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Abstract

Somatic hypermutation induced by activation-induced deaminase (AID) occurs at high densities
between the Ig V gene promoter and intronic enhancer, which encompasses DNA encoding

the rearranged V gene exon and J intron. It has been proposed that proximity between the
promoter and enhancer defines the boundaries of mutation in V regions. However, depending
upon the J gene used, the distance between the promoter and enhancer is quite variable and may
result in differential targeting around the V gene. To examine the effect of distance in mutation
accumulation, we sequenced 320 clones containing different endogenous rearranged V genes in
the IgH and Igx loci from Peyer’s patch B cells of mice. Clones were grouped by their use of
different J genes. Distances between the V gene and enhancer ranged from ~2.3 kb of intron DNA
for rearrangements using J1, ~2.0 kb for rearrangements using J2, ~1.6 kb for rearrangements
using J3 (H) or 4 (x), and 1.1 kb for rearrangements using J4 (H) or 5 (x). Strikingly, >90%

of intron mutations occurred within 1 kb downstream of the J gene for both H and « clones,
regardless of which J gene was utilized. Thus, there is no evidence that the intron sequence or
enhancer play a role in determining the extent of mutation. The results indicate that V region
intron mutations are targeted by their proximity to the promoter, suggesting they result from AID
interactions with RNA polymerase Il over a 1 kb region.

Introduction

Activation-induced deaminase (AID) is a B cell-specific enzyme which initiates the
mechanisms of somatic hypermutation (SHM) and class switch recombination (CSR) (1,

2) through the deamination of cytosine to uracil within Ig genes (3). Uracil is then processed
by error-prone base excision repair (BER) (4) and mismatch repair (MMR) (5, 6) pathways
to generate mutations throughout Ig variable (V) and switch (S) regions. In the V region,
AID promotes SHM by generating nucleotide substitutions in rearranged V, diversity (D),
and joining (J) genes to increase affinity for foreign antigens. In the S region, AID initiates
CSR by introducing double strand breaks in a donor S region (i.e., Sp) and an acceptor

S region (e.g., Sy1) to change antibody isotype. Because of the catastrophic potential of
unregulated mutations, AlD is tightly targeted to these regions in H chain, x L chain, and A
L chain loci (7).
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A critical step to understanding how AID is controlled is to first define the boundaries of
SHM—uwhere it starts and where it ends. In S regions, mutations begin downstream of a
transcription start site in the intronic p enhancer (Ep) (8). They occur at a high frequency

of about 1072 mutations/bp for 3-6 kb and then decline before the constant gene exon (9).
During transcription, G:C rich nucleotide sequences form RNA-DNA hybrids (R-loops) and
G-quadruplex structures (10-13), which are the basis for targeting AID because deleting the
sequences reduced CSR (14-16). It has been hypothesized that these RNA/DNA structures
have two functions: to promote AID recruitment through direct binding to G4-quadruplex
structures (12, 17), and to pause RNA polymerase 11 (RNAPII), which allows co-factors to
bind AID (16, 18). AID then interacts with the transcription elongation factor SPT5 (19-21),
RNA exosome proteins (22, 23), and transcription initiation factor PAF1 (24, 25), which
initiate mutagenesis throughout the S region. Therefore, the answer to how AID is targeted
to S regions is that repetitive G-rich clusters interspersed with WGCW (W = A/T), a motif
that binds AID, pause RNA polymerases and engage AlD.

However, targeting of mutations to V regions is enigmatic because (a) no unique structures
are formed in the 2 kb of DNA encoding V(D)J exons and flanking intron sequences, and (b)
many different V gene sequences undergo SHM. Information on the location of mutations

is vital to understanding how AID is recruited and functions. It has long been recognized
that mutations start downstream of the transcription start site, intimating that transcription is
crucial (26-33). Analogous to S regions, transcriptional co-factors such as SPT5 accumulate
in the V region of germinal center B cells and delay the transition of RNAPII from initiation
to elongation phases (20). However, less information is known about where mutations end.
Our lab previously reported that mutations occur over a limited distance downstream of
different rearranged J genes, but the study was limited to a handful of hybridomas (29),
precluding an accurate assessment of AID targeting. Therefore, we set out to map mutations
in a plethora of V regions using H and x V genes rearranged to all the J and Jik genes from
mice. We found that the mutation distance was surprisingly consistent, with most mutations
occurring within 1 kb downstream of the J gene. The data indicate that the V gene promoter
is the main driving force controlling AID activity.

Materials and Methods

Mice

C57BL/6 mice were originally obtained from Charles River, and data were collected from
both sexes of mice between 4 and 6 months of age. Littermates were used. All animal
protocols were reviewed and approved by the Animal Care and Use Committee of the
National Institute on Aging.

Germinal center isolation and genomic DNA purification

Peyer’s patches were isolated from the small intestines of two groups of mice: 3 mice for
the first set and 5 mice for the second set. Lymphocytes were collected by mechanical
separation through a cell strainer, and cells were resuspended in 4 mL of SORT buffer

(1x PBS, 25 mM HEPES, 1 mM EDTA, 1% FBS). Germinal center B cells were isolated
by staining with antibodies for CD19* (Biolegend, clone 6D5, labeled with PEcy7), GL7*
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(Biolegend, clone GL7, labeled with Alexafluor647), and CD38~ (Biolegend, clone 90,
labeled with PE). Cells were sorted using a Fusion cell sorter (BD Biosciences) and
collected in 1x PBS containing 50% FBS. The cells were then washed and resuspended

in 500 pL of TEN buffer (100 mM Tris [pH 8.0], 10 mM EDTA, 1 M NaCl) containing

0.1 mg/mL proteinase K, and they were incubated overnight at 55°C. Genomic DNA was
isolated by phenol/chloroform extraction and precipitated in 100% ethanol containing 0.3 M
sodium acetate.

Vy and Vi amplification and mutation analysis

Results

Intron sequences were amplified using Herculase DNA polymerase (Agilent) and nested
primers for V genes and intronic enhancers (Table SI). PCR products were dA-tailed

using Tag DNA polymerase (Takara) and cloned into StrataClone pSC-Amp/Kan vector
(Agilent). During amplification, the smaller J-intron (Ju3, Ju4, J4, and J,.5) sequences were
preferentially amplified. They were then extracted from the gel and cloned for sequencing.
DNA from the larger PCR products (Jul, J42, J, 1, J,.2) were obtained from total amplified
DNA that was cloned and expressed in £, coli. Colonies were screened using 32P-end-
labeled oligonucleotides specific for the intron sequences, which bound downstream of each
J gene (Table SI). Plasmid inserts were sequenced by Sanger sequencing; only clones with
unique VDJ and VJ joins were examined. The data was then compared to the C57BL/6
genomic sequence to identify mutations. Mutations were counted at the beginning of the

J intron to avoid selection bias in the V(D)J exon. Mutational background from PCR and
Sanger sequencing was previously measured as 1.8 x 10™* mutations/bp (20). Sequences are
available on request.

Isolation of rearranged V(D)J clones from Peyer’s patch B cells

To get an overview of mutation in rearranged V genes from the promoter to the 3’ Jy
intronic region, the cumulative pattern of mutation from our data and other reports show
that mutations rapidly increase from the promoter to the V(D)J exon (28, 29, 34-36). This
is illustrated in Fig. 1A, which shows the frequency of mutation from the promoter to Ep in
a knockin VDJ mouse (20). The frequency is high in the VDJ exon, likely due to selection
for high affinity codon changes. However, it is important to note that Alt and colleagues
(37) recorded similar frequencies of mutation in cells containing both a productive VDJ
allele and a nonproductive (passenger) VDJ allele with a termination codon. Thus, under
non-selective conditions, the mutation mechanism is similar on both alleles. SHM continues
to remain high in the unselected 3’ Jy intron for about 1 kb. In this report, we sought

to define whether this putative 3’ boundary changes relative to proximity of the intronic
enhancer.

In order to obtain a large, unbiased database of mutated sequences, we analyzed cells from
Peyer’s patches, which accumulate high frequencies of mutations due to encounters with
multiple endogenous antigens in the small intestine. Germinal center B cells were sorted,
and genomic DNA was amplified using primers to identify rearrangements of different sizes.
For the H chain locus, a 5’ primer in framework 3 of the large V1 family and a 3’ primer

J Immunol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heltzel et al.

Page 4

in Ep were used, and for the x L chain locus, a 5’ primer in framework 3 of the large V.4
family and a 3’ primer located 694 bp upstream of Ex were used (Table Sl). The primers
produced four bands of different sizes by gel analysis, depending on which J gene was
selected. For the H genes (Fig. 1B), rearrangements to J1 produced a 2.3 kb PCR product,
J2 yielded a 2.0 kb product, J3 amplified a 1.6 kb band, and J4 generated a 1.1 kb band. For
the x genes (Fig. 1C), rearrangements to J1 produced a 2.4 kb PCR product, J2 yielded a 2.1
kb product, J4 (33 is a pseudogene on the x locus) amplified a 1.5 kb band, and J5 generated
a 1.1kb band. Primers in framework 3 allowed us to identify clones with unique VDJ or VJ
joins. For the H locus, 20-62 clones were obtained, and for the « locus, 38-53 clones were
analyzed (Table I).

Somatic mutations accumulate at higher frequencies near rearranged J genes

Intron DNA sequences were examined to obtain data from unselected mutations. Mutations
for each rearrangement were collected starting with the first nucleotide 3’ of the coding J
exon and continuing down to the intronic enhancer. Between 309 and 741 mutations were
collected for each rearranged J gene (Table I). The data were compiled to map the density
and location of mutations in rearrangements to the four Jy; genes (Fig. 2A) and four Jk genes
(Fig. 3A). Mutations in both H and «x genes were most dense in the beginning of the intron
and declined further from the promoter. Furthermore, the overall trend in mutations was not
influenced by WGCW hotspot density (Figs. 2B and 3B). This can be seen when analyzing
VDJy1 clones, where abundant WGCW motifs are present in the downstream Jy4 intron
and Ep enhancer, but mutations did not increase in this area. Additionally, in VJ,.1 clones,
multiple WGCW motifs in the downstream J,.5 intron did not boost SHM frequency. The
more abundant WRCH (W = A/T, R = A/G, H = T/C/A) motifs also did not directly predict
SHM occurrence.

Intron mutation density is diminished after 1 kb from rearranged Jy and J,. genes

Comparisons of the various J and Jk data revealed a striking similarity in the distribution
of mutations throughout the introns when the sequences were aligned (Figs. S1 and S2),

in that mutations amass proximal to the rearranged J gene and are sparse distal to the J

gene. If AID targeting is independent from the sequences being mutated, we considered

that mutations should accumulate at similar frequencies for all rearranged J introns. To
examine this distribution directly, we calculated mutation frequencies within the initial 1000
bp adjacent to each J gene (Fig. 4). After grouping the mutations into 200 bp increments, the
data showed that although there is some variability, there are distinct similarities shared by
each J-intron. The highest accumulation occurred close to the rearranged J gene, followed by
a leveling off over longer distances. In Jy introns, the mutational distribution showed very
little differences in the four Jy introns as measured by the Mann-Whitney test (Fig. 4A).

In J, introns, the distribution was similar in J, .1, J,.2, and J,.4 introns, but the J,.5 intron

was significantly different from the others as revealed by the Mann-Whitney comparison.
Specifically, there are more mutations proximal to the J,.5 gene, and they trailed off at

a faster frequency than the other three segments (Fig. 4B). One potential reason for the

rapid drop off may be the higher percentage of A:T residues, which reaches 63% (data not
shown), in the final 400 bp of sequence before Ex. Thus, this section of the J,.5 intron is the
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exception, in that the DNA sequence of the distal 600-1000 bp may restrict G:C targets for
AID deamination.

To further characterize mutational proximity to the rearranged V(D)J exon, we calculated the
percentage of total mutations within 500 bp and 1 kb of the rearranged J genes. Strikingly,
more than 50% of all mutations analyzed were found within the first 500 bp of the Jy and J,.
introns (Fig. 5). Expanding this analysis to 1000 bp revealed that for each J intron, over 75%
of all mutations occurred near the rearranged V(D)J gene. This observation indicates that
AID is most active close to the promoter, and mutations decrease with distance irrespective
of the J-intron sequence used. Additionally, the Jy and J,. loci shared similar mutational
patterns, even though the genes are found on different chromosomes and contain different
promoter and enhancer elements.

Mutational spectrum at G:C and A:T bp remained constant over long distances

During SHM, mutations occur equally at G:C bp and A:T bp, and they are introduced by
the two DNA repair pathways acting on the resulting U produced by AID deamination of
C. (i) Error-prone BER removes U by uracil DNA glycosylase to produce mutations of
G:C, which directly marks the site of AID activity (38). (ii) Aberrant MMR recognizes

U remaining in DNA as a G:U mismatch and recruits MSH2-MSH6 and PMS2-MLH1
complexes. Exonuclease 1 creates a gap which is then filled in by DNA polymerase m to
generate mutations of A:T. The length of the gap filling is unknown, but it does spread the
distance for polymerase m to synthesize mutations beyond the deaminated C (39, 40). It is
possible that the mutation spectra may change farther downstream from rearranged V(D)J
genes to favor G:C or A:T mutations, depending on which repair pathway is used. Therefore,
we analyzed the frequency of A:T mutations throughout 1400 bp of intron sequences from
the heavily mutated J42 and J,.2 clones. Grouping mutations into 200 bp windows, A:T
mutations occurred at a frequency of 50-65% throughout the length of the introns (Fig. 6).
This suggests that AID is active throughout the region, albeit at a lower frequency distal to
the promoter, and the deamination events are handled by both BER and MMR.

DISCUSSION

The unique targeting of SHM to rearranged V genes and their flanking sequences (29) is

a conundrum that has spawned several theories about how mutations start and why they
stop. Without a distinct structural mechanism such as R-loops to promote RNAPII pausing
within the V region, it is feasible that pausing is caused by proximity of the promoter and
intronic enhancer. These transcriptional elements may act as borders to contain AID within
the V region. Thus, targeting could (1) start at the promoter, (2) occur in the unique DNA
sequences of each Jy and J,. introns, and (3) stop near the Ep enhancer. We will discuss each
of these theories in the context of data in the literature.

First, it is widely accepted that the 5’ boundary of SHM is marked by the promoter in accord
with the transcriptional requirement for recruiting AID (41, 42). Nonetheless, how important
is promoter proximity for SHM? When comparing mutation in genes with different lengths
of introns between the leader and VV(D)J exon, Weber et al. (35) showed the distribution of
mutations was related to the size of the leader intron. When the intron was short (150 bp),
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mutations were high in the V exon, and when the intron was long (500 bp), mutations were
high in the intron and low in the exon. This was further confirmed by a transgene with 750
bp of foreign DNA inserted into the leader intron (31). Mutations were high in the hybrid
intron and low in the exon. Furthermore, in a transgene where the promoter was separated
by the leader exon by insertion of 2 kb for foreign DNA, mutations were abolished in the
inserted DNA (43), suggesting that the promoter should be contiguous with the leader exon
for the mutation mechanism to properly function. Overall, the literature supports promoter
proximity for optimal SHM.

Second, the J introns sustain the brunt of the mutational load during SHM, with frequencies
as high as those in the V(D)J exons. The exons are selected for high affinity codon changes,
and it is possible that SHM in the downstream introns, which are unselected, is more robust
than in V genes. For example, the intron DNA could encode palindromes or direct repeats
to template mismatches (44). However, when portions of the Jy or J,_introns were deleted,
the frequency of mutation in adjacent V genes was unaffected (45, 46), implying a passive
role for the intron sequences to accumulate mutations. A more compelling argument against
intron sequences directing AID is the similarity of mutation declines seen in the different
sequences from four Jy and four J, introns, that are reported here. This observation was also
noted by Rada and Milstein (47), who concluded that the probability that a given base will
mutate depends on distance from the 5’ promoter rather than local sequence environment.

Third, the 3’ boundary of mutation is murky. This is partly because the vast majority of
mutational data, with some exceptions (48), has been gleaned from VVDJ genes rearranged
to Ju4 (3, 49, 50) or from knockin mice rearranged to the Jy4 intron (20, 51). Thus,

most of the published data suggests that the nearby Ep enhancer/matrix attachment regions
may generate a physical wall for SHM. Such a wall might be built from the plethora of
proteins associated with the enhancer (52). Further explanations of 3’ El regulation have
been invoked by the idea of convergent transcription of sense and antisense RNA. Antisense
transcription has been shown to be controlled by the intron enhancer (53), and multiple
start sites for antisense transcripts have been detected in VDJ genes and the Jy introns

(54, 55). Convergent transcription could de-stabilize the RNAPII/Spt5/AID axes and prevent
mutations from occurring further downstream. Although antisense transcripts originating
from Eu might possibly affect the 3’ boundary in V genes rearranged to Jy4, it is harder to
imagine their role in enforcing limits for genes rearranged much farther away, such as Jy1.
Furthermore, deletion of Ep did not reduce SHM, although its effect on distance was not
examined (56, 57).

To evaluate these three theories (promoter, intron, enhancer), we extensively mapped
mutations from germinal center B cells that utilized each of the Jy and J,. genes. We
postulated that if the promoter and enhancer were functioning to limit mutational spread,
then mutations would be distributed differently in cells with rearrangements to either an
upstream J gene (Jy1 or J, 1) or a downstream J gene (Jy4 or J,.5). Furthermore, each
rearrangement was adjacent to four Jy and four J,. intron sequences, which may recruit
AID differently. An analysis of 282 unique clones containing 4,127 mutations revealed that
mutations occurred for the same distance downstream of the V gene promoter regardless
of which Jy or J, gene was utilized. The similar trajectory of mutations also suggests an
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identical mechanism for AID targeting to each J loci. The results imply that AID is not
associated with the distance from the intronic enhancers but is spatially associated with the
promoter. This is consistent with Theory 1 where RNAPII gives AID access to DNA during
the initiation phase of transcription (20), and AID dissociates as the polymerase moves away
from the promoter into elongation phase.

To examine Theory 2, we interrogated the DNA sequence of the different introns comparing
mutation frequency and spectra. First, we mapped mutations relative to WGCW hotspots.
While WGCW density is associated with the probability of local AID deamination (58), the
presence or absence of these motifs did not influence where mutations stopped in the intron.
Second, an analysis of G:C and A:T mutational spectra may expose structural anomalies

in the intron sequences. For example, in the Sp sequence, the repetitive DNA sequence
forms RNA-DNA hybrids, which could disrupt the G:U mismatches and not recruit DNA
polymerase m to synthesize mutations opposite A:T pairs (16). Our examination of A:T
mutations across the Jy and J,. intron regions showed no perturbations from the usual
50-60% distribution of A:T mutations, indicating that MMR and polymerase m) are active at
repairing AlD-generated lesions across long intron regions.

As for Theory 3, the consistent trajectory and distance of SHM in B cells rearranged to
different J genes on the H and « loci convincingly demonstrate that the same mechanism
for SHM is utilized for both loci, and proximity to the 3’ enhancer is superfluous for AID
activity. In conclusion, SHM initiates at the start of transcription at the V promoter, depends
on paused RNAPII, profusely extends throughout the rearranged V exon and 1 kb of 3’
flanking sequence, and diminishes with further distance. Such an extended distance for
paused RNAPII is clearly unique to V regions, as paused RNAPII is mostly found within
100 bp at the start of transcription in non-Ig genes (59). The mechanism for release of AID
from the paused transcription complex in the V region is unknown. It will be necessary to
define the changing transcriptional landscape of the initiating, paused, and elongation states
of RNAPII and associated proteins. Knockin mice with different V(D)J rearrangements will
be valuable for probing the precise mechanism of AID targeting.
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Refer to Web version on PubMed Central for supplementary material.
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Key Points

Somatic hypermutation in 4 Jy and 4 J,. introns extends for approximately 1
kb.

Intron DNA sequences and enhancers do not delimit the 3’ boundary of SHM.

V regions are likely targeted for mutation by proximity to the promoter.
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PCR amplification of rearranged V genes to different J genes in germinal center B cells.

(A) Frequency and distribution of SHM in the B1-8" knockin mouse strain in the promoter
(P), leader (L) exon, L intron, VDJ2 exon, and J4 intron. SHM occurs over ~1.5 kb and
initiates near the L intron, increases for the next kb including the VDJ exon and proximal J
intron, and declines gradually in the distal J intron. Adapted from reference 20. (B) H chain.
5’ primers for the V41 family were paired with 3’ primers located in Ey, and 4 distinct
products of different sizes were visualized on an agarose gel. (C) x chain. 5’ primers for the
V.4 family were paired with 3’ primers prior to Ex, and 4 specific bands were amplified.

Triangles, placement of nested PCR primers.
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FIGURE 2.
Mutational distribution in Jy intron sequences. (A) Black vertical lines represent the number

of mutations/bp x 102 (y-axis) for each residue from VDJ clones utilizing Jy1, J42, J43, and
Jn4 genes. X-axis depicts the distance from Jy1 to Eu (B) Triangles indicate the position of

WRCH (blue) and WGCW (red) motifs relative to the Jiy genes (squares). Half circle shows
the portion of the Ep intronic enhancer that was sequenced.
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FIGURE 3.

Mutatio

nal distribution in J,. intron sequences. (A) Black vertical lines represent the number

of mutations/bp x 102 (y-axis) for each residue from VJ clones utilizing J, 1, J,2, J,4, and
J..5 genes. X-axis shows the distance from J,.1 to Ex. (B) Triangles indicate the position
of WRCH (blue) and WGCW (red) motifs relative to the J,. genes (squares). // represents a
break of 694 kb before the Ex intronic enhancer (circle).
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Mutational frequency of J intron sequences. The frequency in 200 bp segments is shown for
the initial 1000 bp downstream of the rearranged J genes. (A) Jy introns. Mann-Whitney test
to the right compares the significance of mutation in Jy1 to J42, Ju3, and Ju4, etc. (B) Ji
introns. Mann-Whitney test to the right compares the significance of mutation in J,.1 to J,.2,

J4, and J,.5, etc.
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Percent mutations within 500 and 1000 bp of rearranged J genes. Mutational percentages for
the Jy (A) and J, (B) clones. Blue bars represent mutations within 500 bp and gray bars
within 1000 bp.
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Table I.

Sequence data used to analyze mutational positioning in J introns

IgH VD rearranged to:  Jyl Ju2 Ju3 Jué

Unique clones 20 39 20 62
Length (bp) 2267 1954 1571 1,001
Nucleotides sequenced 45,340 76,206 31,420 62,062
Mutations 309 618 347 741

lgx V rearranged to: Jk1 Jk2 Jk4 Jk5

Unique clones 38 46 42 53
Length (bp) 2324 199 1338 1,000
Nucleotides sequenced 88,312 90,574 56,196 53,000
Mutations 523 675 381 533

Data from unique VDJ and VJ clones derived from 8 mice were pooled for analysis.
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