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Abstract

Introduction of uracils in specific regions within immunoglobulin genes by the activation-induced deaminase (AID) promotes mutations and
double-strand breaks (DSBs). Although uracils are repaired through multiple DNA repair pathways, previous work has used mutations or DSBs
as proxies for uracils and not mapped the uracils directly. We mapped uracils in the Ig heavy chain gene, Igh, in a murine cell line, CH12F3,
undergoing class-switch recombination (CSR) using the uracil pull-down and sequencing technique. These cells undergo IgM-to-IgA switch upon
expression of AID but do not undergo somatic hypermutation. We mapped uracils in cells defective in uracil repair and show that AID introduces
high levels of uracils only in parts of switch-mu and switch-alpha regions and not in constant regions, the /gh variable region or the light chain
genes. Furthermore, the peaks of uracilation match the previously determined distribution of switch junctions, which are representative of DSBs
that cause isotype switching. This work confirms that AID creates uracils in both DNA strands and shows that there is a direct correlation
between uracil creation and DSBs in the relevant switch regions. We evaluate proposed mechanisms of CSR in light of these findings and show
that mapping uracils provides a fresh perspective on CSR.
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Introduction tation (SHM) [1] and class-switch recombination (CSR) [2],

When mice or humans are exposed to infectious agents, their B to achieve antibody maturation. In SHM, the variable re-
lymphocytes utilize two genetic processes, somatic hypermu-  gions of the heavy chain (Igh) and light chains (Ig/ and Igk)
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acquire all six possible base substitutions at high frequencies,
while in CSR the u constant segment (Cmu) of the heavy chain
is replaced with one of the other constant segments through
region-specific double-strand breaks (DSBs) followed by re-
combination. These processes create a wide repertoire of anti-
bodies from which affinity maturation selects antibodies with
high affinity toward infection agent-derived antigens with ap-
propriate effector function determined by the new constant
segment.

A DNA-cytosine deaminase, activation-induced deaminase
(AID), is essential for both SHM and CSR [3]. It converts
cytosines in single-stranded DNA to uracil [4-7] promoting
mutations [3] and strand breaks [8]. Mammalian cells have
multiple enzymes that can excise uracils from UeG pairs lead-
ing to the restoration of cytosines through base-excision re-
pair (BER), the principal of these being uracil-DNA glycosy-
lase, UNG [9]. Although replication of uracils created by AID
should only cause C:G-to-T:A mutations, SHM generates all
possible base substitution mutations [10]. Thus, excision of
uracils by UNG followed by incomplete or error-prone BER
is proposed to respectively cause strand breaks or base substi-
tutions that fuel CSR and SHM [11]. Additionally, noncanon-
ical mismatch repair of UeG pairs may also cause mutations
and strand breaks that contribute to both SHM and CSR [12,
13].

Among the many unknowns regarding the molecular mech-
anisms of SHM and CSR is how the mutations and strand
breaks caused by AID are localized in the variable regions of
the Ig genes and the switch regions within Igh. Gene transcrip-
tion is required for both SHM and CSR [14, 15] and AID as-
sociates with RNA polymerase II [16]. However, association
of AID to a transcribed gene is not sufficient for its mutator
activity [17, 18]. The activity of AID within a transcription
bubble may be influenced by multiple factors including tran-
scriptional pausing [19, 20], presence of “licensing factors”
[21], RNA or DNA secondary structure [22-24], and RNA
degradation [25], among others [26]. Additionally, the uracils
created in some genomic regions may be subjected to error-
free repair, while uracils in other regions may be subject to
error-prone repair or no repair [27]. This complexity in uracil
creation and repair makes it necessary that one must follow
the fate of uracils created by AID to understand the mecha-
nisms of SHM and CSR. Despite this need, nearly all previous
studies have used mutations, strand breaks, or translocation
end-points as proxies for uracils. These approaches only de-
termine the consequences of uracils after various repair- and
replication-related DNA transactions have taken place and
cannot determine the history of uracil processing in Ig genes.
As a result, doubts are still being expressed whether uracil cre-
ation in DNA by AID is the driving force behind antibody
maturation [28].

The only previous study that directly addressed the role of
uracil creation by AID in cells undergoing antibody matura-
tion converted uracils to strand breaks using UNG and the
abasic-site endonuclease, APE1, and detected the breaks us-
ing Southern blots [29]. Using this technique, they confirmed
AID-dependent uracil accumulation in restriction fragments
in genomes of chicken B cells undergoing SHM and gene con-
version, and murine B cells undergoing SHM and CSR. They
found that murine splenic B cells when stimulated ex vivo ac-
cumulated uracils in the switch p (Smu) region of the Igh gene,
that the uracils mostly originated from cytosines and were
roughly equally distributed in the two strands of Igh [29].

However, these investigators did not map uracils across the Ig
genes or correlate the uracils to mutational hotspots in SHM
or DSBs involved in CSR.

We use below an unbiased approach to mapping uracils in
a murine cell line undergoing CSR focusing mainly on the Igh
gene. Using uracil pull-down and sequencing technique (UPD-
seq) [30], we show that the uracils are highly localized within
Igh and correlate well with the known locations of DSBs that
cause CSR.

Materials and methods

Murine cell line growth

The mouse B-cell lymphoma cell line, WT CH12F3, and its
UNG~/~ and AID~/~ knockout derivatives were kindly pro-
vided by Dr Kefei Yu (Michigan State University). These
cells were cultured in RPMI 1640 media (Cytiva) supple-
mented with 8% fetal bovine serum (FBS, Hyclone), 2 mM
L-glutamine, 100 units/ml penicillin-streptomycin, and 50
uM B-mercaptoethanol (Sigma—Aldrich). The cells were main-
tained at 37°C with 5% CO; in a humidified incubator in
tissue culture-treated T-25 cm? or T-75 cm? flasks (US Sci-
entific). Cell counts and viability were determined using try-
pan blue staining (Sigma) and a TC20 cell automated counter
(Bio-Rad).

CIT stimulation and isotype switching assay

To stimulate the cells for isotype switching, they were cultured
at a cell density of 50 000 cells/ml in media supplemented with
1 pg/ml of purified anti-mouse CD40 (eBiosciences), 10 ng/ml
of recombinant mouse interleukin 4 (IL-4; R&D Systems), and
1 ng/ml of recombinant human transforming growth factor
(TGF-B; R&D Systems). The stimulated cells were then incu-
bated at 37°C with 5% CO; in a humidified incubator for
72 h.

Following 72 h CIT stimulation, one million cells were
transferred into 12 x 75 mm round-bottom polystyrene Fal-
con test tubes (Corning), and the cells were harvested by cen-
trifugation at 500 g for 3 min at 4°C. They were resuspended
in 1 ml of wash buffer (1x phosphate buffered saline (PBS),
0.5% fetal bovine serum (FBS), and 0.02% NaN3) and har-
vested again using the same centrifugation conditions. Next,
the cells were stained with 0.5 pg/ml fluorescein isothio-
cyanate (FITC)-conjugated anti-mouse IgA antibody (BD Bio-
sciences) and incubated for ~30 min at 4°C in the dark. Fol-
lowing incubation, the cells were washed and resuspended in
500 ul of wash buffer.

Fluorescence-activated cell sorting (FACS) analysis was per-
formed using the LSR II Flow Cytometer (BD Biosciences) at
the Microscopy, Imaging, and Cytometry Resources Core at
Wayne State University. Isotype switching was quantified as
the percentage of IgA-positive cells. Dead cells were excluded
from the assay by labeling them with 7-AAD (BD Biosciences).

RNA extraction and RT-PCR

Total RNA was extracted from CH12F3 cells using TRIzol™
(Invitrogen) reagent and the manufacturer’s protocol. Briefly,
one million cells were harvested by centrifugation, and 150 ul
of TRIzol™ reagent was added. After resuspension, the mix-
ture was incubated for 5 min. Subsequently, 30 ul of chloro-
form was added per 150 ul of TRIzol™ reagent, and the mix-
ture was incubated for an additional 2 min. The sample was



then centrifuged for 15 min at 12 000 g at 4°C. The aque-
ous phase containing the RNA was transferred to a new tube,
and 75 ul of isopropanol was added per 150 ul of TRIzol™
reagent to precipitate the RNA. After centrifugation, the pel-
let was washed with 150 ul of 75% ethanol, air dried, and
resuspended in RNase-free water.

The reverse transcription of RNA was carried out using
oligo d(T)23 primers and the Protoscript® II First Strand
c¢DNA synthesis kit (NEB). Expression levels of murine AID
were determined by amplifying the copy DNA (cDNA) us-
ing the PowerUp SYBR Green master mix (Applied Biosys-
tems). The gene- or region-specific primers used for reverse
transcriptase polymerase chain reaction (RT-PCR) are listed
in Supplementary Table S2. The reaction conditions were as
follows: 95°C for 10 min, followed by 45 cycles of extension
at 50°C for 15 s and 60°C for 1 min. Gene expression levels
were determined relative to murine TATA-box binding protein
(TBP), which served as the internal control. Amplification was
performed using the 7500 Fast Real-Time PCR System (Ap-
plied Biosystems), and the data were analyzed using the AC;
method.

Uracil quantification assay

The uracil quantification assay was performed as described
previously [31]. Briefly, genomic DNA (5 ng) was digested
with Haelll (NEB) and purified using phenol:chloroform
extraction followed by ethanol precipitation. The digested
DNA was then incubated with 10 mM O-allylhydroxylamine
(Sigma—Aldrich) at 37°C for 1 h. Subsequently, the DNA was
treated with Escherichia coli uracil DNA-glycosylase (UNG)
at 37°C for 30 min to excise uracils creating abasic sites. The
DNA was further incubated with 2 mM AA6 [32] for 1 h at
37°C to tag abasic sites generated from the excision of uracils.
The AA6-tagged DNA was then labeled with 1.7 uM DBCO-
CyS by shaking the reaction mixture at 37°C in the dark for 2
h. The fluorescently labeled DNA was purified using the DNA
Clean and Concentrator Kit (Zymo Research) and transferred
onto a positively charged Zeta Probe membrane (Bio-Rad)
using a Bio-Dot apparatus (Bio-Rad). The membrane was
scanned using a Typhoon 9210 phosphor imager (GE Health-
care). Images were analyzed using the Image] software, and
fluorescence intensity was converted to uracil counts using the
CJ236 standard curve, as previously described [31].

UPD-qPCR and UPD-seq

DNA sonication and pull-down were performed as previously
described [30]. Briefly, genomic DNA was dissolved in 1x TE
buffer (200 ng/ul) and sonicated to produce 500 bp fragments
using a Covaris S2 sonicator at the Proteomics Core, Wayne
State University. The fragmented DNA was incubated with
10 mM AA7 (Sigma-Aldrich) at 37°C for 1 h to block pre-
existing abasic sites. The DNA was then treated with E. coli
uracil DNA-glycosylase (UNG) at 37°C for 30 min to excise
uracils and create new abasic sites. Subsequently, the DNA
was incubated with 2 mM ssARP [30] for 1 h at 37°C to tag
abasic sites generated from the excision of uracils. The ssARP
has a biotin functionality, which was used for pull-down using
Dynabeads MyOne Streptavidin C1 magnetic beads (Invitro-
gen). The beads were washed with 2x DNA binding and wash
buffer (B&W buffer: 10 mM Tris-HCI, pH 7.5; 1 mM EDTA;
2 M NaCl; 0.05% Tween 20), and the DNA was bound to
the beads by incubating for 20 min. DNA-bound beads were
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separated using a magnetic stand (DynaMag, Invitrogen), and
the supernatant containing unbound DNA was removed. The
beads were washed five times with 1x B&W buffer to remove
impurities and resuspended in 100 mM dithiothreitol (DTT)
for 10 min at 37°C. The beads were then placed on the mag-
netic stand, and the supernatant containing the eluted DNA
was purified by ethanol precipitation. The DNA pellet was dis-
solved in 1x TE buffer, and the concentration was measured
using a Qubit™ 4 Fluorometer (Invitrogen).

The switch region Sp and constant region Cy3 were am-
plified from CH12F3 WT DNA using Phusion U Hot Start
DNA Polymerase (Thermo Scientific) for standard curve
preparation, with the Spu and Cy3 nested primers listed in
Supplementary Table S2. Polymerase chain reaction (PCR)
products were confirmed on an agarose gel (Su: 295 bp; Cy3:
297 bp) and purified using the GeneJet PCR purification kit
(Thermo Fisher). Two standard curves were prepared using
a series of 5-fold dilutions. The reaction mixture was pre-
pared in a final volume of 25 ul, containing pull-down DNA
from each sample from simulated and unstimulated UNG~/~
CH212F3 cells, specific primer pairs, and PowerUp SYBR
Green Master Mix (Applied Biosystems). Nuclease-free wa-
ter was used for the reactions and for sample dilutions. The
reaction conditions were 95°C for 10 min, followed by 45 cy-
cles of extension at 50°C for 15 s, and finally 60°C for 1 min.
The copy number of each DNA sample was calculated using
the appropriate calibration curve and the respective C; values.
The qPCR assay was performed using the 7500 Fast Real-
Time PCR System (Applied Biosystems).

The same pull-down DNA was also used for Illumina DNA
library preparation. During the library preparation step, adap-
tors were ligated to the ends of DNA. DNA libraries were
prepared using the TruSeq DNA Nano library preparation kit
(llumina) according to the manufacturer’s protocol, targeting
an average fragment size of 700 bp. Prior to sequencing, the li-
braries were amplified using adapter-specific primers and 8 cy-
cles of PCR. The quality of the prepared libraries was assessed
using the Agilent 4200 TapeStation or the Agilent Bioanalyzer
at the Genomics Core Facility, Wayne State University. All li-
braries were pooled in 2 nM equimolar quantities for multi-
plexed sequencing. The prepared libraries were loaded onto
one Illumina NovaSeq 6000 SP 300 flow cell and sequenced
in a2 x 150 bp paired-end format using the SP 300 cycle
reagent cartridgeat the Genomics Core Facility, Wayne State
University.

Alignment and quality filters

The raw sequencing data were quality-controlled using
FastQC (v0.11.8; http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). The sequencing reads were aligned to the
MGSCv37 (mm9) genome using bwa (v0.7.15, [33]) with de-
fault parameters. Samtools (V.1.4.1, [34]) was used to con-
vert the alignments to BAM format. SortSam and MarkDu-
plicates [Picard tools (v2.17.1), https://gatk.broadinstitute.
org/hc/en-us] were used to sort reads and mark duplicate
reads. When needed, Sambamba (V.0.4.7, [35]) was used to
merge the sequences from multiple sequencing lanes. A cus-
tom script was used to filter out duplicate reads, as well as
reads with mapping quality <10 [36], and reads with an align-
ment score <80% of read length. A bash script (available at
github.com/rayanramin/AID.cry-UPDSeq) was used to iden-
tify reads that contain at least one mismatch at a C:G po-
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sition. Integrated Genome Viewer (IGV V.2.10.3) [37] was
used to manually inspect a sample of aligned reads for quality
control.

Uracilation peak calling

The original high quality sequencing reads (QC score > 30)
and mapping quality-filtered alignments were used to call en-
richment peaks via MACS2 (v2.0.10, [38]). MACS2 was run
in the paired mode—sequence alignments from the unstim-
ulated samples were used as the control sample and the se-
quences from stimulated samples were taken as the treatment
samples.

Analysis of base substitutions in UPD-seq

The bam-readcount utility [39] was used to extract the counts
of aligned reads at each position in the IgH gene. The table of
nucleotide-level coverage was imported into R and analyzed
further to compare the frequencies of base changes in different
regions.

R (v4.2.3; https://cran.r-project.org/) with the packages
Rsamtools (v2.18.0, [40]), GenomicRanges (v1.54.1) and
IRanges (v2.36.0) [41], and dplyr (v1.1.2; https://github.com/
tidyverse/dplyr) were used to import sequencing reads align-
ing to various IgH region; these reads were analyzed to ex-
tract the sequence change information. These changes were
filtered to mask known SNPs, as well as clonal events where
the allele frequency of the “mutation” is >0.5. The C-to-T and
G-to-A single substitutions in high mapping quality reads in
MACS?2 peaks found in Smu and Salpha were identified, and
the numbers of such changes in NC, WRCY, and non-WRCY
(nWRCY) sequence contexts were determined. Additionally,
the numbers of adjacent C-to-T and G-to-A double sequence
changes were determined and the distances between the adja-
cent changes were determined. These numbers were normal-
ized to the number of available sequence motifs within the se-
quences (as relevant) and the number of mapped reads in the
IgH region for each experiment. The frequencies are presented
per 10 kbp. The code for these calculations will be available
at Github.

Deep sequencing
Genomic DNA was extracted from WT, UNG~/~,and AID~/~
CHI12F3 cells. The S, and Cy3 regions were amplified using a
nested PCR approach. Outer PCR reactions were performed
with Phusion U Hot Start DNA Polymerase (Thermo Scien-
tific) using the primers listed in Supplementary Table S2. The
50 pl reactions were performed as follows: 1x incubation for
5 min at 98°C, followed by 10 cycles of 10 s at 98°C, 30 s
at 64°C, 1 min at 72°C, and finally 5 min at 72°C. Nested
PCR was then carried out using the PCR amplicons from the
previous reaction as a template using the primers listed in
Supplementary Table S2. The 50 pl of nested PCR reactions
were as follows: 1x incubation for 5 min at 98°C, followed by
20 cycles of 10 sat 98°C,30 s at 64°C, 15 sat 72°C, and finally
5 min at 72°C. The PCR products were purified, and DNA li-
braries were prepared using Illumina TruSeq DNA Nano fol-
lowing the manufacturer’s protocol. The libraries were sub-
sequently sequenced on the Illumina MiSeq platform at the
Genomics Core Facility, Wayne State University.

Sequence reads were analyzed using a custom pipeline de-
scribed previously [42]. Briefly, paired-end reads were joined
using the fastq-join tool, considering reads with at least a 10

bp overlap and a mismatch rate < 8%. The joined reads were
aligned to the reference sequence (mm9) using bwa with de-
fault parameters. Position-wise statistics were generated and
reads with a mapping quality of at least 60 and a minimum
base quality of 30 were used for mutational analysis. For
each sample, BAM files were converted to TSV format us-
ing the Java-based utility sam2tsv (http://lindenb.github.io/
jvarkit/Sam2Tsv.html). A custom AWK script was then used
to generate per-read summary files for point mutations. The
source code is available at https://github.com/rayanramin/
CH12-UPDSeq.

Sequence repeat analysis

The distribution of various sequence repeats within the p
(chr12:114656190-114666269) and « (chr12:114492990-
114503549) segments of the mouse genome (mm9 refer-
ence) was determined using IGV and downloaded to an
Excel spreadsheet. The sequences examined include WRC
(where W is A or T), WRCY (where R is a purine and
Y is a pyrimidine), AGCT, GGG, GGGG, and the putative
G quadruplex-forming sequences GGGGTGAGCTGAGCT-
GAGCT (#1) and GAGCTGAGCTGGGGTGAGCT (#2). The
Smu and Salpha sequences were divided in 60 bp win-
dows ,and the number of occurrences of each repeat was
counted within each window. These counts are presented in
Supplementary Table S4.

Switch junction analysis

The visualization of genomic data within the Igh and Igl loci
used the Integrative Genomics Viewer (IGV V.2.10.3, [37]) in-
corporating coverage files from UPD-seq as well as HTGTS
and DRIP-seq datasets, represented in BAM, BIG WIG, BED,
and BEDGRAPH formats. The coordinates of all promoters,
switch, constant, and regulatory regions within the mouse IgH
locus, as well as the coordinates for IgL regions, have been
previously described [43].

The high-throughput genome-wide translocation and se-
quencing (HTGTS) data deposited in the NCBI Gene Expres-
sion Omnibus (GEO) under accession number GSE1069228
[44] were used to identify DSBs within the Smu and Sal-
pha in CHI12F3 cells. The coordinates of switch junctions
within the mouse IgH locus were extracted, and the fre-
quency of these switch junctions was calculated at each nu-
cleotide within the locus, then binned in 60 bp sliding win-
dows. BEDGRAPH files were subsequently generated and vi-
sualized using IGV. Additionally, HTGTS data deposited at
the UCSC Genome Browser development site (http://52.20.
87.23/public/Dis3_project/, [45]) were used to identify DSBs
within the Smu in mouse B cells. Previous studies that reported
switch junctions determined by targeted PCR sequencing in
CH12F3 cells or C57BL/6 murine splenocytes [46-52] are
listed in Supplementary Table S3. DSB frequency was deter-
mined at the nucleotide level within the S,, and S, loci, and
the junctions were binned in 60 bp windows and converted to
BEDGRAPH files for visualization using IGV.

R-loop analysis

R-loops within the Smu region of the murine B cells and
the Salpha region of the CH12F3 cells have been mapped
using a bisulfite-based assay [53, 54]. The sequencing files
from the study by Huang et al. [53] were kindly provided
by Dr Kefei Yu (Michigan State University), and we selected
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14 of these files for analysis. The long stretches of C-to-T
changes in each of these sequences were taken to represent the
single-stranded regions defining an R-loop. These sequences
and the single-stranded regions therein are in Supplementary
Sequence File S1. In Salpha, the extent of the R-loops was
determined based on the PCR primers used in this study for
DNA amplification [54]. One end of each R-loop was near
one of the PCR primers and the other end was estimated
based on the relevant illustration in the paper (Supplementary
Sequence File S1, [54]). These R-loop sequences were then
mapped onto the murine genomic sequence (mm9). The DRIP-
seq data regarding R-loops in Smu in mouse B cells were ob-
tained from the UCSC Genome Browser (http://52.20.87.23/
public/Dis3_project/, [45]). The Bigwig files of these data from
Dis3 + mice were downloaded and visualized in IGV.

Results

AID expression causes greater accumulation of
uracils and mutations in S, but not C,3

We chose murine B-cell tumor-derived cell line, CH12F3, for
our studies because it undergoes an IgM-to-IgA isotype switch
at high frequencies following stimulation of cells by a cock-
tail of cytokines referred to as CIT [55]. Following stimula-
tion of CH12F3 cells with CIT, AID expression increased 12-
and 16-fold in wild-type (WT) and UNG~/~ cells, respectively
(Fig. 1A) and corresponding genomic uracil levels increased
31% and 49% (Fig. 1B). As reported previously [56], the
uracilation levels were higher in UNG~/~ cells compared to
WT cells (Fig. 1B) and the stimulation caused a large increase
in IgM-to-IgA switching in WT cells, but not in UNG~/~ cells
(Fig. 1C and Supplementary Fig. S1A; [57]). Isotype switching
was undetectable in AID™/~ cells (Supplementary Fig. S1B).
The modest increase in genomic uracils even in UNG™/~ cells
suggests that cytosine deamination due to AID is restricted
to only a limited number of genomic regions. This exper-
iment was repeated, and the results showed similar trends
(Supplementary Fig. S2A-C).

As described previously [30], we replaced uracils in ge-
nomic DNA from the two cell lines with a tag containing
biotin and pulled down the DNA fragments using strepta-
vidin beads. To confirm that the switch region DNA had
been damaged by AID, we performed qPCR on the pull-down
DNA using primers specific for Smu, with C, 3 (Cgamma3) re-
gion serving as the negative control (Supplementary Fig. S3A).
This UPD-qPCR showed that the Smu region was enriched in
the pull-down even without cell stimulation, and the amount
of Smu-specific pull-down increased substantially following
stimulation (Fig. 1D and Supplementary Fig. S2D). Interest-
ingly, the amount of pull-down DNA from Cgamma3 de-
creased following stimulation and the decrease was statisti-
cally significant in both independent experiments (Fig. 1D and
Supplementary Fig. S2D). The reason for this decrease is not
unclear. Thus, it appears that AID-mediated cytosine deami-
nations increase in Smu following cellular stimulation but de-
crease in Cgamma3.

To confirm that AID was creating uracils in Smu [58], we
amplified segments of Smu from genomic DNA (without pull-
down) from AID~/~, WT, and UNG~/~ stimulated cells using
PCR and subjected it to deep sequencing. The frequency of all
mutations and those at C:G pairs in Smu was higher in WT
cells compared to AID™/~ background and were even higher
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in AID*/* UNG~/~ cells (Fig. 1E). In contrast, the mutation
frequency at Cgamma3 was low and remained the same in
different genetic backgrounds suggesting that it represented
the background mutation frequency for the experiment (Fig.
1E). Together these results show that stimulation of WT and
UNG~/~ CH12F3 cells results in increased AID expression,
increased total genomic uracil levels, and increased uracils and
mutations in Smu, but not Cgamma3.

AID creates uracilation peaks in S, and S, but not
in the rest of Igh or V|

To determine the distribution of uracils in the Igh gene during
CSR, we performed UPD-seq [30] on genomes of UNG~/~
CH12F3 cells following CIT stimulation and compared the
uracil distribution across the murine Igh gene to the unstimu-
lated control. The pulled-down DNA fragments, which should
contain uracils, were mapped to the murine genome and their
frequency of occurrence in the Igh gene is shown in Fig. 2A.
The increase in uracilation following CIT stimulation was
found concentrated only in Smu and S, (Salpha) (Fig. 2A).
It was highest within Smu increasing from a maximum of
~70 sequencing reads in unstimulated cells to greater than five
times that value in stimulated cells. The increase in uracila-
tion following stimulation begins around the mu promoter
and drops sharply before the end of Smu (Fig. 2B). There was
also uracil accumulation in Salpha, but the magnitude of in-
crease in uracilation in this region following cell stimulation
was smaller (3.7-fold, Fig. 2A and B).

The MACS2 algorithm [38] was used to find significant
increases in read coverage as a result of stimulation and
these peaks of uracilation are shown in Fig. 2B. This analy-
sis showed a broad uracilation peak in Smu and a narrower
peak in Salpha (Fig. 2B). Conversely, there was only scat-
tered uracilation in other regions within Igh, and none showed
much increase following CIT stimulation (Fig. 2A). MACS2
identified no gain peaks in any regions within Igh other than
Smu and Salpha (Fig. 2A and B; and Supplementary Fig. S4A
and B). Notably, there was little accumulation of uracils in
the five other switch regions and MACS2 did not identify
peaks in any of these switch regions (Fig. 2A). Thus, both the
switch regions involved in isotype switching acquire uracils,
while the switch regions within Igh where mutations or strand
breaks do not occur did not show an increase in uracila-
tion. This same general pattern of uracilation increase in Smu
and Salpha following stimulation without much increase in
other Igh regions was also seen in two biological replicates
(Supplementary Fig. S4A and B). Following CIT stimulation
there were overlapping MACS2 uracilation peaks in Smu in all
three biological replicates, while overlapping peaks in Salpha
were found in two of the replicates (Supplementary Fig. S4B).
In the third replicate, there was an increase in Salpha follow-
ing CIT stimulation, but no MACS2 peak (Supplementary Fig.
S4B). This establishes a direct correlation between AID ex-
pression, uracil accumulation in only the relevant switch re-
gions and IgM-to-IgA switching.

AID expressed in CH12F3 cells does not localize to the Igh
variable region [17] and does not cause SHM [59]. However,
it is not known whether there is any accumulation of uracils
in VDJ or V] regions of the Ig genes of this cell line follow-
ing stimulation. To answer this question, we mapped UPD-seq
reads to these regions and subjected them to MACS2 analy-
sis. As seen in Fig. 2B and D, and Supplementary Fig. S4B and
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Figure 1. Characterization of CH12F3 cells stimulated to undergo CSR.

“-CIT" are cells prior to stimulation and “+CIT" are cells after a 3-day CIT

treatment. In panels (A), (B), and (D), the data are from three technical replicates and are presented as mean =+ standard deviation. Statistical
significance was determined using a two-tailed Student's t-test. ns, not significant, P> 0.05; "*"- P < 0.05; "**"- P < 0.001; "***" P < 0.0001. (A)
Quantification of AID expression using RT-qPCR of RNA isolated from WT and UNG~/~ cells. (B) Quantification of genomic uracils from DNA isolated
from WT and UNG~/~ cells. (C) Quantification of IgM-to-IgA switching frequency in one biological replicate (Rep 0) using the flow cytometry. Flow
cytometry data from three biological replicates are shown in Supplementary Fig. S1. (D) The number of copies of Spand Cy3 regions in pull-down DNA
from UNG~/~ CH12F3 determined using gPCR. (E) Quantification of mutation frequencies in Su (left) and Cy3 (right) regions in WT, UNG~/~, and
AID~/~ DNA at day 3 after CIT treatment, for all mutations and mutations at C:G base pairs. Mean and standard deviations from three biological
replicates are shown. P-values were determined using one-tailed t-test and are indicated using asterisks as described above.

C, the uracilation levels remained low even after CIT stimula-
tion in the variable region in Igh and the rearranged variable
segment in Igk (note that the scale for the variable regions
is 0 to 200, while that for Smu is 0 to 400). Examination of
the whole Igl gene also did not reveal much uracil accumu-
lation anywhere in the gene (not shown), but we could not
map the uracilation in the transcriptionally active variable re-
gion because the V] rearrangement in this gene has not been
characterized in CH12F3. Regardless, MACS2 did not find
uracilation gain peaks in either Igk or Igl genes (Fig. 2D and
Supplementary Fig. S4C, and not shown). Thus, the regions in
Ig genes that are known not to acquire hypermutations also do
not accumulate uracils suggesting that a lack of uracilation—
and not error-free repair of uracils—is responsible for the lack
of SHM in CH12F3 cells.

It has been proposed that isotype switching may occur ei-
ther through a sequential mechanism involving an interme-
diate switching step or a direct mechanism that lacks an in-
termediate step. [gM-to-IgE switching has been proposed to
follow the former mechanism with an intermediate switching
step of I[gM to IgG1 [60-63]. The lack of detectable uracila-
tion in switch regions between Smu and Salpha (Fig. 2A) sug-
gests that isotype switching in CH12F3 cells does not occur
by a sequential mechanism.

When UPD-seq was performed on two independent batches
of stimulated AID~/~ CH12F3 cells, the levels of uracilation
in Smu and Salpha were quite low (Fig. 2C) as would be ex-
pected. We also determined uracilation in the Igh gene in WT
cells and found low levels of uracils regardless of whether the
cells were stimulated or not (Supplementary Fig. S4D). This
shows that UNG-mediated excision of uracils removes most
of the uracils created by AID.

Switch junctions mapped using HTGTS match
uracilation peaks

If uracils are necessary for the creation of DSBs that lead to
switching [11], how well does the distribution of uracils match
the switch junctions? To answer this question, we obtained lo-
cations of switch junctions determined in previous studies and
compared them with the distribution of uracils determined by
UPD-seq. The switch junction studies were divided into two
groups: those using high-throughput, genome-wide translo-
cation sequencing (HTGTS) [64], and those using targeted
PCR amplification followed by Sanger sequencing (PCR se-
quencing). The PCR sequencing studies used specific primer
pairs, one for Smu and the other for Salpha, to amplify the
junctions, and each report contained sequences of only a few
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position in Igh is shown. The scale is 0 to 400. Top line- The magenta bar highlights the rearranged VDJ variable gene (V), followed by grey bars
highlighting unrearranged J regions. Different switch regions (w, 8, ¥3, ¥1, ¥2b, v2c, €, and «) are shown in orange, the corresponding constant
segments are shown in blue and the 3’ /gh regulatory region (3" RR) is marked in red. The promoters are indicated in green, and the variable region is
shown in purple. This covers chromosome 12 coordinates: (right to left) 114450000-114670000 in BL/6 mouse genome (mm9). Variable region (VDJ):
114666523-114668769, 1L segment: 114656710-11466 832, and o segment: 114492979-114503315. (B) Expanded views of UPD-seq coverage shown in
part A for the variable region, the ptsegment and the o« segment. The uracilation gain peaks in the stimulated cells relative to unstimulated control
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collection of enhancers; J3 and J4 are the J segments within the intron between V and the constant segment C,,; and C,, is the constant segment for
the IgA isotype. The scale is 0 to 200 for the V and « regions and 0 to 400 for the wregion. (C) UPD-Seq tracks of CH12F3 AID~/~ at day 3 following CIT
treatment from two independent experiments (Rep1 and Rep2) within the /gh, VDJ, w, and « regions. UPD-Seq tracks in are coverage profiles of
high-quality sequencing reads (quality score > 30). (D) UPD-seq coverage of the Igk rearranged variable segment /gk-v10-96. This covers chromosome 6
coordinates: 68581500-68583500 in the BL/6 mouse genome (mm9). The scale is 0 to 200. No MACS2 peaks were found.

switch junctions. To get a more representative picture of where
the junctions are located, we combined the results from sev-
eral PCR sequencing studies [46-52]. In contrast, the HTGTS
studies used Roche-454 [64] or [llumina [45] sequencing and
mapped the sequencing reads to the mouse genome, reporting
hundreds of switch junctions. One of the HTGTS study used
IgM-to-IgA switching in CH12F3 cells [44], while the other
studied ex vivo stimulated murine splenocytes that switched
from IgM to principally to IgG1 [45]. In the latter case, we
used data from only the Smu side of the junctions for Dis3*/~

mice [45]. To smooth out stochastic variation in the positions
of switch junctions, we added together the junctions in 60-bp
windows across the two switch regions.

When the locations of HTGTS junction sequences were
compared to the accumulation of uracilated DNA fragments,
there were remarkable similarities in the two distributions. In
Smu, both the switch junctions and uracilation increase from
the start of the switch region peaking around its middle and
then decrease rapidly to background levels before the 3’ edge
of the Smu core (Fig. 3A). Additionally, the switch junctions
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determined using Sanger sequencing (targeted PCR sequencing). The MACS2 peaks are shown as purple boxes below the UPD-seq data. The switch
junctions were binned using 60 bp windows and the range in the number of sequencing reads or junctions is shown next to each plot.

in CH12F3 cells showed the double-peak shape seen in all
three Smu uracilation profiles (Fig. 3A and Supplementary Fig.
S4B). There were multiple uracilation humps in Salpha, two
of which roughly matched with the two peaks in the junc-
tion sequence profile, and MACS2 identified one of them as
a peak (Fig. 3A). In the biological replicate labeled Rep 1,
MACS?2 found two peaks (Supplementary Fig. S4B) very sim-
ilar to those in the switch junctions (Fig. 3A).

Switch junctions determined using PCR sequencing
match uracilation with high mapping quality

Both the UPD-seq and HTGTS techniques sequence DNA
fragments with unknown ends and then map the obtained se-
quences to the genome. Even though we selected only high-
quality sequencing reads (QO-score > 30), mapping the reads
to the “core” of Smu is challenging because of the highly repet-
itive nature of this region (see below). To reduce this problem,
we filtered out UPD-seq sequencing reads that had low map-
ping quality and confidence (hereafter called mapping qual-
ity, Supplementary Fig. S5). This dramatically changed the ob-
served uracilation distribution.

Filtration for mapping quality eliminated most of the se-
quencing reads from the core Smu and moved the uracila-
tion humps and associated MACS2 peak toward the 5’ side of
Smu (Fig. 3B and Supplementary Fig. S4B). The post-filtration
MACS2 peak begins at the start of Smu and ends near the
5" edge of the core. In Salpha the effect of the mapping filter
was subtler, only somewhat reducing the heights of uracila-
tion peaks. Interestingly, MACS2 assigned a broader peak Sal-
pha after the filtration (Fig. 3B), presumably because of the re-
moval of low mapping quality reads prior to differential peak
calling.

In both Smu and Salpha, the switch junctions determined
by PCR sequencing matched better with the post-filtration
MACS2 peaks than the pre-filtration peaks (Fig. 3A and B).
Although the number of switch junctions determined using
PCR sequencing is much smaller than the HTGTS, the dis-
tribution of the former set of switch junctions matched well
with the post-filtration MACS2 peaks and the density of the
junctions was similar to the density of uracilation within these
peaks. Thus, mapping quality filtration creates uracilation
data with greater mapping confidence that matches well with
the intrinsically high-quality mapping of PCR-based sequenc-
ing of switch junctions.

Repetitive sequences and R-loops do not show a
strong correlation with uracilation

The switch regions contain many repetitive sequences [63,
66], and we mapped the frequency of occurrence of six differ-
ent repetitive sequences across Smu and Salpha using 60-bp
windows (Fig. 4A). These included preferred targets of AID
(WRC, WRCY, and AGCT), repeats that may promote R-loop
formation (GGG and GGGG) and two G-quadruplex promot-
ing sequences [22, 67]. While the Smu core had the highest
concentration of all seven repeats, other parts of Smu also
contained multiple repetitive sequences. There was good cor-
relation between the frequency of repeats and uracilation in
the Smu core, but the correlation was poor outside the core.
WRC and WRCY sequences are found at high frequencies
on the 3’ side of core Smu, but few UPD-seq reads map in
this region. The correlation between repetitive sequences and
uracilation is worse in Salpha. The WRC, WRCY and GGG
repeats are scattered throughout Salpha and GGGG repeats
are present mostly at the 3" half of Salpha (Fig. 4A). However,
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Figure 4. Relationship between uracilation, repetitive sequences and R-loops. The top line in each part shows the Mu and Alpha regions. Smu and
Salpha region boundaries are shown using orange downward arrows, and the Smu and Salpha core region boundaries are shown using red downward
arrows. The MACS2 peaks for first data set (Rep 0) are shown below. (A) Comparison of MACS2 peaks determined using UPD-seq reads, with and
without prior filtration of low mapping-quality reads with repetitive sequences. The distribution of repeats of sequences WRC (W is A or T), WRCY (Y is a
pyrimidine), AGCT, GGG, GGGG, and of the G quadruplex forming sequences GGGGTGAGCTGAGCTGAGCT [22] and GAGCTGAGCTGGGGTGAGCT
(respectively #1 and #2 in the figure, [22, 67]) is shown in 60-bp windows across the Smu and Salpha regions. The range of the number of sequencing
reads or repeats is shown next to each plot. (B) Comparison of coverage of MACS2 peaks determined using UPD-seq reads with and without prior
filtration of low mapping quality reads with the distribution of R-loop forming regions analyzed in activated B cells (Smu) or CH12F3 cells (Salpha) using
either bisulfite treatment followed by sequencing (top) or DRIP sequencing (bottom). For the bisulfite-based mapping, only representative loops are
displayed to show the extent of coverage of the regions by R-loops. The primers used in the PCR amplification of DNA are indicated in black triangles.

MACS?2 identifies uracilation peaks in only one or two nar-
row regions near the center of Salpha (Figs. 2B and 3B; and
Supplementary Fig. S4B). The putative quadruplex forming
sequences are found only within the Smu core, but uracila-
tion extends to the 5’ side of the core (Fig. 4A). Furthermore,
the quadruplex forming sequences are completely absent from
Salpha (Fig. 4A). Thus, the occurrence of various repetitive se-
quences in Smu and Salpha does not fully explain uracilation
of these regions.

The Smu and Salpha regions have been shown to form R-
loops [53, 54], and an increase in the frequency of G-repeats
promotes R-loop formation and increases isotype switching
[68, 69]. R-loops contain single-stranded DNA that is thought
to be a good substrate for cytosine deamination by AID [23].
To gauge the role of R-loop formation in uracilation by AID,
we compared our uracilation maps with previously mapped
R-loops in the Smu region of splenic B cells and Salpha in

CH12F3 (Fig. 4B). The R-loops determined using bisulfite sen-
sitivity [53] start ~200 bp downstream of the intronic pro-
moter, cover the entire Smu core, and extend ~700 bp to
the 3’ side of the core (Fig. 4B). Uracilation of Smu, as in-
dicated by the MACS2 peak, has roughly the same 5" edge
as the R-loops, but ends several hundred base pairs before
3" edge of the mapped R-loops. The R-loops mapped in Sal-
pha region of CH12F3 cells [54] also do not correlate well
with MACS2 uracilation peaks. While we find that enhanced
uracilation due to AID expression occurs in the middle of the
Salpha core, R-loops have been found on either side of the core
sequence [54].

Leffleur et al. stimulated murine B cells ex vivo using IL-4
causing a switch from IgM to IgG1 and mapped R-loops in
Smu using DRIP-seq [45]. The R-loops determined by DRIP-
seq in Dis3*/~ mice [45] also extended beyond the 3’ edge of
the uracilation peaks, but did not extend as far as the peaks on
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the 5’ side (Fig. 4B). The frequency of R-loops determined by
DRIP-seq had a “W?” shape which is not reflective of uracila-
tion in Smu. Thus, while the mapped R-loops in Smu do cover
most of the uracilated regions, the apparent presence of R-
loops on the 3’ side of the Smu core and beyond, and the pres-
ence of R-loops on either side of Salpha core are not consistent
with the UPD-seq results.

It is possible that during UPD-seq DNA in R-loops is not
efficiently pulled down causing under-representation of this
DNA in subsequent sequencing steps. We consider this to be
unlikely because R-loops contain a single-stranded DNA (ss-
DNA) and an RNA:DNA hybrid and uracils in either struc-
ture should be highly susceptible to excision by Ung to create
abasic sites that would react with ssARP. Uracils in ssDNA
are better substrates for Ung than those in double-stranded
DNA [70] and human Ung is known to excise uracils from
the DNA:RNA hybrid intermediate formed during HIV repli-
cation resulting in degradation of the viral genome [71].

S., but not S, contains many closely spaced
uracils on opposite strands

When the conversion of cytosine to uracil in UNG™/~ cells is
followed by replication, the original C:G is changed to a U:A
or a T:A pair. Additionally, during UPD-seq the pulled-down
DNA fragments are amplified for NextGen sequencing and
the Tag DNA polymerase used for the amplification inserts
an adenine across from the abasic site creating a C:G-to-T:A
change (Supplementary Fig. S3B and [30]). Thus a C:G-to-
T:A change in the sequencing reads is evidence of a C to U
conversion by AID in that base pair.

We cataloged all C:G-to-T:A changes in high mapping qual-
ity reads within MACS2 peaks and determined the strand in
which the putative cytosine deamination occurred in each se-
quencing read. The results are shown in Fig. 5 and Table 1.
The number of C:G-to-T:A changes in both Smu and Salpha
peaks was higher following stimulation (Fig. 5A), and this is
consistent with the increased pull-down in these regions (Fig.
1D). In both Smu and Salpha, the C:G-to-T:A changes were
highest in the WRCY sequence context (Fig. SA), which is con-
sistent with the known sequence preference of AID [72]. In
Smu, the percentage of sequence changes that were C:G-to-
T:A increased in the Smu peak for all three replicates follow-
ing stimulation and the ratio of C to T changes in the two
DNA strands was close to 1 suggesting a lack of strong strand
bias in the deaminations (Table 1 and Fig. 5B). The number
of C:G-to-T:A changes in Salpha peaks was much smaller and
hence those numbers are less reliable for determining percent-
age increases following stimulation or quantifying the strand
bias in deamination. When a #-test was applied to the number
of base changes in the two strands, the differences were not
statistically significant (P-value > 0.5). The number of C:G-
to-T:A changes in Cmu and Calpha was much smaller than
in the corresponding switch regions and in most cases did not
increase upon cell stimulation (Table 1). This is despite the
fact that constant segments are several times larger than the
MACS?2 peaks in the switch regions. This shows that AID does
not target the constant regions within Igh.

If a C-to-T change occurs close to a G-to-A change in the
same sequencing read, it is indicative of two closely spaced
uracils on opposite strands. These deoxyuridines could be con-
verted to a DSB if UNG and an AP endonuclease were to
act on them in a short span of time. As an illustration, if

strand breaks occur on opposite strands separated by the se-
quence GGGGAGCT, a sequence frequently found within the
switch regions, the melting temperature (Ty,) of the nicked
DNA would be ~33°C and hence the two strands should sep-
arate under physiological conditions creating a DSB. In con-
trast, if the strand breaks are separated by GGGGTGAGC-
TAGCT, another common sequence in the switch regions,
the T, would be 58°C and the DNA should remain double-
stranded. To locate potential DSBs due to paired cytosine
deaminations on opposite strands, we identified C-to-T and
G-to-A changes within in high-mapping-confidence UPD-seq
reads and binned them based on the distance between the base
changes. The results are shown in Supplementary Table S1 and
Fig. 5C.

There were many C-to-T/G-to-A double changes a short
distance apart in the Smu peak, especially following stimu-
lation (Fig. 5C). There were nearly 600 such pairs within all
the sequence reads that mapped in the Smu MACS2 peaks in
the three replicates. In over 50 such pairs, the two sequence
changes were <9 bp apart (Supplementary Table S1 and Fig.
5C). Thus, it is easy to visualize double deaminations coupled
with the action of UNG and APE1 resulting in DSBs in Smu.

Such DSBs would be much less feasible in Salpha. There
were no paired C-to-T/G-to-A double changes within MACS2
peaks in Salpha in unstimulated cells, and upon stimulation
the number of such pairs rose to only 10% those seen in
the Smu MACS2 peak (Supplementary Table S1 and Fig. 5C).
Only four such pairs in MACS2 peaks in Salpha were <9 bp
apart. Thus, it is likely that DSBs due to sequential action of
UNG and AP endonuclease occur much less frequently in Sal-
pha than Smu. Successful isotype switching from IgM to IgA
requires that DSBs in Smu and Salpha occur nearly simultane-
ously and hence the paucity of potential DSBs in Salpha may
limit CSR frequency unless other mechanisms increase the fre-
quency of occurrence of DSBs in Salpha.

Discussion

We have shown here that uracils created by AID in a murine
cell line undergoing CSR are largely concentrated in the two
switch regions that are known to suffer DSBs during isotype
switching. However, there are two reasons to think that the
uracilation maps created in these studies are likely to under-
estimate the amount of uracils created by AID. First, Maul
et al. [29] showed that the amount of UNG-sensitive DNA
within Smu was highest one day post-stimulation and de-
creased thereafter. We used cells three days post-stimulation
for UPD-seq because isotype switching culminates around this
time allowing us to make a more direct comparison between
uracil accumulation and IgM-to-IgA switching. It is possible
that some of the uracils created by AID are lost through ex-
cision by DNA glycosylases that act as back-ups to UNG [9]
or by replication-independent mismatch repair (MMR; [73,
74]). Thus it is likely that we will find even higher levels of
uracilation in the Smu and Salpha regions in the first 24 h
post-stimulation. Second, during UPD-seq the library DNA is
amplified using the Taq polymerase for 8 cycles, during which
the small chemical scar left behind during the enrichment
step must be bypassed by the polymerase (Supplementary Fig.
S3B). Although Taq polymerase does bypass this scar and in-
sert adenine across from it, some stalling of the polymerase
at the scar does occur [30]. Consequently, any DNA lacking
uracils that may be contaminating the pulled-down DNA may
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Table 1. C:G to T:A changes within MACS2 peaks
Rep 0 Rep 1 Rep 2
C:Gto C:Gto C:G to C:Gto C:Gto C:Gto
Length T:A T:A T:A T:A T:A T:A
Region (bp) Condition Count percentage?  NTS/TS* Count percentage®  NTS/TS®  Count percentage®  NTS/TSP
Smu peak 1411 Unstimulated 165 65.2 0.99 133 61.6 0.82 151 522 1.1
Stimulated 892 76.2 0.87 774 69.4 0.88 400 63.7 0.8
Salpha peak1 426 Unstimulated 15 68.2 14.00 15 83.3 1.50
Stimulated 138 80.7 1.88 87 56.1 2.11
Salpha peak2 599 Unstimulated 11 47.8 0.22
Stimulated 208 53.9 0.54
Cmu 4220  Unstimulated 7 9.9 2.50 7 5.83 6.00 7 4.0 1.33
Stimulated 6 7.1 1.00 N 5.26 0.67 5 2.6 1.50
Calpha 5455 Unstimulated 17 9.4 0.55 10 6.29 0.43 18 5.0 1.57
Stimulated 25 13.0 0.92 27 9.78 1.08 18 4.9 1.57

3C:G to T:A changes as percentage of all the base changes
PNTS is nontranscribed strand; TS is transcribed strand

amplify better than the DNA containing a scar and amplifica-
tion of uracil-containing fragments may worsen as the number
of uracils in DNA fragment increases. Thus, the switch region
uracilation seen in our experiments is likely to be lower than
the actual total amount of uracilation.

On the other hand, it could be argued that our decision
to examine uracilation at 3 days post-stimulation may have
allowed uracils to accumulate in the switch regions. This
may create an overestimation of closely spaced C-to-T/G-to-A
double changes suggestive of double deamination events that
could cause DSBs. In WT cells if the uracils are rapidly re-
paired through BER they would not accumulate and the like-
lihood of creating closely spaced single-strand breaks on op-
posite strands may be small. This points to the importance
of FAM72A in reducing uracil excision through degradation
of UNG2 [56, 75] and allowing accumulation of uracils in the
switch regions. Harvesting UNG~/~ CH12F3 cells a few hours
after AID expression should provide a truer picture of the fre-
quency of C-to-T/G-to-A changes that could cause DSBs.

Highly repetitive sequences present two challenges for Illu-
mina Next-Gen sequencing [76]. First, it is difficult to accu-
rately determine the number of repeats within such sequences
and second, the repetitive nature of the regions may prevent
accurate mapping of the sequences to unique genomic loca-
tions [77]. We recognized that this problem also exists in com-
paring distribution of uracils determined by UPD-seq to pre-
viously determined positions of switch junctions in the switch
regions. To circumvent this, we filtered out sequencing reads
with low mapping confidence obtained during UPD-seq and
compared the distribution of high mapping quality reads with
switch junctions determined using PCR-based method. The
PCR-based method amplifies pre-determined regions of the
genome we show that their distribution correlates with peaks
of high mapping quality reads from UPD-seq (Fig. 3B).

The UPD-seq results presented here have provided sev-
eral insights into the molecular mechanism of CSR. First, the
highly focused uracilation of the Smu and Salpha regions
in UNG™/~ cells eliminates the possibility that AID creates
uracils in large swaths of the switch region, but UeG pairs
are repaired by BER in all regions except Smu and Salpha. In
other words AID targeting, and not the differential removal
of uracils from different switch regions, confers isotype speci-
ficity in CSR. Differential repair of genomic regions explains
why some non-Ig genes suffer SHM, while others escape it
[27], but it does not explain the switching specificity of CSR.

Two mechanisms have been proposed for the creation of
strand breaks through deamination of cytosines in DNA
(Supplementary Fig. S6) [11, 78-80]. One involves processing
of uracils by UNG and AP endonuclease (UNG-only mecha-
nism; Supplementary Fig. S6A). Alternately, MMR may rec-
ognize the UeG mispairs, create strand breaks in their vicin-
ity and initiate long-patch repair (MMR-dependent mecha-
nism, Supplementary Fig. S6B) [81]. When breaks in opposite
strands occur close together or are brought into close prox-
imity through the action of Exonuclease 1 during long-patch
repair [82], this creates double-strand breaks (Supplementary
Fig. S6B). The greater abundance of closely spaced C-to-T/G-
to-A double sequence changes (Fig. 5C) in Smu suggests that
the UNG-only mechanism may be sufficient to create fre-
quent DSBs in Smu and trigger CSR. In contrast, the rela-
tive paucity of closely spaced C-to-T/G-to-A double sequence
changes in Salpha (Fig. 5C and Table 1) suggests that creation
of DSBs within this region is likely to rely much more on the
MMR-dependent mechanism. Unlike the UNG-only mecha-
nism (Supplementary Fig. S6A), the two cytosine deamina-
tions that cause DSBs through the MMR-dependent mecha-
nism can be several hundred base pairs apart and can be on
the same DNA strand (Supplementary Fig. S6B) [73, 74].

A few studies have determined the footprint of AID by ex-
pressing it in uracil repair-deficient B cells, amplifying the rel-
evant regions, cloning the product in E. coli and mapping C:G
to T:A mutations using Sanger sequencing. Two such studies
mapped mutations found in the “pre-Smu” region (DNA be-
tween Imu and the Smu core) and found that the mutations
were more frequent near the Smu core than in Imu [83, 84],
which is consistent with MACS2 analysis of high mapping
quality reads (Fig. 3B and Supplementary Fig. S4B). One of
these studies also mapped mutations in a shortened Salpha
region within a CH12F3 derivative [83] and found that the
mutations were spread evenly throughout the shortened Sal-
pha [83]. The lack of a mutational peak in Salpha in this study
may be due to the small sample size (~30 clones for each con-
dition) and the long time period over which the cells were
grown (1-4 weeks). This study also mapped mutations that
accumulate in the shortened Salpha during the first 24 h after
cell stimulation, and found that only one out of the 16 clones
contained a pair of closely spaced C-to-T and G-to-A muta-
tions [83, 84]. This is consistent with our findings regarding
the paucity of double mutations in the Salpha region (Fig. 5C
and Supplementary Table S1).
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A variety of sequence repeats and non-B structures in the
switch regions have been invoked to explain how AID may
specifically target these regions and how the uracils are con-
verted to DSBs [2, 23, 80, 85-88]. While our data does not
eliminate the possibility that one or more of these features
plays a role in the action of AID, none explains the selective
enhancement of uracilation in only parts of the switch regions.
In particular, these sequences and proposed structures do not
explain why some regions within Smu and Salpha display poor
uracilation. Either a creative synthesis of these hypotheses or
a new hypothesis is needed to explain the uracilation data.
Mapping genomic uracilation using UPD-seq should help in
testing any future hypotheses regarding the molecular mecha-
nisms of CSR and SHM.
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