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DNA breaks in Ig V regions are predominantly single-stranded
and are generated by UNG and MSH6 DNA repair pathways
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Abstract

Antibody diversity is initiated by activation-induced deaminase (AlID), which deaminates cytosine
to uracil in DNA. Uracils in the Ig gene loci can be recognized by uracil DNA glycosylase (UNG)
or mutS homologs 2 and 6 (MSH2-MSH®6) proteins, and then processed into DNA breaks. Breaks
in switch regions of the heavy chain locus cause isotype switching and have been extensively
characterized as staggered and blunt double-strand breaks. However, breaks in V regions that arise
during somatic hypermutation are poorly understood. Here we characterize AlD-dependent break
formation in Jy introns from mouse germinal center B cells. We used a ligation-mediated PCR
assay to detect single-strand breaks and double-strand breaks that were either staggered or blunt.

In contrast to switch regions, V regions contained predominantly single-strand breaks, which
peaked 10 days after immunization. We then examined the pathways utilized to generate these
breaks in UNG- and MSH6-deficient mice. Surprisingly, both DNA repair pathways contributed
substantially to break formation, and in the absence of both UNG and MSHS, the frequency of
breaks was severely reduced. When the breaks were sequenced and mapped, they were widely
distributed over a 1,000-bp intron region downstream of J43 and Ju4 exons and were unexpectedly
located at all four nucleotides. These data suggest that during DNA repair, nicks are generated at
distal sites from the original deaminated cytosine, and these repair intermediates could generate
both faithful and mutagenic repair. During mutagenesis, single-strand breaks would allow entry for
low-fidelity DNA polymerases to generate somatic hypermutation.

Introduction

In the iconic 1966 publication on “Origin of antibody variation” (1), Brenner and Milstein
proposed that somatic hypermutation (SHM) starts with a cleaving enzyme. Exonuclease
trimming then makes a gap at the nick, which is filled in by an error-prone polymerase. This
prescient paper thus places the crux of mutation on a DNA break (2). DNA breaks are
observed during SHM and class switch recombination (CSR), two processes that diversify
antibodies. Both processes are initiated by the enzyme activation-induced deaminase (AID)
(3), which is not the cleaving enzyme, but instead deaminates cytosine to uracil in both the
V and switch (S) regions of the immunoglobulin loci (4). Breaks then occur when the uracils
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are recognized by proteins in the base excision repair and mismatch repair pathways (5).
Although breaks in S regions have been extensively studied and mostly characterized as
staggered or blunt double-strand breaks (6—14), breaks in V regions are poorly understood
(15, 16). DNA breaks have long been assumed to occur in V genes during the process of
gene conversion in chickens, when pseudogenes recombine with a rearranged gene by
homologous recombination (17, 18). During SHM, breaks were first detected by Sale and
Neuberger (19), who used terminal deoxynucleotidyl transferase to catalyze the addition of
non-templated nucleotides at the ends of breaks in Vi genes from a Burkitt lymphoma cell
line that constitutively undergoes mutation. However, it was not determined if the breaks
were an intermediate or a by-product of the mutation process. Kong and Maizels (20) used
ligation mediated-PCR (LM-PCR) to detect both single- and double-strand breaks in mouse
VA genes from germinal center B cells, but it was not known if they were dependent on
AID. Bross et al. (21) and Papavasiliou and Schatz (22) independently used LM-PCR to
observe blunt double-strand breaks in V' genes from mouse germinal center B cells, and a
large proportion of these breaks occurred at AID target motifs. However, later experiments
by the same investigators nullified the significance of these breaks by showing that they also
occurred in Aid 7~ mice (23-25). Similarly, LM-PCR was used on a V gene in the human
BL-2 cell line, and single- and double-strand breaks were detected in the absence of AID,
implying no obvious correlation of breaks with SHM (26). Soon after, a study by Zan et al.
(27) detected blunt double-strand breaks that did not require AID, and concluded that AID
acted downstream of break formation to form staggered breaks. These numerous conflicting
reports raise essential questions about whether AID is necessary to induce breaks, what kind
of breaks are made in V genes, how the breaks are generated, and where they are located.

In view of the certainty that breaks must occur to allow low-fidelity DNA polymerases to
synthesize from free 3’-hydroxyl groups, we sought to characterize the types of breaks in
rearranged Jy introns from germinal center B cells following immunization. Three types of
breaks could develop: a single-strand break, which would consist of a sole break on either
strand; a staggered break, where two nearby bases located on opposing strands would be
cleaved producing either a 5” or 3’ overhang; or a blunt double-strand break, where breaks
on opposing strands would be located directly across from each other. We used a LM-PCR
strategy to demonstrate that AID-induced breaks are predominantly single-stranded and are
generated through the activity of either UNG or MSH2-MSH6 DNA repair pathways.

Materials and Methods

Mice

C57BL/6, Aid "=, Ung "=, and Msh6 ~'~ mice were previously described (3, 28, 29); Ung
~~ Msh6 7~ double-knockout mice were bred in our colony. Mice were co-housed, and
males and females were used at 2-6 months of age. All animal protocols were reviewed and
approved by the Animal Care and Use Committee of the National Institute on Aging.

LM-PCR assay on plasmid DNA

A LM-PCR protocol (20) was adapted to detect single-strand, staggered, and blunt double-
strand breaks simultaneously on the nontranscribed DNA strand (30). Using universal primer
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15t 5°J558 positioned in framework 3 of the J558 family of V genes and primer 1 (extension
Jn4 1) located 803 bp downstream of Jy4, a 902-bp fragment was amplified from splenic B
cell DNA using Herculase Il enzyme (Agilent) and cloned into the pSC-A-amp/kan vector
(Agilent). Primer sequences (Integrated DNA Technologies) are listed in Supplemental
Table I. Sequential quick-change mutagenesis reactions were performed to introduce Stul
(primers: VDJ4-Stul Fwd and VVDJ4-Stul Rev) and BbvCl restriction sites (primers: VDJ4-
BbvCl Fwd and VDJ4-BbvClI Rev) at the 3’ end of the J44 gene segment. The BseR1 site
was naturally encoded in the intron. Experimental templates were generated by cutting
plasmid with Stul (New England Biolabs) to produce a blunt-ended linear plasmid, BbvCl
(New England Biolabs) to yield a linear plasmid with a staggered 5’ overhang of 3 bases,
BseR1 (New England Biolabs) to generate a linear plasmid with a staggered 3’overhang of 2
bases, or with Nt.BbvCl (New England Biolabs) which is a mutant version of BbvCl that
only cuts the top strand to generate a nicked circular template. One fg of cut plasmid was
then added to 100 pg of genomic splenic DNA from AID-deficient mice for the LM-PCR
assay. All the restriction enzyme breaks were detected by denaturing the DNA, annealing
Ju4 extension primer 1, and extending with Fidelitag (Affymetrix) to convert single-strand
breaks to blunt double-strand breaks. For staggered breaks, nondenatured DNA was
incubated with Fidelitaq; 5’ overhang breaks were extended from the bottom strand without
primer 1, and 3’ overhang breaks were excised back to blunt ends by the 3’ to 5’
exonuclease activity in Fidelitag. Blunt double-strand breaks were detected without
denaturation and extension. A double-stranded linker containing top and bottom strands
(Supplemental Table I) was ligated to all products and amplified by PCR with Taq
polymerase (Takara) using nested primers. Thus, LL4 linker primer was paired with Jy4 2—
1, and nested LL2 linker primer was paired with nested J44 2—2. DNA was separated on an
agarose gel and stained with ethidium bromide. Break sites were confirmed by sequencing.

LM-PCR assay on Jy intron DNA from germinal center B cells

Mice were immunized i.p. with 100 pg phycoerythrin (Prozyme) in CFA (Sigma Aldrich).
Splenocytes were isolated and stained with FITC-labeled anti-B220 (clone RA3-6B2) and
Alexa Fluor 647-labeled anti-GL7 (clone GL-7) antibodies (Biolegend) to detect germinal
center B cells. B220*GL7™ cells were separated via fluorescence-activated cell sorting with
doublet exclusion, and genomic DNA was obtained by proteinase K digestion (Ambion) and
phenol/chloroform extraction. There was no difference in amplification if the DNA was
incubated in the presence or absence of DNA polymerase p-lyase (a generous gift from Sam
Wilson, NIEHS, NIH), which removed the break site sugar moiety to produce a 5* hydroxyl
end. The DNA concentration for all three break assays was standardized by PCR
amplification of a Gapah control gene (Supplemental Table 1) using two-fold dilutions of
input DNA (30). Breaks were then detected as described in the plasmid assay. Breaks from
all assays were visualized by Southern blotting and hybridization with probe 3 (J44 3),
which was labeled with 32P-y ATP. ImageQuant TL software was used to measure relative
break intensity.

Analysis of DNA alterations

PCR products were TA-cloned (Strataclone) and sequenced (Macrogen) to identify where
the linker had ligated in the Jy introns spanning 1100 bp from primer 2. Since the PCR assay
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detected breaks on the nontranscribed strand, the base where the break occurred was the first
5’ nucleotide that was replaced by the linker. 15-60 amplifications were performed on DNA
from 3 mice per genotype to generate enough unique sequences for analysis.

Assays to detect DNA breaks in the Jy4 intron

Single, staggered, and blunt breaks could occur in the V region (Fig. 1A). We mainly
focused on the intronic region downstream of rearranged Jy4 gene segments (Fig. 1B) as a
surrogate for heterogeneous V genes, because it sustains a high level of mutations at a
frequency of 1072 per bp (31), and the somatic mutation events are not biased by selection
for codon changes. A strategy using LM-PCR was devised to detect all 3 types of breaks in
the 492-bp region. Although breaks and mutagenesis occur on both transcribed and
nontranscribed strands (5, 20), in this assay we used primers to detect events on the
nontranscribed strand, because primer extension was more specific originating in the single
copy intron than it was originating in the multiple V genes on the transcribed strand. Single,
staggered, and blunt breaks were simultaneously detected by DNA denaturation, followed by
primer extension using Fidelitaq polymerase with intron primer 1 annealing to the top 5’
strand (Fig. 1C). Staggered and blunt breaks were detected without denaturation and primer
annealing steps (Fig. 1D). For staggered breaks with a 5” overhang, polymerase extension
occurred from the bottom 3’-OH strand, and for breaks with a 3’ overhang, the 3’
nucleotides were excised to a blunt end using the 3’ exonuclease activity of Fidelitag. This
assay could also detect blunt breaks. Blunt breaks alone were detected without denaturation
and extension steps (Fig. 1E). For all breaks, a double-stranded linker was ligated to the
blunt ends made after polymerase extension or excision, or pre-existing ends in the case of
blunt double-strand breaks. Intron primer 2 and a linker primer L were used in PCR
reactions with Taq polymerase to amplify the DNA, and amplified products were separated
on an agarose gel. Bands were detected after Southern hybridization with intron probe 3.

To confirm the validity of our strategy to detect the different breaks, breaks were artificially
generated in a plasmid containing the Jy4 intron using different restriction enzymes.
Nt.BbvC1 produces a single-strand break on the top strand; BbvC1 generates a staggered
break with a 5” overhang of 3 bases; BseR1 generates a staggered break with a 3’ overhang
of 2 bases, and Stul makes blunt cuts (Fig. 2A). The cut plasmids were mixed with genomic
DNA from AID-deficient mice, and then assayed for breaks. As shown in Fig. 2B, the data
indicate that the assay using polymerase extension with a primer can detect blunt, staggered,
and single breaks, whereas extension without a primer detected blunt and staggered breaks,
and direct ligation alone recognized only blunt breaks. The detection of all 3 breaks
established that the assay was sensitive enough to detect staggered and blunt breaks as well
as single-strand breaks in the presence of genomic DNA.

To further verify that the 3 assays can detect breaks in a switch region that is affected during
CSR, we examined DNA from splenic B cells stimulated ex vivo with lipopolysaccharide
and IL-4 for 2 days. Using primers specific for Sy (32), breaks were readily detected in all
three assays, with the staggered and blunt assays being more efficient than the all break
assay (data not shown).
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Ju4 intron breaks are predominantly single-stranded and depend on AID

We then performed a time-course study to determine when the maximum number of breaks
occurred after immunization in germinal center B cells (B220*GL7*) from spleens of
C57BL/6 mice. Cells were collected 7, 10, or 14 days after i.p. immunization with
phycoerythrin in adjuvant to induce SHM (Fig. 3A). The assay to detect all breaks by primer
extension (Fig. 1C) was used to examine the Jy4 intron region on the nontranscribed strand.
Thus, primer 1 was annealed to the strand and extended until it hit a break. As shown in Fig.
3B, Southern blotting detected multiple distinct bands per sample, indicative of multiple
cells having different break sites. Breaks were present at all 3 time points, but the day 10
time point was chosen for further studies because it exhibited the most breaks.

We next characterized the type of breaks that occurred in the Jy introns. Breaks were
assigned in DNA from germinal center B cells by performing separate assays for all breaks,
staggered and blunt ends, and blunt ends only. As shown in Fig. 4A, samples using the
primer extension step to detect all breaks, which included single-strand breaks, showed
robust accumulation of breaks, whereas staggered and blunt breaks appeared at background
levels. No breaks were detected in Ajd ™~ cells (Fig. 4B). In contrast, in the Sp region, we
and others have identified staggered and blunt breaks during CSR in B cells activated ex
vivo with mitogen (11, 32). Thus, the majority of DNA breaks in the Jy introns were single-
stranded and depended on expression of AID.

Breaks are generated by both UNG and MSH6 proteins

The role of specific proteins in break formation was examined in several repair-deficient
mouse models to determine which repair pathway generated the ruptures. C57BL/6 and Ajd
~~mice were used as positive and negative controls. In Ung ™~ mice, uracils can be
removed by mismatch repair proteins. Conversely, in Msh2 ™~ or Msh6 '~ mice, uracils can
be processed by base excision repair proteins. We used Msh6 7~ mice in these studies,
because they have the same phenotype in SHM and a longer lifespan than AsA2 7~ mice
(29, 33, 34). The absence of one repair pathway in Ung ™~ or Msh6 7~ mice could
potentially lead to a decrease in breaks. Alternatively, the number of breaks in these single
knockouts would be unchanged if the remaining pathway is able to compensate. As shown in
Fig. 5A-B, breaks were detected in C57BL/6, Ung -, and Msh6 '~ mice, but were absent
in Ajd 7~ mice. Substantial numbers of breaks were found in the absence of either UNG or
MSHS, indicating that both pathways contribute to the generation of breaks. Although V
region break formation utilizes both UNG and MSHS6, other proteins could be involved. To
test this possibility, Ung 7~ Msh6 7~ double knockout mice, which do not have functional
base excision or mismatch repair pathways to remove uracils, were examined. DNA from
these mice contained fewer breaks relative to C57BL/6 (Fig. 5B), indicating that UNG and
MSH6 comprise the major pathways for break formation in the Jy4 intron, although other
minor activities appear to exist. Finally, to determine if staggered or blunt breaks were
increased in the absence of DNA repair, we performed the corresponding assays in DNA
from UNG- and MSH6- deficient mice. As seen in Fig. 5C, the only breaks that were
detected were with the assay that detected all breaks, confirming that single-strand breaks
predominate in the V region in the absence of DNA repair.
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Break site locations suggest nicks are made during DNA repair

The break site spectrum and/or hotspot specificity may depend on whether UNG or MSH6
proteins are involved. In both cases, AID will deaminate cytosine, frequently ina WGCW
(W = A/T) hotspot motif, to produce uracil. In the absence of UNG, breaks could be
detected away from the U:G mismatch due to generation of a gap by exonuclease 1 (EXO1).
In the absence of MSH6, breaks would seemingly be concentrated around uracil after
incision of the abasic site by apurinic/apyrimidinic endonuclease 1 and /or 2 (APE1/2). LM-
PCR products from C57BL/6, Ung -, and Msh6 ~~ mice were cloned and sequenced to
determine where the linker attached to a break was located. The resulting spread of ~150
breaks from each genotype in 1 kb of DNA containing J43 and Ju4 introns is shown in Fig.
6A. The distribution was similar across all genotypes and did not show any prominent
clustering in WGCW hotspots. Although breaks were detected in both introns and
occasional V genes rearranged to J43 or Jy4, we only scored those in introns to compare the
genotypes. Most of the breaks were distributed in the Jy4 intron, which is closer to primer 2
used for PCR, and would be preferentially amplified. The base that was replaced by the
linker was recorded for each of these sequences (Fig. 6B). The percentage of breaks at a
given base was comparable between genotypes; the small increase in breaks at C in Msh6
=/~ clones was not statistically significant (p = 0.57, Fisher’s exact test), and there was no
significant difference in breaks located in the 14 WGCW motifs. The unexpected lack of
predominant selection for C suggested that single-strand nicks were made at distal sites
away from the original uracil, and we had captured the breaks in the middle of DNA repair.

Discussion

As mentioned in the introduction, previous studies found that many DNA breaks in V genes
were independent of AID expression. Collateral break formation may have occurred from
apoptotic cell debris during cell isolation or DNA preparation. Accordingly, we eliminated
samples that had random, double-strand breaks in a non-immunoglobulin gene, CD19,
which could have arisen during apoptosis or from DNA shearing during isolation. Here, we
analyzed breaks in Jy introns that were captured in splenic germinal center B cells 7-14
days after immunization by stringent gating for B220*GL7" by flow cytometry without prior
column purification. Using a comprehensive LM-PCR assay design, the breaks were
characterized as predominantly single-strand breaks with negligible contributions from
staggered and blunt double-strand breaks. These breaks were present in mice expressing
AID, UNG, and MSHS, and were significantly reduced in Aid " mice, and Ung ™~ Msh6
=~ double-deficient mice. By these biologic and genetic criteria, the breaks are likely to be
intermediates in the SHM pathway.

What causes the breaks? Both UNG and MSH2-MSH6 pathways have been shown to affect
SHM and CSR by altering the types of nucleotide substitutions and reducing isotype
switching (5, 35). The direct candidates for an endonuclease in the UNG pathway are
APE1/2, which cleave at the abasic site left by UNG removal of uracil (36). Mice that are
deficient for these enzymes have reduced switching (37), and mice deficient for APE2 have
greatly reduced frequencies of hypermutation with altered mutational spectra (38, 39). The
candidate for an endonuclease in the MSH2-MSH®6 pathway has recently been identified as
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PMS?2 (40, 41). Recognition of the U:G mismatch by the MSH2-MSHG6 heterodimer (42)
recruits the PMS2-MLH1 heterodimer to produce nicks in the vicinity, and creates a gap
using EXO1 (43). We show here that the cleaving enzymes for breaks in V regions come
from both UNG and MSH2-MSH6 pathways, which is similar to S regions. However, it was
surprising that both UNG-deficient and MSH6-deficient cells had similar amounts of breaks,
because the two mouse models behave differently in terms of SHM and CSR. The frequency
of SHM is reduced in Msh6 7~ mice relative to Ung 7~ mice (33, 35), likely due to the lack
of polymerase ) error-prone synthesis, and there is substantially reduced CSR in Ung 7~
mice (4) compared to Msh6 ~~ mice (34), due to lack of robust cleavage by APE enzymes.
Double knockout Ung ™~ Msh6é ~~ mice had greatly reduced breaks, suggesting that in the
absence of these two proteins, other uracil glycosylases, e.g., single-strand-selective
monofunctional-uracil-DNA glycosylase and thymine-DNA glycosylase (41, 44), make only
minor contributions to the formation of DNA breaks.

We previously used an analogous LM-PCR assay to detect uracils in Jy introns from
germinal center B cells, after in vitro treatment of DNA with UNG, APEL1, and B-lyase (30).
The uracil-associated breaks were mapped at multiple positions over the J43 and Jy4
introns, and they were detected predominantly at cytosine residues, showing that they were
generated by AID. Therefore, the lack of focused breaks at C in the in vivo assays described
here indicates that nicks were made later in B cells during DNA repair of the uracils. We
therefore posit that the location of breaks does not predict the location of mutations. For
example, as shown in Fig. 7A, the majority of hotspot-focused mutations of C could occur
by direct DNA replication over AlD-generated uracil in the absence of nicks. In contrast,
breaks occur during DNA repair. Fig. 7B describes the generation of nicks in UNG-deficient
B cells, which occurs during mismatch repair. After recognition of the U:G mismatch by the
MSH2-MSH6 duplex, PMS2 in conjunction with MLH1 makes a nick at an unknown
distance 5’ or 3’ of the mismatch (45). This provides entry for EXO1 to generate a gap for
DNA synthesis. Fig. 7C illustrates the generation of nicks in MSH6-deficient B cells, which
occurs during base excision repair. UNG and APE1/2 produce a nicked abasic site which
allows entry for polymerases 3, 6, or e to synthesize (46). The efficiency of amplification
and location of breaks was not affected by the presence or absence of B-lyase in the reaction,
which implies that the breaks were not captured immediately after APE cleavage, but after
additional processing. The resulting strand displacement during long-patch repair produces a
flap, which is nicked by flap endonuclease 1 (FEN1). The nucleotide specificity of cleavage
by PMS2, EXO1, and FEN1 is unknown, and could result in the variety of break sites
reported in this study. This interpretation proposes that error-free DNA repair is occurring
side by side with error-prone repair of AlID-induced uracils during SHM in both mismatch
and base excision pathways (47-49). Indeed, the major tipping point for mutagenesis
appears to be fueled by the use of low-fidelity DNA polymerases, predominantly Revl
instead of polymerase B in base excision repair, and polymerase n instead of polymerases &/
e in mismatch repair. Thus, both error-free and error-prone pathways use the same repair
proteins and can generate DNA breaks, but mutagenesis uniquely relies on the substitution
of error-prone polymerases for replicative polymerases.

DNA breaks in V regions are clearly handled differently than those in S regions. First, the
widespread distribution of linker locations away from the original deaminated cytosine
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suggests that many breaks are made during faithful DNA repair of uracil. In contrast, linker
locations in S regions were predominantly located at G:C bp in a plethora of hotspots (11,
50) to catalyze a program of recombination using double-strand breaks. Second, the
predominance of single- versus staggered/double-strand breaks in V regions correlates with
the paucity of WGCW motifs relative to the S region. WGCW sites are the main target for
AID deamination (34, 51, 52), which initiate pathways leading to break formation. For
example, there are 14 WGCW sites spanning 5% of the 1.1 kb Jy3-Jy4 intronic region (Fig.
6A), whereas 204 WGCW sites cover 25% of the 3.2 kb Sy region (53). Cleavage at two
nearby WGCW motifs on opposite strands in the S region would generate a staggered break,
which can be processed into a blunt break. Third, breaks in S regions are funneled into
nonhomologous end-joining programs for CSR, whereas those in V regions are seemingly
untouched by these proteins. Mice deficient for recombination proteins DNA-PK g (54),
H2AX (55), 53BP1 (56), and ATM (57, 58) have normal SHM but crippled CSR. Fourth,
translocations involving double-strand breaks to other chromosomes rarely occur in the V
region, but are far more frequent in the S region (59).

Although staggered and blunt double-strand breaks were below the level of detection in our
LM-PCR assays, they do exist, since large insertion and deletion mutations require double-
strand breaks. These lesions are infrequent, and they have been reported in both coding and
intron regions (60-63). Therefore, we surveyed the Jy44 intron from multiple references to
determine a frequency for substitutions, insertions and deletions. The non-coding intron is
particularly useful for this analysis since addition or subtraction of nucleotides would not
cause frameshifts and be negatively selected, as they would in an exon. As shown in
Supplemental Table I1, in a sequence analysis of over 2600 mutations in the 492-bp intron,
98.7% were base substitutions, 0.3% were small insertions of 1 bp, and 1% were deletions of
1-164 bp. In recent reports, a higher frequency (~15%) of mutated passenger alleles from
Peyer’s patches were reported to contain deletions in VDJ exons, as measured by high-
throughput sequencing (64, 65). This discrepancy in the frequency of double-strand breaks
compared to our results could reflect the timing of the LM-PCR assay, which captures
breaks as they occur 10 days after immunization, versus the sequence assay where deletions
could progressively build up over time in Peyer’s patch cells.

An alternative proposal to explain small insertions and deletions rather than double-strand
breaks is to consider the role of DNA polymerases. Polymerase m, which is predominantly
used during SHM (66), has been reported to generate insertions and deletions in repetitive
sequences (67), which would not require double-strand breaks. Polymerase n could enter the
DNA site at a single-strand break, synthesize the template, and occasionally slip and re-
align, generating an insertion or deletion (60). These mutation events might also result from
imperfect alignment of direct repeats or palindromes in the V region, again without a strand
break (15).

In summary, endonucleases in two repair pathways, UNG and MSH2-MSHS6, generate a
minefield of DNA lesions in V and S regions, following AID deamination of cytosine. In V
regions, breaks traverse the region and are predominantly single-stranded due to infrequent
numbers of WGCW motifs. These allow entry by low-fidelity DNA polymerases to
synthesize mutations for affinity maturation. In S regions, breaks are clustered at multiple
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WGCW motifs on both strands and are processed into blunt double-strand ends for CSR and
potential translocations to other loci.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Detection of DNA breaks in the Jy4 intron on the nontranscribed strand. (A) Schematic
drawing of 4 types of breaks, including staggered with either a 5’ or 3’ overhang. (B)
Location of primers and probes: 1, primer for extension (red); 2, primer for PCR (green);
and 3, probe for Southern blot (blue). (C) Single, staggered, and blunt. DNA was denatured
and extended (purple dashed line) by polymerase from primer 1 to produce a blunt double-
strand break substrate for ligation to a double-stranded blunt linker (orange). PCR
amplification used a linker primer L (brown) and primer 2. (D) Staggered and blunt. For
staggered breaks with a 5’overhang, nondenatured DNA was extended by polymerase from
the 3” hydroxyl on the bottom strand in the absence of a primer to produce a blunt end. For
staggered breaks with a 3" overhang, nondenatured DNA was trimmed by the exonuclease
function of Fidelitag to produce a blunt end. Blunt breaks were ligated in the absence of
polymerase. (E) Blunt. DNA was nondenatured, and the linker was ligated directly to the
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break site, followed by PCR amplification. For all assays, PCR-amplified DNA was
separated on an agarose gel and analyzed by Southern blot with probe 3.
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FIGURE 2.
Validation of LM-PCR break assay using plasmid DNA containing a rearranged VDJy4

gene and intron DNA. (A) Location of restriction enzymes and primers. (B) DNA was
digested, and breaks were assayed as described in Fig. 1. Ligation and PCR steps were
performed in the presence of Ajd 7~ genomic DNA. Amplified products were separated on
an agarose gel and visualized with ethidium bromide.
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FIGURE 3.

Timing of breaks following immunization. (A) C57BL/6 mice were immunized, and splenic
germinal center B cells were isolated 7, 10, and 14 days later. LM-PCR was then performed
using the assay to detect all breaks. (B) The map shows location of primers on the
nontranscribed strand and the direction of LM-PCR (red arrow). Representative Southern
blot using probe 3 with two-fold increasing dilutions of DNA (triangles) from one mouse for
each day. Below, input DNA was standardized by amplification and ethidium bromide
staining of a Gapah control.
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Characterization of types of breaks in DNA from day 10 germinal center B cells to detect
single, staggered, and blunt breaks from C57BL/6 and Aid ~~ mice (red). (A)
Representative Southern blot of DNA using the three different assays with two-fold
increasing dilutions of DNA (triangles). Lower panel, ethidium bromide staining of a Gapadh
loading control, which shows that DNA was present in all lanes. (B) Relative break intensity.
Values were calculated from 2—4 independent PCR reactions per mouse with 4-14 mice per
genotype. Error bars represent SD.

J Immunol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zanotti et al.

Page 19

A [ 3 4 Msh6 "
78U d” n6™ _ung
oSS, AT UngT wenbTund
-
- -~
v B
-
- - -
-
B 30-
ze - :
g § 20 o : ':- :
§ _\cc” . o, - ° °
=8 " oo
[e} . oo .
s -g v e L ° o.o © e
= bl s %o oo °
-qC) u>) oo ° :. o oo
’g E 10 1 0e® . ° . e :
[5) & 0
U) - ® L]
C57BL/6 Aid Ung Msh6 - Ung 7 Msh6
C C57BL/6 Ung Msh6
: Staggered ' Staggered b Staggered
b All breaks & blunt Blunt All breaks & blunt Blunt All breaks & blunt Blunt
; Oopo ] ] ] ] ] 1 ]
&
700 &
600 Rl 4
500 ‘ -
400
300
200
100 -
FIGURE 5.

Breaks from UNG- and MSH6-deficient mice. (A) Representative Southern blot of breaks
from C57BL/6 (black), Aid 7~ (red), Ung ™~ (green), Msh6 ~~ (blue), and Ung 7~ Msh6
=~ (purple) mice, using the LM-PCR assay to detect all breaks. Below, two-fold increasing
dilutions of DNA were standardized with a Gapadh loading control, which shows that DNA
was present in all lanes. (B) Relative break intensity at 3 DNA dilutions. Each point
represents a single PCR reaction. Data are from 2—4 independent PCRs per mouse, with 4—
14 mice per genotype. (C) Nature of breaks in UNG and MSH6-deficient mice.
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Representative Southern blot of the three break assays from repair-deficient mice. Input
DNA was standardized with a Gapadh loading control.
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FIGURE 6.

Location of break sites in Jy3 and Jy4 introns. (A) Break sites from C57BL/6, Ung ™, or
Msh6 ~~ mice were mapped by sequencing the PCR products shown in Fig. 5B. Y-axis
shows the number of unique sites detected at each base. Bottom schematic diagram shows
the relative locations of the introns, with the red arrow showing the direction of extension
from PCR primer 2 towards the J exons. 14 WGCW hotspots are represented by red squares
on the X-axis. (B) Percentage of break sites at a base or within WGCW motifs. Data were
corrected for the sequence’s nucleotide composition and were from 3 independent
experiments with 1 mouse per experiment per genotype.
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FIGURE 7.
Single-strand breaks made during DNA repair. (A) Replication mutation in hotspot with no

nick. Mutations accumulate at C in AGCT (WGCW) hotspots (red) following replication
over AID-generated uracil (blue). (B) Nicks in Ung ™~ cells generated during mismatch
repair outside of hotspots by PMS2 (scissor) and EXO1. (C) Nicks generated in Msh6 7~
cells during base excision repair outside of hotspots by FEN1 cleavage (scissor) during
polymerase strand displacement (purple arrow).
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