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Abstract

Activation-induced deaminase (AID) is a DNA cytosine deaminase that diversifies 

immunoglobulin genes in B cells. Recent work has shown that RNA Polymerase II (Pol II) 

accumulation correlates with AID recruitment. However, a direct link between Pol II and AID 

abundance has not been tested. We used the DT40 B-cell line to manipulate levels of Pol II by 

decreasing topoisomerase I (Top1), which relaxes DNA supercoiling in front of the transcription 

complex. Top1 was decreased by stable transfection of a short hairpin RNA against Top1, which 

produced an accumulation of Pol II in transcribed genes, compared to cells transfected with sh-

control RNA. The increased Pol II density enhanced AID recruitment to variable genes in the λ 

light chain locus, and resulted in higher levels of somatic hypermutation and gene conversion. It 

has been proposed by another lab that AID itself might directly suppress Top1 to increase somatic 

hypermutation. However, we found that in both AID+/+ and AID−/− B cells from DT40 and mice, 

Top1 protein levels were identical, indicating that the presence or absence of AID did not decrease 

Top1 expression. Rather, our results suggest that the mechanism for increased diversity when 

Top1 is reduced is that Pol II accumulates and recruits AID to variable genes.
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1. Introduction

B cells express activation induced-deaminase (AID) to generate diversity in antibody genes. 

AID converts cytosine to uracil in single-strand DNA, and the rogue uracil initiates a 

cascade of error-prone repair pathways to introduce mutations into the immunoglobulin loci 

(reviewed in (1)). Mutations which alter the variable (V) gene coding sequence on the heavy 

and light chain loci are then selected for increased affinity to antigen, producing a robust 

antibody response. Mutations also occur in switch regions preceding each constant (C) gene 

on the heavy chain locus, which initiate heavy chain class switching to further diversify 

antibodies. While AID primarily targets immunoglobulin genes, off-target events can occur 

in several oncogenes including Bcl6, Pax5, and Myc (2–4). This potential for AID-induced 

genomic instability warrants continuing investigation into the mechanisms of AID targeting.

One essential component of AID targeting is the need for transcription (5). In vitro studies 

have demonstrated that when RNA Polymerase II (Pol II) is paused, AID generates multiple 

mutations (6). Recently, we reported that AID mutagenesis correlated with Pol II 

accumulation in the switch and V regions of mice (7, 8). In switch regions, it has been 

proposed that the DNA sequence forms RNA:DNA hybrids, or R-loops (9), which inhibit 

transcriptional elongation and increase Pol II accumulation. The paused Pol II complexes 

then recruit Spt5, a transcription initiation factor, and the RNA exosome, which degrades 

RNA, to resume elongation (10, 11). Both of these factors have been shown to directly 

interact with AID, suggesting they play a role in recruiting AID. In V regions, however, 

there are no R-loops, and it is not known what directs AID to these regions. Nonetheless, Pol 

II accumulation appears to be involved, as we identified paused Pol II complexes that were 

associated with Spt5 in germinal center B cells (8). Furthermore, Pol II-Spt5 complexes 

correlated with AID accumulation, suggesting similar mechanisms of AID targeting in both 

switch and V regions. However, the hypothesis that increased Pol II density can actively 

promote AID mutagenesis has not been directly tested in vivo.

Topoisomerase I (Top1) is an essential enzyme which maintains proper helical tension in 

DNA. The maintenance of helical tension is especially important during the process of 

transcription. As Pol II separates the DNA strands, positive supercoils are generated ahead 

of the transcribing polymerase, followed by negative supercoils behind it (reviewed in (12)). 

It has been proposed that Top1 nicks positively supercoiled DNA to relieve the tension and 

enhance transcription elongation. In fact, it is noteworthy that Top1 cleavage sites are found 

throughout transcriptionally-active genes but not in silent genes (13, 14). Furthermore, 

inhibition of Top1 by camptothecin decreased Pol II elongation (15, 16), and increased Pol 

II density in actively transcribed genes (17). Thus, Top1 is an intricate regulator of Pol II 

function. To test the role of Pol II density in targeting AID to V genes, we artificially 

increased Pol II abundance by decreasing Top1 levels in the chicken DT40 B-cell line. We 

found that increased Pol II density elevated AID mutagenesis.
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2. Materials and methods

2.1. DT40 cell lines and mice

Four engineered cell lines were used. For somatic hypermutation (SHM), a cell line was 

used that was surface IgM+ and lacked Vλ pseudogenes. We generated the ΦV− AIDR2 cell 

line using a DT40cre1 ΦV− AID−/− IgM+ progenitor cell line (18) that had AID 

reconstituted (AIDR2) using the vector pAidGpt. In this vector, an AID cDNA expression 

cassette was cloned downstream of the chicken β-actin promoter and upstream of an IRES-

GPT sequence. For gene conversion (GC), a cell line was used that was surface IgM− and 

had Vλ pseudogenes. The DT40cre1 (called AID+/+ hereafter) cell line had a frameshift 

mutation in the rearranged V-joining (J) gene (19). For western blots of Top1 and AID, two 

additional cell lines were used: DT40cre1 AID−/− (called AID−/−), and DT40cre1 AIDR with 

AID reconstituted (called AIDR). For mouse studies, wild type C57BL/6 mice and Aid−/− 

mice (20) on a C57BL/6 background were bred in our mouse colony. All animal procedures 

were reviewed and approved by the Animal Care and Use Committee of the National 

Institute on Aging.

2.2. Top1 shRNA cloning, cell culture, transfection, and western blotting

Short hairpin (sh) RNA constructs were cloned into the pLKO.1 vector (Addgene) which 

contained a puromycin resistant selectable marker. Two shRNAs against Top1 were tried, 

using oligonucleotides confirmed by Sigma. The one listed in Supplemental Table S1 was 

selected, along with a control sequence. Cells were cultured in chicken medium 

(RPMI-1640 supplemented with 10% fetal bovine serum, 1% chicken serum, 2 mM L-

glutamine, 0.1 μM β-mercaptoethanol, 100 I.U./mL penicillin, and 100 μg/mL streptomycin) 

at 41°C with 5% CO2. ΦV− AIDR2 and AID+/+ cell lines were stably transfected with 20–40 

μg of linearized sh-control or sh-Top1 plasmids at 25 μF and 700 V with gene pulser Xcell 

(Bio-Rad). After electroporation, cells were incubated in chicken medium overnight, and the 

next day, puromycin (Sigma Aldrich) was added at a final concentration of 0.5 μg/ml. The 

cells were then incubated for another 6–8 days. Colonies were picked and cultured in fresh 

chicken medium for 2–3 days. For western blots, whole cell extracts from 5 × 106 cells were 

resuspended in 50 μl phosphate-buffered saline (PBS) solution, and lysed by addition of 50 

μl SDS loading buffer followed by boiling. For Top1 and β-actin, 10 μl of lysate was 

separated by electrophoresis through a 12% gel. For AID, 40 μl of lysate was separated by 

electrophoresis through a 20% gel. Proteins were transferred onto polyvinylidene difluoride 

membranes (Biorad) and visualized with antibodies to Top1 (Bethyl Laboratories, Inc.), β-

actin (Sigma-Aldrich), and AID (21).

2.3. Cell division and proliferation

For division, sh-control and sh-Top1 cells were treated with 5 μM carboxyfluorescein 

diacetate succinimidyl ester (CFSE, Invitrogen) and analyzed by flow cytometry on days 0, 

1, and 2. For proliferation, 1000 cells/well were seeded into 4 individual wells containing 1 

ml chicken media followed by incubation at 42°C. On each day, a single well per clone was 

counted for analysis of cell growth.
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2.4. Chromatin immunoprecipitation

μChIP (22) analyses were performed on 0.5 million ΦV− AIDR2 sh-control or sh-Top1 cells. 

Briefly, 0.5 million cells were lysed in 120 μl of SDS-lysis buffer and sonicated to shear the 

genomic DNA to ~ 500 bp. Chromatin was diluted with 800 μl RIPA buffer and centrifuged 

to remove precipitates. 800 μl of supernatant was collected, and 100 μl used for input and 

pulldown experiments. Experiments were performed using 2 subclones from each of 3 

independent clones for sh-control and 9 independent clones for sh-Top1. Antibodies against 

Pol II (Millipore, clone CTD4H8), AID, and non-specific rabbit IgG (Millipore) were used 

at 2.4 μg per reaction, and were incubated with protein-G dynabeads (Invitrogen). 

Chromatin samples were incubated with the antibody/bead complex, washed with RIPA 

buffer, and the bound fraction was eluted by incubation with 50 μg/ml proteinase K. 

Samples were extracted with phenol/chloroform, precipitated with ethanol, and resuspended 

in 50 μl of nuclease free H2O. qPCR reactions were performed using 1 μl of ChIP DNA, 

Power SYBR green mastermix (Invitrogen), and primers listed in Supplemental Table S1. 

Calculation of % input was performed by deriving the % input value for the experimental 

antibody (2(Ct(input)-Ct(ChIP) x 100), and subtracting the % input value of the IgG control.

2.5. Somatic hypermutation

For SHM, 3 sh-control and 9 sh-Top1 independent clones were generated in the ΦV− AIDR2 

parent cells. Cells were distributed by limiting dilution into 96-well plates. One week later, 

24–36 subclones from each group were picked and put into 24-well plates containing 

chicken medium. On day 14, cells were washed and stained for surface IgM expression with 

FITC-labeled mouse anti-chicken IgM (Southern Biotech), and analyzed by flow cytometry. 

Ten sh-control and 11 sh-Top1 subclones, which represented the average percent of surface 

IgM loss (IgM+ to IgM−), were selected and cultured for 4 more weeks, for a total of 6 

weeks incubation. DNA from all 21 subclones was prepared and cloned into plasmids. The 

primers shown in Supplemental Table S1 were used for sequencing.

2.6. Gene conversion

For GC, 2 sh-control and 4 sh-Top1 independent clones were generated in the AID+/+ parent 

cells. Cells were distributed by limiting dilution into 96-well plates. One week later, 24 

subclones from each group were picked and put into 24-well plates containing chicken 

medium. On day 14, cells were stained for surface IgM, and analyzed by flow cytometry. 

Four sh-control and 8 sh-Top1 subclones, which represented the average percent of surface 

IgM gain (IgM− to IgM+), were selected and cultured for 4 more weeks, for a total of 6 

weeks incubation. DNA from all 12 subclones was prepared and cloned into plasmids. The 

primers listed in Supplemental Table S1 were used for sequencing.

2.7. Western blot and mRNA analyses of AID, Top1, and β-actin in DT40 and mouse B cells

For DT40, cell extracts were prepared as described in 2.2, and membranes were stained with 

antibodies to AID, Top1, and β-actin. For mice, naïve splenic B cells were isolated by 

negative selection with anti-CD43 and anti-CD11b magnetic beads (Miltenyi Biotec). Cells 

were plated at a density of 0.5 million cells/ml and stimulated ex vivo with 5 μg/ml 

Escherichia coli lipopolysaccharide (LPS) serotype 0111:B4 (Sigma-Aldrich) and 5 ng/ml 
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recombinant interleukin-4 (IL-4) (Biolegend) for 0, 6, or 24 h. Total RNA was isolated from 

cells using RNAeasy columns (Qiagen). cDNA was generated from 100 ng of RNA using 

oligo dT and M-MLV reverse transcriptase (Promega). Levels of AID and β-actin mRNA 

were determined by RT-PCR using rTaq polymerase (Takara) and primers described in 

Supplemental Table S1. For westerns, whole-cell extracts from 5 × 106 cells were prepared, 

separated by gel electrophoresis, and stained with antibodies to Top1 and β-actin.

3. Results and discussion

3.1. Cell division and proliferation are unaltered by Top1 deficiency

We previously showed a correlation between high levels of Pol II density and AID 

mutagenesis in V and switch regions from mice (7, 8). To test if Pol II accumulation directly 

affected AID targeting, we manipulated Top1 levels in chicken DT40 B cells, which 

undergo constitutive SHM and GC in the Igλ locus. We hypothesized that decreasing Top1 

levels would increase positive supercoils ahead of transcribing Pol II, resulting in a pile up 

of Pol II, which may increase AID targeting. ΦV− AIDR2 and AID+/+ cells were stably 

transfected with shRNA to the enzyme (sh-Top1) and a control sequence (sh-control). For 

the ΦV− AIDR2 line used for SHM, 3 clones for sh-control, and 9 clones for sh-Top1 were 

generated. For the AID+/+ line used for GC, 2 clones for sh-control and 4 clones for sh-Top1 

were made. Western blot analysis for Top1 and β-actin protein from both lines showed a 

decrease in Top1 in the sh-Top1 clones compared to sh-control clones (Supplemental Fig. 

S1). As summarized in Fig. 1A, Top1 protein was significantly reduced by 36% in ΦV− 

AIDR2 clones, and by 39% in AID+/+ clones. It has been recently shown that complete 

deletion of Top1 inhibits replication fork progression (23). To ensure that our partial Top1 

deficiency did not affect replication, we examined cell division and proliferation. For cell 

division, CFSE dilution was measured for 2 days (Fig. 1B). When added to cells, CFSE 

covalently couples to intercellular molecules and is diluted by 50% into each daughter cell 

upon cell division. The number of cell divisions can then be monitored using flow cytometry 

to analyze mean fluorescence intensity. Comparison of sh-control and sh-Top1 cells from 

both ΦV− AIDR2 and AID+/+ clones showed no discernable difference in the decrease in 

fluorescence. For proliferation, growth curves were generated by plating 1000 cells into 1 ml 

media and counting the cells every 24 hrs (Fig. 1C). There was no effect on growth between 

sh-control and sh-Top1 cells. These results show that decreased levels of Top1 did not affect 

cell division and proliferation, and therefore the DT40 cells should be satisfactory to study 

SHM and GC processes.

3.2. Top1 knockdown increases Pol II accumulation and AID recruitment to Vλ genes

Although cell division and proliferation were unaffected by Top1 knockdown, we predicted 

that transcription would be altered. Accordingly, Pol II density was measured in ΦV− AIDR2 

cells by ChIP within the Igλ, γ-actin, and β-globin loci from sh-control and sh-Top1 cells. 

Cells with sh-Top1 had a significant accumulation of Pol II in Vλ and Cλ genes, compared 

to cells with the sh-control RNA (Fig. 2A and B). A significant increase was also seen in the 

promoter of the transcribed γ-actin gene, but not in the non-transcribed β-globin gene, which 

confirms previous reports that Top1 travels with elongating Pol II complexes (13, 14). To 

determine if increased Pol II density elevated recruitment of AID, we performed ChIP with 
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anti-AID antibodies. The results showed a significant increase in AID in the Vλ gene in the 

Top1 knockdown cells compared to control cells (Fig. 2C). AID was absent in Cλ, γ-actin, 

and β-globin genes, consistent with the notion that additional factors are required to recruit 

AID to sites of paused Pol II. For example, we and others have reported that Pol II 

accumulation is associated with Spt5 (8, 10, 24); however we could not detect Spt5 in DT40 

cells due to technical limitations, as commercial rabbit anti-Spt5 antibodies did not 

precipitate chicken Spt5. Taken together, Top1 deficiency promoted Pol II accumulation and 

increased AID targeting to Vλ genes.

3.3. Pol II accumulation dictates levels of SHM and GC

V gene diversification in DT40 cells occurs by two mechanisms: SHM (25) and GC (26, 

27). To determine if the elevated AID levels in shTop1 cells affected diversity, we analyzed 

point mutations and conversion tracks in VJλ genes. For SHM, we used a cell line with no 

pseudogenes (ΦV− AIDR2, surface IgM+), where AID deamination events are processed into 

single point mutations within the one functional, rearranged VJλ gene (Fig. 3A). Mutations 

were analyzed by two techniques (Fig. 3B). First, flow cytometry was used to assay cells 

that lost surface IgM after two weeks in culture due to mutations introducing stop codons in 

the V gene (IgM+ to IgM−). Analysis of sh-control and sh-Top1 clones revealed a significant 

increase in IgM− cells when Top1 levels were reduced. Second, DNA sequencing was used 

to assay the total population of cells (independent of IgM status) to detect all the mutations 

in VJλ genes. There was a significant increase in mutations from sh-Top1 clones compared 

to sh-control clones. Additionally, no mutation events were identified within the Cλ gene 

(data not shown) even with elevated Pol II levels, consistent with lack of AID localization 

by ChIP.

For GC, we used a cell line with pseudogenes (AID+/+, surface IgM−), where AID 

deamination events are processed into DNA strand breaks to initiate homologous 

recombination in the rearranged VJλ gene using any of the 25 ΦV genes for template repair 

(Fig. 3C). Similar to SHM, these events can be scored by flow cytometry and DNA 

sequencing (Fig. 3D). For flow cytometry, GC rescues surface IgM expression by reversing 

a frame shift mutation within the Vλ gene (IgM− to IgM+). Analysis of sh-control and sh-

Top1 clones showed a significant increase in IgM+ revertants when Top1 was reduced. For 

sequencing, VJλ genes from the total population of cells (independent of IgM status) were 

analyzed. There was a significant increase in conversion frequency from sh-Top1 versus sh-

control clones. Thus, Pol II accumulation, induced by Top1 deficiency, increased AID 

targeting to VJλ genes, which then escalated mutagenesis.

3.4. Top1 expression is unaffected by AID levels in DT40 and mouse cells

We have presented data here that Pol II abundance regulates AID accumulation and 

mutagenesis. In this scenario, anything that increases Pol II on V genes, such as Top1 

reduction, will raise the mutation frequency. However, Honjo and colleagues proposed 

another mechanism to explain how Top1 knockdown increases mutagenesis (28, 29). They 

suggest that AID protein edits a microRNA that reduces the translation of Top1 mRNA. 

Diminished Top1 protein would amplify non-B structures in DNA, which undergo cleavage 

by the residual Top1 protein. DNA strand breaks then become substrates for SHM and class 
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switch recombination. According to their model, AID+/+ cells will have less Top1 protein 

compared to AID−/− cells. We therefore tested this hypothesis to see if AID altered Top1 

protein in DT40 cells. Western blot analyses for AID, Top1, and β-actin were performed on 

AID−/−, AID+/+, and AIDR DT40 cells (Fig. 4A). AID protein levels were different among 

the three strains, with cells reconstituted with AID (AIDR) expressing the most protein. 

However, Top1 expression was identical in all three lines. To repeat the experiments of 

Honjo and colleagues using mice (29), we then measured AID, Top1, and β-actin levels in 

Aid−/− and Aid+/+ primary mouse splenic B cells, before and after activation with LPS and 

IL-4 (Fig. 4B). AID and β-actin mRNA was assessed by RT-PCR, and Top1 and β-actin 

protein was quantified by western blots. At 0, 6, and 24 h after stimulation, AID mRNA was 

absent in Aid−/− cells, and increased in Aid+/+ cells. Top1 protein levels were unchanged by 

the presence or absence of AID, and were independent of AID upregulation after 

stimulation. Thus, in contrast to the results of Kobayashi et al. (29), AID had no detectable 

effect on Top1 protein levels. The reason for this discrepancy in data is not clear.

4. Conclusion

Recent evidence suggests that Pol II and Spt5 are responsible for targeting AID to V and 

switch regions in mice (7, 8, 10, 30). The current theory is that when Pol II is paused, Spt5 

accumulates and recruits AID. Attempts to identify what controls transcription and AID 

activity in the immunoglobulin loci have focused on the 3′ enhancer elements downstream 

of C genes. In mice, deletion of this region in the Igh locus diminishes Pol II and ablates 

Spt5 and AID recruitment (8, 31). In DT40 cells, deletions in this region in the Igλ locus 

modulate transcription and reduce mutagenesis (32–34). Thus, a definitive role for the 3′ 

enhancer region in transcription and mutation is unclear at this time. What is clear, however, 

is that Pol II is critical to initiate the assembly and activity of the mutation complex. For 

assembly, we demonstrate here that Top1 deficiency increased Pol II accumulation over 

transcribed Vλ, Cλ, and γ-actin genes, and magnified AID protein over the Vλ gene. For 

activity, Pol II abundance generates single-strand DNA (8, 9, 35, 36), which is the substrate 

for AID. Thus, Pol II has a dual role in both instigating recruitment of Spt5 and AID, and 

producing single-strand DNA for AID to act on. Pol II accumulation might be due to cis 

DNA sequences around the V gene that regulate transcription, perhaps by delaying promoter 

release of the initiating polymerases (8). The identification of such sequences may unlock 

the mystery of why V genes are a magnet for AID-induced mutagenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplemental Table S1 lists the primers used for shRNA, ChIP, DNA sequencing, and RT-

PCR.

Supplemental Fig. S1 shows western blots for Top1 and β-actin from all clones transfected 

with sh-control and sh-Top1.
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Highlights

• Knockdown of Topoisomerase I increased RNA Polymerase II and AID in Vλ 

genes.

• Pol II accumulation elevated somatic hypermutation and gene conversion in 

DT40 cells.

• Topoisomerase I was unaffected by AID levels.
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Fig. 1. 
Effects of Top1 knockdown on cell division and proliferation. For ΦV− AIDR2 cells, 3 sh-

control and 9 sh-Top1 clones were tested, and for AID+/+ cells, 2 sh-control and 4 sh-Top1 

clones were tested. (A) Western blot analysis comparing Top1 levels in sh-control and sh-

Top1 clones. Representative blots are shown. Bar graphs represent the average Top1/β-actin 

ratio; error bars depict standard deviation (SD). P value, unpaired two-tailed Student’s t test. 

(B) Cell division experiments tracking the dilution of CFSE dye over time. Representative 

flow cytometry analysis of fluorescence intensity in a sh-control clone on days 0 (black), 1 

(green), and 2 (orange). Bar graphs represent the average mean intensity; error bars indicate 

SD. Value for d 1 includes cells in both peaks. (C) Cell proliferation. Cells were counted on 

days 0–4.
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Fig. 2. 
ChIP analyses for RNA Pol II and AID. (A) Map of Igλ locus in ΦV− AIDR2 cells. TATA 

box, green triangle; VJ and C exons, yellow boxes. Red line indicates the area being 

amplified during ChIP assay. (B) RNA Pol II analysis on 2 subclones from each of 3 sh-

control (gray) and 9 sh-Top1 (red) clones; error bars show SD. *, P ≤ 0.05 (unpaired two-

tailed Student’s t test). (C) AID analysis on 2 subclones from 3 sh-control (gray) and 9 sh-

Top1 (red) clones; error bars depict SD. *, P = 0.02 (unpaired two-tailed Student’s t test).
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Fig. 3. 
Somatic hypermutation and gene conversion. (A) Map of Igλ locus in ΦV− AIDR2 cells. 

TATA box, and VJ and C exons are shown. Double arrow represents the area amplified for 

sequencing. (B) SHM. Left graph; flow cytometry analysis of 3 sh-control (gray) or 9 sh-

Top1 (red) independent clones, with 24–36 subclones analyzed per clone. P value, unpaired 

two-tailed Student’s t test. Right table; sequence analysis from 10 sh-control and 11 sh-Top1 

subclones. P value, unpaired two-tailed Student’s t test. (C) Map of Igλ locus in AID+/+ 

cells. Yellow boxes represent the position of VJ and C exons, and black boxes show the 

position of V pseudogenes. Double arrow indicates the region sequenced. (D) GC. Left 

graph; flow cytometry analysis using 2 sh-control (gray) or 4 sh-Top1 (red) independent 

clones, with 24 subclones analyzed per clone. P value, unpaired two-tailed Student’s t test. 

Right table; sequence analysis from 4 sh-control and 8 sh-Top1 subclones. P value, unpaired 

two-tailed Student’s t test.
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Fig. 4. 
Top1 protein levels in DT40 and mouse B cells. (A) DT40 cells. Protein levels of AID, 

Top1, and β-actin are shown in representative western blots for AID−/−, AID+/+, or AIDR 

cell lines. Bar graph depicts the average Top1/β-actin ratio from 3 independent experiments; 

error bars represent SD. (B) Mouse cells. Splenic B cells were stimulated with LPS and IL-4 

for 0, 6, and 24 h. mRNA levels by RT-PCR are shown in representative panels for AID and 

β-actin from Aid−/− and Aid+/+ cells. Similar results were seen in 2 additional mice per 

genotype (data not shown). Protein levels of Top1 and β-actin are shown in representative 

western blots for Aid−/− and Aid+/+ cells. Bar graph depicts the average Top1/β-actin ratio 

from 3 independent experiments with 1 mouse per experiment; error bars show SD.
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