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B lymphocytes are rapidly dividing cells that suffer genome 
damage as a result of replication stress (Gaillard et al., 2015) 
and errors in chromosome segregation (Santaguida and 
Amon, 2015). In addition, activation-induced cytidine deam-
inase (AID), which is required for antibody gene diversifica-
tion (Muramatsu et al., 2000; Di Noia and Neuberger, 2007; 
Alt et al., 2013), is also responsible for off-target DNA dam-
age associated with the genesis of lymphoma (Robbiani and 
Nussenzweig, 2013; Qian et al., 2014; Casellas et al., 2016).

AID deaminates cytosine to uracil in single-stranded 
DNA (ssDNA; Chaudhuri et al., 2003; Dickerson et al., 2003) 
that is exposed by sequence-intrinsic mechanisms (Yeap et 
al., 2015; Zheng et al., 2015), R-loops (Yu et al., 2003), or 
simultaneous sense and antisense transcription (Meng et al., 
2014; Pefanis et al., 2014). Once formed, AID-induced ura-
cil is excised by UNG, producing an abasic site that is fur-
ther processed by a variety of different mechanisms, some of 
which can lead to DNA breaks that are resolved by nonho-
mologous end joining (Di Noia and Neuberger, 2007; Rob-
biani and Nussenzweig, 2013). AID-mediated DNA damage 
is detectable primarily in G1 (Petersen et al., 2001; Faili et 

al., 2002), and it is limited by a variety of different mech-
anisms, including AID transcription, phosphorylation, ubiq-
uitination, and Crm1-dependent extrusion from the nucleus 
(Casellas et al., 2016). However, precisely when AID induces 
deamination and how the cell cycle enables it to efficiently 
access the Igh locus and simultaneously limits its genotoxicity 
have not been determined.

Results and discussion
Transient nuclear localization of AID
To investigate how AID accesses genomic DNA, we analyzed 
its subcellular localization using primary B cells expressing a 
functional AID-EGFP fusion protein driven by the endoge-
nous AID promoter (Crouch et al., 2007; Fig. S1 A). Consis-
tent with previous studies (McBride et al., 2004), we found 
that AID-EGFP was cytoplasmic and absent from the nucleus 
in most cells (Fig. S1 B). However, cells occasionally displayed 
AID-EGFP in both nucleus and cytoplasm, and these cells 
were always observed in pairs (Fig. S1 C), suggesting that the 
cellular distribution of AID is associated with cell division.

To test the possibility that AID gains access to the nu-
cleus in a cell cycle–dependent manner, we examined specific 
stages of cell division (see Materials and methods). In agree-
ment with previous observations (Lackey et al., 2012, 2013), 
in prometaphase, after the breakdown of the nuclear enve-
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lope, AID-EGFP was distributed throughout the cell body 
(Fig.  1  A). Upon nuclear envelope formation and during 
nuclear expansion (Anderson and Hetzer, 2007), AID-EGFP 
was present in the newly formed nucleus, and remained nu-
clear in early G1 cells (Fig. 1 A). Within 40–60 min of the 
beginning of cytokinesis, AID was restored to its cytoplasmic 
distribution (Fig. 1 B and Videos 1–5). The total fluorescence 
intensity in daughter cells did not change in the process, sug-

gesting that nuclear AID-EGFP was exported into the cy-
toplasm rather than degraded in the nucleus (Fig. 1 C; and 
Fig. S1, D and E). Moreover, in some early G1 cells, the flu-
orescence of AID-EGFP was higher in the nucleus than in 
the cytoplasm (Fig. S1, F and G), which is consistent with 
previous findings that AID can also be actively imported into 
the nucleus (Patenaude et al., 2009). The data indicate that 
the breakdown of the nuclear membrane enables AID access 

Figure 1. AID  accesses the genome during mitosis, cytokinesis, and a short time period in the early phase of G1. (A) Subcellular localization of 
AID-EGFP from mitosis to G1. AID-EGFP (green) and Lamin B (red, nuclear envelope) are represented by single optical slices (35–40 z-slices each cell). A 
projection of all slices of α-tubulin shows the microtubule network. The combination of nuclear envelope and microtubule network allows determination 
of the cell cycle stage. Bar, 10 µm. Three independent experiments. (B) Time-lapse imaging of AID-EGFP–expressing B cells during cell division (see Video 1). 
Single optical z-slices are shown for each time point (indicated in minutes in the top left corner). Bar, 10 µm. Two independent experiments were performed. 
(C) Relative fluorescence intensity of AID-EGFP after cell division. Total AID-EGFP fluorescence was measured over time, and no significant changes in total 
fluorescence are recorded in the daughter cells (red and blue lines).
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51JEM Vol. 214, No. 1

Figure 2. U racil-qPCR detects uracil accumulation at the antibody 5′-Sμ region. (A) Diagram of how Pfu polymerase and its mutant Pfu-Cx act on 
DNA. Uracil-free DNA can be amplified by both Pfu and Pfu-Cx polymerases (left). The lack of uracil recognition by Pfu-Cx polymerase allows it to replicate 
uracil-containing DNA, whereas Pfu polymerase stalls (right). This differential ability to amplify uracil-containing DNA is harnessed to measure the relative 
level of uracil (see Materials and methods; Horváth and Vértessy, 2010). (B) Experimental layout. In vitro–activated B lymphocytes were arrested with noco-
dazole 42 h after stimulation. 6 h later, nocodazole was removed and B cells were collected for analysis at different time points. (C) DAPI staining for DNA 
content at the indicated time points upon nocodazole release. Red, the sorted populations for experiments in Fig. 2 D and Fig. S2 (E and F). Upon release, B 
cells were still mainly in M phase at 0.5 h, whereas the released G1 population increased to ∼40% at 1.5 h (early G1) and 60% at 4 h (middle G1). At 6 h, 
some cells entered S phase, and 30% were still in G1 (late G1). (D) Relative uracil levels at the antibody 5′-Sμ region, as determined by Uracil-qPCR (see Ma-
terials and methods). AID-proficient and -deficient cells are compared. Error bars, SEM; *, P < 0.01, two-tailed Student t test. Three independent experiments 
are shown. (E) Diagram of the sorting strategy for the analysis of G1, S, G2, and M cells. In vitro–activated B cells at different cell cycle stages were sorted 
according to phospho-Histone H3 (Ser10) and DNA content (DAPI). (F) The relative uracil levels at 5′-Sμ at different cell cycle stages were determined by 
Uracil-qPCR in WT and UNG-deficient B cells. One experiment is shown.
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to the genome during mitosis, cytokinesis and during a short 
time period in the early phase of G1, after which it is ac-
tively transported out.

AID deamination on the switch region 
is restricted to early G1
To directly determine when AID deaminates antibody genes, 
we used Pfu-Cx, a mutant polymerase that can amplify 
uracil-containing DNA (Horváth and Vértessy, 2010). Ura-
cil levels are determined by comparing native and mutant 
Pfu polymerases on the same DNA samples (Fig. 2 A; Ura-
cil-quantitative PCR [qPCR]; see Materials and methods). 
Activated B cells were blocked and thereby synchronized in 
M phase of the cell cycle with nocodazole, and then sorted 
and analyzed at different time points after release (Fig. 2, B 
and C; see Materials and methods). The uracil content of the 
Igh switch μ region (5′-Sμ), which is a physiological target 
of AID, was measured by Uracil-qPCR. Whereas control 
AID-deficient cells showed no change in uracil content, 
AID-sufficient early G1 cells showed significantly higher ura-
cil levels than M phase cells, and uracil content dramatically 
decreased in cells in middle or late G1 (Fig. 2 D). Compari-
son of sorted cell fractions excluded the possibility that uracil 
accumulation at 5′-Sμ occurs in S, G2, or M (Fig. 2, E and F).

Pfu-Cx polymerase copies uracils to produce A:U base 
pairs. By combining Pfu-Cx polymerase and next genera-
tion sequencing (MutPE-Seq; Fig. S2 A), we were able to 
capture the AID-induced uracils as mutations in Igh DNA 
(C-to-T and G-to-A; Fig. S2 B). Purified M phase cells 
showed background rates of mutation at the 5′-Sμ region 
irrespective of the amount of time they remained in M 
(Fig. 3, A and B). Similarly, cells in cytokinesis displayed a 
low level of mutation despite the fact that AID has access to 
the DNA during this cell cycle stage, possibly because chro-
mosomes are still partially condensed (Fig. 1 A; Fig. 3, C–E; 
and Fig. S2, C and D). In contrast, C-to-T and G-to-A mu-
tations were significantly increased in early G1 cells (Fig. 3, 
C–E; and Fig. S2, C and D). No further increase was ob-
served in late G1 cells, but a substantial fraction of C-to-T 
and G-to-A mutations were converted into other types of 
mutations in this phase of the cell cycle (Fig. 3, D and E; and 
Fig. S2 D). Negative controls included AID-deficient cells 
and the Cμ region, which is not targeted by AID (Fig. 3 D 
and Fig. S2 D). To rule out the possibility that the increase 
of uracil in early G1 is caused by reduced UNG activity 
(Haug et al., 1998; Hagen et al., 2008), we measured uracil 
accumulation in UNG-deficient cells. Similar to WT B cells, 
C-to-T and G-to-A mutations increased exclusively in early 
G1 in UNG−/−AID+/+ B cells, with no significant further 
increase in middle or late G1 (Fig. S2, E and F). This indi-
cates that even in the absence of UNG, deamination occurs 
in early G1, and does not extend throughout the whole G1. 
We conclude that AID deaminates cytosine after cytokinesis 
in early G1, and that processing of these lesions continues 
throughout the G1 phase of the cell cycle.

Convergent transcription in early G1 during AID targeting
SHMs are associated with convergent transcription, which 
exposes the ssDNA targets of AID (Meng et al., 2014). To 
determine whether there is convergent transcription at AID 
target sites in early G1, we established a strategy to purify 
the live early G1 B cells from Fucci-EGFP+ mice (Sakaue-
Sawano et al., 2008; Fig. 4, A and B; see Materials and meth-
ods). As measured by GRO-Seq, genome-wide transcription 
was similar in early G1 and nonsynchronized B cells (Fig. S3 
A). Convergent transcription was evident over the Igh Sμ and 
Sγ1 regions, but not at constant regions (Fig. 4 C and Fig. 
S3 B). We conclude that the switch regions are convergently 
transcribed in early G1.

Extended AID nuclear residence 
leads to more genomic damage
To determine whether extended AID residence in the nucleus 
produces additional off-target mutations, we analyzed trans-
genic B cells expressing AID fused to the estrogen receptor 
ligand-binding domain (AID-ER; Wang et al., 2014). Upon 
tamoxifen administration, AID-ER is actively transported 
into the nucleus, extending its presence in this compartment 
compared with the WT protein (Doi et al., 2003). Although 
AID-ER is expressed at fivefold lower levels than WT AID 
(Fig. S3 C), it induces higher levels of antibody CSR (Doi et 
al., 2003), and 5′-Sμ and off-target mutation (Cd83, Pax5, and 
Il4ra; Fig. 5 A and Fig. S3 D). These findings are consistent 
with previous observations (Le and Maizels, 2015; Methot 
et al., 2015). Thus, extending AID residence in the nucleus 
enhances its off-target activity.

Concluding remarks
AID activity has long been linked to cell division and to a 
specific stage in the cell cycle, but how this might be reg-
ulated has remained unclear. Our data indicate that prolif-
eration is necessary for AID activity because the associated 
breakdown of the nuclear membrane provides access to DNA 
(Fig.  5  B). This observation explains why SHM and CSR 
are dependent on, and accumulate with, each cell division 
cycle. Although the breakdown of the nuclear membrane ex-
poses nuclear DNA to AID in mitosis and cytokinesis, chro-
mosome condensation protects the genome during these cell 
cycle stages. Chromosome decondensation and reinitiation 
of transcription in the early phase of G1 expose the ssDNA 
substrate to AID. DNA damage is then limited by reassembly 
of the nuclear envelope and restoration of Crm1-mediated 
AID nuclear export in B lymphocytes undergoing rapid cell 
division in the dark zone of the germinal center (McBride et 
al., 2004; Victora et al., 2010).

Materials and methods
Mice
AID−/−, AID−/−ROSAAID-ER/AID-ER, UNG−/−, AID-EGFP, 
and Fucci-EGFP+ mice have been reported previously (Mu-
ramatsu et al., 2000; Endres et al., 2004; Crouch et al., 2007; 
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Sakaue-Sawano et al., 2008; Robbiani et al., 2015). With the 
exception of UNG−/−, which are in a mixed background, all 
other mice were generated or backcrossed to C57BL/6 for 
at least 11 generations. All experiments were performed in 
accordance with protocols approved by the Rockefeller Uni-
versity Animal Care and Use Committee.

B cell culture, synchronization, and sorting
The isolation of B cells and in vitro activation were performed 
as previously described (Wang et al., 2014). In brief, resting 

B cells were purified from mouse spleens by CD43-nega-
tive selection and cultured in supplemented RPMI medium 
(RPMI-1640, 10% FBS, 2 mM l-glutamate, 1x Antibiotic- 
Antimycotic, 10 mM Hepes, 10 mM sodium pyruvate, and 
55  µM β-mercaptoethanol) with 500 ng/ml RP105 (BD), 
25 µg/ml LPS (Sigma-Aldrich), and 5 ng/ml mouse recom-
binant IL-4 (Sigma-Aldrich). Where indicated, nocodazole 
(100 ng/ml; Sigma-Aldrich) was added at 42 h after isolation 
for synchronization. After 6 h of nocodazole treatment, cells 
were washed and released in nocodazole-free supplemented 

Figure 3. AID -induced deamination at antibody switch region is restricted to early G1. (A and B) Prolonged staying in M phase upon nocodazole 
release does not significantly increase the level of AID-induced mutations. (A) Cell cycle distribution of In vitro–cultured B lymphocytes at different time 
points upon nocodazole release. Cells in M, cytokinesis, and G1 are resolved by combining DNA fluorescence peak (DAPI-H) and intensity (DAPI-A; Gasnereau 
et al., 2007). Insets show DAPI-A profiles only. Nocodazole-treated cells were collected at 0, 1, and 2 h after release. In red are the sorted cell populations 
analyzed in Fig. 3 B. (B) Mutation rates at 5′-Sμ, as determined by MutPE-Seq. Red, blue, and gray represent C-to-T, G-to-A, and all other mutations, respec-
tively. n.s., nonsignificant, one-tailed bootstrap test. One experiment is shown. (C) Nocodazole-treated cells were collected at 0, 1, and 5 h after release for 
mutational analysis with Pfu-Cx. Red, the sorted cell populations analyzed in D and E. (D and E) Mutation frequencies at 5′-Sμ are shown as a histogram (D) 
or at single-nucleotide resolution (E). The numbers in the rectangles indicate the overall mutation rate. Red, blue, and black represent C-to-T, G-to-A, and 
all other mutations, respectively. n.s., nonsignificant; **, P < 0.01, one-tailed bootstrap test. Two independent experiments were performed.
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RPMI for 0–6 h. Cells were then collected and fixed with 
4.2% formaldehyde at room temperature for 20 min. After 
DAPI staining (0.5 µg/ml) at room temperature for 5 min, 
cells were sorted using a FAC​SAria (BD). The cytokinesis 
population was determined by combining DNA fluorescence 
peak (DAPI-H) and intensity (DAPI-A) according to a pre-
vious study (Gasnereau et al., 2007). For mutational analysis 
(Fig. 5 A), B cells of all genotypes were treated with 1 µg/ml 
4-hydroxytamoxifen (Sigma-Aldrich) on day 2 and collected 
on day 6 to sort live cells. The sorted cell pellets were stored 
at –80°C. For sorting cells at different cell cycle stages (Fig. 2, 
E and F), in vitro–activated B cells (48 h after isolation) were 
stained with Alexa Fluor 488–conjugated anti–phospho-His-
tone H3, Ser10 antibody (Cell Signaling Technology), and 
DAPI (0.5 µg/ml), before sorting with FAC​SAria (BD).

Immunofluorescence and time-lapse imaging
In vitro–cultured AID-EGFP–expressing B cells (nontreated, 
nocodazole-arrested, or nocodazole-released) were fixed with 
4% paraformaldehyde in PBS, and then subjected to DAPI 
staining (0.5 µg/ml in PBS at room temperature for 5 min) 
before microscopic analysis. For immunofluorescence, fixed 
cells were incubated with antibodies after permeabilization 
(0.5% Triton X-100 in PBS) and blocking (3% BSA in PBS). 
The following primary antibodies were used (all at 1:200 di-
lution): anti-Lamin B1 rabbit polyclonal antibody (Abcam) 

and anti–α-tubulin mouse monoclonal antibody (DM1A; 
Abcam). The following secondary antibodies were used (at 
1:250 dilution): Alexa Fluor 568/647–conjugated goat anti–
mouse/rabbit IgG antibodies (Thermo Fisher Scientific). 
Image capture and analyses were performed using a spectral 
confocal microscope Leica TCS SP (Leica) or DeltaVision 
Image Restoration Microscope system (Applied Precision). 
For live cell imaging, in vitro–cultured cells were maintained 
at 37°C and observed under DeltaVision Image Restoration 
Microscope system (1 min interval, 1.5 µm/layer × 12 layers). 
The relative fluorescent intensity was measured by ImageJ 
software (National Institutes of Health).

Genomic DNA isolation
The sorted cell pellets were resuspended in 400 µl protein-
ase K buffer (100  mM Tris-HCl 8.5, 0.2% SDS, 200  mM 
NaCl, and 5  mM EDTA) in the presence of 0.25 mg/ml 
proteinase K. Incubation at 55°C overnight was followed by 
phenol-chloroform extraction and ethanol precipitation. The 
DNA pellet was finally dissolved in distilled water.

Uracil-qPCR
Uracil-qPCR was performed as previously described (Hor-
váth and Vértessy, 2010), with minor modifications. The reac-
tion mix for quantitative real-time PCR was in a final volume 
of 20 µl, and contained 1x Cloned PFU reaction buffer (Ag-

Figure 4. C onvergent transcription is detected 
at Igh switch regions in early G1 cells. (A) Experi-
mental layout of the double-sorting strategy to isolate 
live early G1 cells. After 6-h nocodazole treatment, the 
Fucci-EGFP+ B cells (mostly M phase) were sorted and 
replated in nocodazole-free medium for 1.5 h. After the 
second sort, EGFP− small cells (mostly early G1) were pu-
rified (see Materials and methods). (B) FACS analysis of 
the double-sorting strategy. At each step, a small aliquot 
of cells was fixed and stained with DAPI (quality control, 
#1–#5). G1, G2/M, and late M populations (including 
cells in cytokinesis) are indicated on the representative 
plots. (C) GRO-Seq and convergent transcription (ConvT) 
profiles at the Igh locus in early G1 cells. Sense (light 
blue) and antisense transcription (dark blue) are dis-
played. ConvT regions are shown as green bars, and the 
numbers indicate the levels of ConvT, which were cal-
culated by the geometric means of sense and antisense 
transcription reads as described previously (Meng et al., 
2014). The arrow shows the direction of sense transcrip-
tion. Two independent experiments were performed.
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ilent Technologies), 1x EvaGreen (Biotium), 30 nM passive 
reference dye ROX (Thermo Fisher Scientific), 0.25  mM 
dNTP, and 0.5 µM of each primer (F-qPCR-Sμ, TCT​CTG​
AGT​GCT​TCT​AAA​ATG​CG; and R-qPCR-Sμ, TCA​CCC​
CAA​CAC​AGC​GTA​GC). 50 ng of template genomic DNA 
was added to each reaction, with either 0.5 µl PfuTurbo Hot-
start or PfuTurbo Cx Hotstart DNA polymerase (Agilent 
Technologies). The PfuTurbo Cx Hotstart DNA polymerase 
was engineered to bear a point mutation that overcomes uracil 
stalling during PCR amplification, allowing the polymerase 
to read through uracil on the template strand. Real-time 
PCR reactions were performed in QuantStudio 6 Flex sys-
tem (Thermo Fisher Scientific) according to the manufactur-
er's instructions. Reaction conditions were as follows: 95°C 
for 2 min, 40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C 
for 1 min. Dissociation curve analysis, gel electrophoresis, and 
sequencing of the PCR products confirmed the specificity of 
amplification and the absence of primer dimers. Non-tem-
plate control was measured in all cases. For data analysis, Ct 
values obtained with PfuTurbo Hotstart DNA polymerase 
were used as reference, and the 2-ΔΔCt method was used to 
calculate the relative uracil level. The calculated relative ura-
cil levels were represented as mean ± SEM from three to 
four parallel reactions.

MutPE-Seq
To determine the frequency of AID-induced mutations at 
specific loci, we performed mutational analysis by paired-end 
sequencing, as previously described (Robbiani et al., 2015). 
50 ng of genomic DNA from sorted in vitro–cultured B cells 
were amplified by two rounds of PCR and prepared for deep 
sequencing. To capture uracils and mutations simultaneously, 

the first round of PCR was performed using PfuTurbo Cx 
Hotstart DNA polymerase, in the presence of 1x PfuTurbo 
Cx reaction buffer and primers. F-first-Sμ and R-first-Sμ for 
5′-Sμ region (269 base pairs), and F-first-Cμ and R-first-Cμ 
for Cμ region (244 bp). Reaction conditions were as follows: 
95°C for 2 min, 20 cycles of 95°C for 15 s, 55°C for 30 s, and 
72°C for 1 min. For mutational analysis in Fig. 5 A, phusion 
polymerase (Thermo Fisher Scientific) was used in the first 
round of PCR, instead of PfuTurbo Cx Hotstart DNA poly-
merase. The first round PCR primers used to amplify the 5′-
Sμ, Cμ, and Cγ1 regions were: F-first-Sμ, 5′-TCT​ACA​CTC​
TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TCT​CTG​
AGT​GCT​TCT​AAA​ATG​CG-3′; R-first-Sμ, 5′-GTG​ACT​
GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TTC​ACC​
CCA​ACA​CAG​CGT​AGC-3′; F-first-Cμ, 5′-TCT​ACA​CTC​
TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​CGG​TTT​
TGG​AGT​GAA​GTT​CGTG-3′; R-first-Cμ, 5′-GTG​ACT​
GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TTG​TGC​
CCA​TTC​CAG​GTA​AGA​AC-3′; F-first-Cγ1, 5′-TCT​ACA​
CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​AAC​
AAG​GGG​CAG​CAT​GGG​TTG​GAA-3′; and R-first-Cγ1, 
5′-GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​
ATC​TAG​CGC​TGC​TGT​CAC​ACT​CTT​CA-3′. Those used 
to amplify regions of Cd83, Pax5, Apobec3, Ly6e, Il4ra, and 
Cd3e were as follows: F-first-Cd83, 5′-TCT​ACA​CTC​TTT​
CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​ATG​CAG​TGT​
CCT​GGG​CCA​AGG​TAA-3′; R-first-Cd83, 5′-GTG​ACT​
GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TTC​ACG​
CCA​AGC​CGC​TTT​TGA-3′; F-first-Pax5, 5′-TCT​ACA​
CTC​TTT​CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TGC​
AGG​CCT​TTG​GAT​TTC​TGC​CA-3′; R-first-Pax5, 5′-
GTG​ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​

Figure 5. E xtended presence of AID in the nucleus 
causes more mutations. (A) Relative mutation rates at 
5′-Sμ, AID off-target sites (Cd83, Pax5, Apobec3, Ly6e, 
and Il4ra), and non-AID targets (Cμ, Cγ1, and Cd3e), re-
vealed by MutPE-Seq. *, P < 0.05; **, P < 0.01, one-tailed 
bootstrap test. Two independent experiments were per-
formed. (B) Proposed model. AID induces deamination at 
the Igh gene only during a short time window in early G1. 
Before then, although AID has spatial contact with chro-
mosomes after breakdown of the nuclear envelope (NE), 
chromosomal DNA is condensed and not available for 
deamination. Shortly thereafter, AID is quickly exported 
into the cytoplasm by Crm1-mediated nuclear export. 
During the rest of the cell cycle, AID is cytoplasmic and no 
significant AID activity is detected. Therefore, this limited 
time window for AID to induce deamination is the com-
bined consequence of transient nuclear residence of AID 
and the recovered transcription in the early G1 phase. The 
AID-induced uracil in this short time period is processed 
in G1 to enable SHM and CSR.
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TAG​CCC​CAA​CGA​TTC​CTC​CCC​TTTA-3′; F-first-Apo-
bec3, 5′-TCT​ACA​CTC​TTT​CCC​TAC​ACG​ACG​CTC​
TTC​CGA​TCT​TCA​AAG​GTT​CAG​GGA​GTT​GGG​GGT-
3′; R-first-Apobec3, 5′-GTG​ACT​GGA​GTT​CAG​ACG​
TGT​GCT​CTT​CCG​ATC​TTG​GTG​AAG​GGA​GAC​GGG​
TGA​AT-3′; F-first-Ly6e, 5′-TCT​ACA​CTC​TTT​CCC​TAC​
ACG​ACG​CTC​TTC​CGA​TCT​CGA​CTC​CAC​TTG​TCT​
GCT​TGG-3′; R-first-Ly6e, 5′-GTG​ACT​GGA​GTT​CAG​
ACG​TGT​GCT​CTT​CCG​ATC​TGG​TTG​TTC​AGG​TTA​
CCC​CCG; F-first-Il4ra, 5′-TCT​ACA​CTC​TTT​CCC​TAC​
ACG​ACG​CTC​TTC​CGA​TCT​TGT​GGG​AGA​ACA​CTT​
TGG​CAGG-3′; R-first-Il4ra, 5′-GTG​ACT​GGA​GTT​CAG​
ACG​TGT​GCT​CTT​CCG​ATC​TTC​AAA​GCA​AGG​AAT​
TCA​GGG​GC-3′; F-first-Cd3e, 5′-TCT​ACA​CTC​TTT​
CCC​TAC​ACG​ACG​CTC​TTC​CGA​TCT​TCA​TGC​TTC​
TGA​GGC​AGC​TCT​TGG-3′; and R-first-Cd3e, 5′-GTG​
ACT​GGA​GTT​CAG​ACG​TGT​GCT​CTT​CCG​ATC​TAC​
CAA​GCA​AAC​CTC​GAC​ACC​CA-3′. DNA was extracted 
and purified from the first-round PCR reaction by Nucle-
oSpin Gel and PCR Clean-up kit (Takara Bio Inc.), and half 
of the samples were used as template for the second round 
of PCR. For the second round of PCR, phusion polymerase 
was used and reaction conditions were as follows: 98°C for 2 
min, 15 cycles of 98°C for 15 s, 65°C for 30 s, and 72°C for 
30 s. Second round primers were as follows: F-second-Com-
mon, 5′-AAT​GAT​ACG​GCG​ACC​ACC​GAG​ATC​TAC​ACT​
CTT​TCC​CTA​CAC​GAC-3′; R-second-Index, 5′-CAA​
GCA​GAA​GAC​GGC​ATA​CGA​GAT​NNN​NNN​GTG​ACT​
GGA​GTT​CAG​ACG​TGTG-3′. Different index sequences 
(6 nt) on the primers were used to multiplex different sam-
ples. Finally, gel-extracted bands were pooled together and 
sequenced from both ends by Mi-Seq 300 × 2 (Illumina). 
Only mutations present on both paired reads were considered 
authentic mutations. After removing all undetermined nucleo-
tides, the sequencing coverage for 5′-Sμ and Cμ regions is 
always >104 for each nucleotide position (Fig. S3 E).

Retroviral infection and Ig switching
Primers for cloning AID-EGFP into the pMX retroviral vec-
tor: F-BamHI-kozak-AID, 5′-GGG​GGA​TCC​GCC​ACC​
ATG​GAC​AGC​CTT​CTG​ATG​AAG​CA-3′; and R-NotI-
TAA-EGFP, 5′-TTT​GCG​GCC​GCT​CAT​TAC​TTG​TAC​
AGC​TCG​TCC​ATG​CCG-3′. Retroviral supernatants were 
produced as reported (Wang et al., 2014) and harvested 72 h 
after co-transfection of BOSC23 cells with pCL-Eco and 
pMX-EGFP-based plasmids. For the B cell infection, ret-
roviral supernatants were filtered, supplemented with 5 µg/
ml polybrene (Sigma-Aldrich), and then used to replace the 
culture medium at 20 and 44 h after B cell isolation. B cells 
were then spinoculated at 1,150 g for 1.5 h, followed by 4 h 
recovery at 37°C. Supernatants were then replaced by the 
original supplemented RPMI medium. At 96 h, B cells were 
collected for flow cytometry analysis. To measure the rate of 
Ig switching, live B cells were stained with APC-conjugated 
rat anti–mouse IgG1 antibody (BD) on ice for 20 min. The 

percentage of IgG1-switched (APC+) cells was determined 
by flow cytometry on an LSRFortessa (BD).

Quantitative real-time PCR
B cells from the various genotypes were collected at days 2, 
3, and 4 from the beginning of the culture. Total RNA was 
extracted using RNeasy plus mini kit (QIA​GEN). Subse-
quently, 1 µg of total RNA was used to synthesize the cDNA 
by Superscript III Reverse transcription (Thermo Fisher Sci-
entific) according to the manufacturer’s instruction. Quan-
titative real-time PCR was performed using SYBR Green 
qPCR Master Mix (Agilent Technologies) on QuantStudio 6 
Flex system (Thermo Fisher Scientific). The relative mRNA 
levels of AID were normalized to actin and calculated by the 
2–ΔΔCt method. The sequence of the primers used for this 
analysis: F-qPCR-Aicda, 5′-CCT​CCT​GCT​CAC​TGG​ACT​
TC-3′; R-qPCR-Aicda, 5′-GAA​ATG​CAT​CTC​GCA​AGT​
CA-3′; F-qPCR-Actb, 5′-CTT​TGC​AGC​TCC​TTC​GTT​
GC-3′; and R-qPCR-Actb, 5′-ACG​ATG​GAG​GGG​AAT​
ACA​GC-3′. The AID-ER fusion protein was undetectable 
by Western blot using three different anti-AID antibodies 
(Fig. S3 F). The antibodies were mAID-2 mouse monoclonal 
(eBioscience), and two rabbit polyclonal antibodies (gener-
ated and purified in house).

Sorting early G1 cells for GRO-Seq
Collection of live B cells in early G1. Splenic B cells were 
purified from Fucci-EGFP+ mouse spleens and activated in 
vitro. Nocodazole (100 ng/ml; Sigma-Aldrich) was added at 
42 h after isolation. After 6 h, synchronized cells were col-
lected and sorted at 4°C with a FAC​SAria (BD). Sorted 
EGFP+ cells (mostly G2/M) were put back into culture in 
prewarmed supplemented RPMI medium (no nocodazole). 
After 1.5 h at 37°C, cells were collected for sorting of the 
small EGFP− population (mostly early G1). At each step, an 
aliquot of cells was collected, fixed with 4.2% formaldehyde 
at room temperature for 20 min, and stained with DAPI (0.5 
µg/ml) for quality control analysis. GRO-Seq. Global run-on 
and, after library preparation for sequencing, were done as 
described with minor modifications (Kaikkonen et al., 2013). 
GRO-Seq libraries were prepared with two biological repli-
cates for each condition. In brief, nuclei were extracted from 
∼20 million sorted live B cells in early G1 or nonsynchro-
nized cells. After run-on reaction in the presence of BrUTP, 
the RNA was extracted with TRIzol LS Reagent (Thermo 
Fisher Scientific). RNA was treated with TUR​BO DNase 
(Ambion), fragmented using RNA Fragmentation Reagents 
(Ambion), and purified by running through a P-30 column 
(Bio-Rad Laboratories). Fragmented RNA was dephosphor-
ylated with PNK (New England Biolabs), followed by heat 
inactivation. Dephosphorylation reactions were purified and 
precipitated using anti-BrUTP beads (Santa Cruz Biotech-
nology, Inc.). Poly(A)-tailing and cDNA synthesis was per-
formed. The cDNA fragments were purified on a denaturing 
Novex 10% polyacrylamide TBE-urea gel (Thermo Fisher 
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Scientific). The recovered cDNA was circularized, linearized, 
and amplified for 10–14 cycles. The final product was run on 
a Novex 10% TBE gel, purified, and cleaned-up using ChIP 
DNA Clean & Concentrator kit (Zymo Research Corpo-
ration). Finally, the libraries were sequenced with Next-Seq 
Sequencing System (Illumina). 

Data analysis
Sequence alignment and convergent transcription analysis 
were conducted as previously described (Meng et al., 2014). 
We aligned the short-reads from GRO-Seq libraries to the 
mouse genome build mm9/NCBI37 using Bowtie2 software. 
We applied Homer software to de novo identify transcripts by 
detecting regions of continuous GRO-Seq signal along each 
strand of each chromosome. The minimum length of predicted 
transcripts was 150 bp. Antisense/sense-overlapping regions 
>100 base pairs were classified as convergent transcription. 
GRO-Seq profiles were displayed with IGV software.

Accession no.
GRO-Seq data were deposited to the Gene Expression Om-
nibus (accession no. GSE89464).

Online supplemental material
Fig. S1 shows that the localization of AID-EGFP shifts from 
the nucleus to the cytoplasm shortly after cell division, and 
that AID is slightly enriched in the nucleus of early G1 B 
cells. Fig. S2 shows that the increase of AID-induced uracils 
detected by MutPE-Seq is restricted to early G1, regardless 
of UNG. Fig. S3 provides additional information on GRO-
Seq and AID-ER. Videos 1–5 show the time-lapse imaging of 
AID-EGFP during cell division.
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