to the defect in
V(D)J] recombination.'®’ Findings also suggest that the
interaction between the PHD domain and H3K4me3 enhances
not only RSS recognition but also the catalytic activity of the
RAG complex.”” Another line of investigation showed that
RAG2 may remain repressed by a self-inhibitory conformation
between its C-terminal end and the PHD domain. Therefore,
the interaction of RAG2’s PHD domain with H3K4me3
stimulates RAG1 and RAG2 activity by relieving the repressive
conformation.”®° Overall, the evidence indicates that the
structural integrity of the RAG2 PHD domain in binding
H3K4me3 is critical for target chromatin recognition and
efficient V(D)J recombination.

H3K4me3 in Meiotic Recombination. The H3K4me3
chromatin mark is critical for Spoll-induced meiotic
recombination. The chromatin at recombination hot spots is
enriched with the H3K4me3 mark, the level of which strongly
correlates with the recombination efficiency in yeast, mice, and
humans;'®"¥71%*1% §po11-induced meiotic breaks predom-
inantly occur near promoters in yeast, and the promoter areas

dx.doi.org/10.1021/bi3005895 | Biochemistry 2012, 51, 5243—5256



Biochemistry

of transcribed loci are invariably enriched with the H3K4me3
mark.*>'%" Set1 is the budding yeast H3K4 methyl transferase,
which associates with pol-II and is involved in promoter-
proximal H3K4me3 formation.'®* The number of meiotic
DSBs is dramatically reduced in setl deletion mutants, and a
direct correlation between the local H3K4me3 level and DSB
frequency was demonstrated."*”'*!

In humans and mice, a meiosis-specific methyltransferase,
PRDMY, is responsible for the trimethylation of H3K4 at
recombination hot spots or crossover (CO) sites,!&17134163
Strikingly, the DSB/CO sites are not exclusively localized to
promoters, as observed in yeast, but are nonetheless enriched
with H3K4me3."** This phenomenon can be explained by the
properties of PRDMY, which has a characteristic SET domain
and zinc finger module that recognizes recombination hot spot-
specific consensus sequences in mammals. Because of the
highly polymorphic nature of this zinc finger, PRDM9
recognizes a huge variety of CO hot spots within the
genome.'®>'°® However, approximately 40% of human
recombination hot spots possess a consensus motif that
matches the predicted binding site of human PRDMO.
Examination of the nucleosome forming ability of the hot
spot sequence also revealed that the hot spot consensus for
Prdm9 has an intrinsic ability to assemble a nucleo-
some.*¥171% Intriguingly, the level of Prdm9-mediated
H3K4me3 peaks at hot spots just before Spoll-induced DSB
during meiotic division.

Comparative H3K4me3 profiling between germ (testis) and
somatic (liver) tissues revealed that 94% of the hot spots with
H3K4me3 overlap, with the majority overlapping the testis-
specific H3K4me3 marks (87%)."*> Notably, only a small
fraction (16.7%) of the total H3K4me3 marks in the testis
correspond with hot spots. The authors suggested that
recruitment of the DSB machinery through the PRDM9
complex or H3K4me3 might introduce different binding
specificities into its alleles. It is possible that the rest of the
testis-specific or Prdm9-induced H3K4me3 has another
meiosis-specific function.

Alternatively, other histone epigenetic marks may contribute
to meiotic DSB formation in addition to H3K4me3. In fact,
other active histone marks like H3K9ac but not the silent
histone post-translational modifications (PTMs) (H3K9me3 or
H3K27me3) are detected at hot spots.">' Furthermore, not
only active chromatin marks but also various transcription
factors are known to contribute to yeast meiotic recombination,
such as binding of the Atfl1—Pcrl transcription complex to the
ade6-M26 hot spot motif in Schizosaccharomyces pombe."*>
Thus, it appears that hot spot consensus sequences are not the
sole determinant of target-specific DNA cleavage by Spoll;
chromatin marks like H3K4me3 and presumably others play an
essential role in determining target site specificity.

B CONCLUSIONS

We have compared the DNA cleavage mechanisms involved in
genomic instability and immune diversity, focusing on the
actual DNA-cleaving enzymes and target specificity determi-
nation. The RAG1- and RAG2-mediated immune diversity
mechanism is well-established in site-specific recombination
and was introduced by transposon insertion. By contrast, AID-
mediated Ig diversification evolved earlier in jawless vertebrates,
and its mechanism is still being debated. We found that Top1 is
used as a cleaving enzyme in CSR and SHM in a manner
similar to its function in TAM and triplet diseases. In both
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immune diversity and genomic instability, the formation of
non-B DNA structures by the excessive transcription of
repetitive sequences appears to cause irreversible cleavage by
Topl. AID further enhances non-B-DNA structure formation
by reducing the level of Topl, which we hypothesize to be
caused by miRNA editing by an RNA editing activity of AID.
Because of the highly efficient formation of non-B structure, the
mutation rate in SHM is 1000 times higher than that in TAM.

In all the programmed recombination mechanisms, locus-
specific unique cleavage complexes assemble during tran-
scription by recognizing combinatorial histone marks, including
H3K4me3. We hypothesize that locus-specific cis elements
(non-B structures), combinatorial histone codes, and their
associated reader proteins determine the locus-specific DNA
breaks in CSR and SHM. According to this model, aberrant
AlID-induced targeting occurs in many transcriptionally active
loci, because these loci may form a similar cis—trans complex
that facilitates non-IgH locus DNA cleavage by Top1 (Table 3).

Table 3. Target Specificity Determination by Cis and Trans
Marks

cleaving enzyme cis (DNA) trans (histone)
RAGI and -2 (VDJ Rb) RSS (12/23) H3K4me3
Spoll (meiotic Rb) 13mer H3K4me3
Topl (CSR, SHM) non-B H3K4me3
(TAM, triplet D) non-B ?
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