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DNA structural alteration and DNA cleavage
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To initiate class switch recombination (CSR) activation-induced
cytidine deaminase (AID) induces staggered nick cleavage in the S
region, which lies 5’ to each Ig constant region gene and is rich in
palindromic sequences. Topoisomerase 1 (Top1) controls the su-
percoiling of DNA by nicking, rotating, and religating one strand of
DNA. Curiously, Top1 reduction or AID overexpression causes the
genomic instability. Here, we report that the inactivation of Top1
by its specific inhibitor camptothecin drastically blocked both the
S region cleavage and CSR, indicating that Top1 is responsible for
the S region cleavage in CSR. Surprisingly, AID expression sup-
pressed Top1 mRNA translation and reduced its protein level. In
addition, the decrease in the Top1 protein by RNA-mediated
knockdown augmented the AID-dependent S region cleavage, as
well as CSR. Furthermore, Top1 reduction altered DNA structure of
the Su region. Taken together, AID-induced Top1 reduction alters
S region DNA structure probably to non-B form, on which Top1 can
introduce nicks but cannot religate, resulting in S region cleavage.

camptothecin | non-B DNA | translation suppression

lass switching is one of the critical features of antibody

memory that is required for vaccination. Class switching is
accomplished by region-specific recombination between two
switch (S) regions located upstream of the Ig (Ig) heavy-chain
constant region (Cy) gene (1, 2). Class switch recombination
(CSR) is a unique type of recombination distinct from site-
specific, homologous, or illegitimate recombination because the
S region consists of tandem arrays of repetitive sequences rich
in inverted repeats or palindromes. Such sequences facilitate
formation of stem-loop, cruciform, and other non-B DNA
structures (3).

Transcription of the S region is initiated from the I promoter
that is specific to each S region, and is essential to trigger CSR
(4, 5). The S region transcripts seem to remain on the DNA
template for a short period, thus facilitating the formation of
R-loop. Lieber and colleagues reported that the bisulfite treat-
ment of nuclear DNA from switch-induced spleen cells con-
verted dC to dU in the Su region, indicating the presence of
single stranded DNA in the Su region in activated B cells (6, 7).
R-loop may not survive long but lead to the formation of non-B
structures including stem-loop, cruciform, and triplex in the S
region because of abundant inverted repeats (3, 8-10).

Frequent and long deletions and duplications are observed at
the CSR junctions in artificial switch substrates designed to
select inversion-type products (11). The results suggest that the
double strand breaks (DSBs) in the S regions leading to CSR, are
generated by the staggered nick-type cleavages because dele-
tions and duplications are most likely to be generated during the
repair of staggered nicked ends with single-strand overhangs by
exonucleases or DNA polymerases.

AP endonuclease 1 and 2 (Apex 1 and 2) and topoisomerase
1 (Topl) represent evolutionally conserved nicking enzymes.
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Apexl and 2 cleave abasic sites generated by base excision
enzymes, such as uracil DNA glycosylase, which are proposed to
be involved in CSR (12, 13). However, we have shown that both
Apexl and 2 are not essential for CSR (14). Topl reduces
excessive supercoiling in the DNA of mammalian cells (15). It
binds to DNA, cleaves one strand and fixes the 3’ phosphate of
the cleaved end by forming a transient covalent bond with its
tyrosine residue. The transient complex is quickly resolved by
religation after rotating the nonfixed end of the DNA strand
around the helical axis. A specific inhibitor of Top1, camptoth-
ecin (CPT) can be intercalated into this transient cleavage
complex of Topl and DNA to block Topl’s catalytic function
while CPT does not affect free Topl (16). Curiously, the
reduction of Topl by RNA mediated knockdown in cultured
cells causes the genome-wide instability (17). Activation-induced
cytidine deaminase (AID) is essential for CSR and involved in
S region cleavage, but its molecular mechanism is unknown (12,
13, 18, 19). AID has two functions in CSR: one for S region
cleavage and the other for the end joining step (20). Interest-
ingly, AID introduces DNA cleavage in multiple genetic loci,
resulting in the genome instability (20-23).

We found that CPT almost completely inhibited CSR and
DNA cleavage in the S region induced by AID, indicating that
Topl is the major, if not a sole, nicking enzyme in CSR. We then
found that AID expression reduced the Topl protein amount
primarily by suppression of Topl mRNA translation. In addition,
Topl reduction altered the Su region structure, which probably
prevents the rotation and religation steps after cleavage by Topl1.
From these observations, we propose a model that S region
cleavage is due to suppression of religation by Topl on non-B
DNA, which is formed by inefficient relaxation of transcription-
coupled supercoiling because of Topl reduction by AID.

Results

Top1 Inhibition by CPT Blocks CSR. Because Apex1 and 2 are not
required for CSR (14), we suspected involvement of Topl. We
thus tested the effect on CSR of treating cells with CPT that
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Fig. 1. CPT blocks CSR in CH12F3-2 cells and splenic B cells. (A) The percent-
ages of the IgA* and propidium iodide (PI)~ alive cells are presented as closed
and open circles, respectively. Each circle represents average with S.D. (n = 3).
The backgrounds (subtracted) of IgA* and PI* cells at 0 nM CPT were 1.26 and
11.5%, respectively. (B) AID~/~ spleen cells were infected by AIDER-IRES-GFP
retrovirus. Twenty-four hours later, the cells were treated with 1 uM 4-OHT or
EtOH in the presence of 30 to 60 nM CPT. After an additional 24-h incubation,
surface IgG1 and GFP expression were analyzed by flow cytometry with
biotinylated anti-IgG1 antibody and streptavidin-APC. The percentage ofIgG1
switch in the GFP positive cells is shown above each plot. Mock, no retrovirus
control. (C) Sy7-Sp. DC-PCR. Before the flow cytometry in panel B, part of cells
were collected 3 and 6 h after 4-OHT and CPT addition. Extracted genomic
DNA was then subjected to DC-PCR for the Sy7-Su recombination (y7-u) and
for the nicotinic acetylcholine receptor (nAchR) locus as control. PCR products
were run on a 2% agarose gel and visualized by ethidium bromide.

GFP

specifically stabilizes the Top1-DNA intermediate complex and
inhibits the catalytic function of Topl. The IgA switching of
CH12F3-2 cells 24 h after stimulation with a mixture of CD40L,
IL-4, TGFB (CIT) was reduced in the presence of CPT in a dose
dependent manner (Fig. 14). CPT (60 nM) inhibited CSR to
13% while 80% of cells remained alive even after 24 h. The
inhibition of CSR was more directly demonstrated by a drop in
a circle transcripts («CT), which are transcribed from looped-
out circular DNA (24) (Fig. S1A4). The drop in «CT by increment
of CPT paralleled the reduction of IgA expression. We also
confirmed that this strong blockade of CSR by CPT was not due
to the suppression of either AID expression or germline tran-
scription of the Su and Sa regions in CH12F3-2 cells (Fig. S1B).

The inhibition of CSR by CPT was confirmed in splenic B
cells. AID deficient splenic B cells were stimulated by LPS and
IL-4, and infected with the retrovirus expressing AID fused with
the hormone binding domain of the estrogen receptor (ER)
(AIDER) (25). AIDER was then activated by the addition of
tamoxifen (4-OHT) 24 h after the infection. The surface ex-
pression of IgG1 in splenic B cells was inhibited by 30 or 60 nM
CPT (Fig. 1B). To examine the effect of CPT more quickly, we
performed the digestion circularization (DC) PCR method (26).
As early as 3 or 6 h after the activation of AIDER with 4-OHT,
we could already detect Sy1-Su DC-PCR products of Syl-Su
recombination, which results from recombination between the
Syl and Sp regions (Fig. 1C and Fig. S1C). The amount of
Sy1-Su DC-PCR products was drastically reduced by 3-h incu-
bation with 30 or 60 nM CPT, indicating that the blockage of
CSR by CPT is unlikely to be the secondary effect of cell death.
None of Top2a inhibitors blocked CSR as assessed by aCT
synthesis (Table S1).

CPT Inhibits S Region DNA Cleavage. To assess whether CP T inhibits
DNA cleavage in the S region, we first examined the yH2AX
focus formation in the S region. A chromatin immunoprecipi-
tation (CHIP) assay using anti-yH2AX antibodies clearly
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Fig.2. CPTinhibitsthe DNA cleavage in CSR. (A) AER cells were cultured with
50 nM CPT for 12 h then stimulated with CIT and 1 uM 4-OHT. Cells were
harvested 8 h after the stimulation and yH2AX accumulation at the indicated
gene loci was assessed by CHIP. Cells treated with 0.5 nM staurosporin were
shown as a positive control. A numeric value representing the nonspecific IgG
precipitation was subtracted as a background. The graph represents the
average of 4 independent experiments with a standard deviation. (B—E) DNA
break assay was carried out as described in Materials and Methods. Indicated
concentrations of CPT were added at the same time as 4-OHT (1 uM). (B) CPT
effect on DNA break induced by AID. AER cells were stimulated for 16 h with
4-OHT. (C) Top1 knockdown was carried out for 24 h with siRNA oligo #33 or
#35 in AER cells. Cells were harvested 24 h later from the start of 4-OHT. (D)
Knockdown of Top1 in AER cells was carried out by miR expression with 50
ng/mL tetracycline (Tet). AER cells were activated for 24 h by 1 uM 4-OHT. AER
cells with microRNA-negative control (miR-neg) were used as control. (E) AER
cells with Top1 knockdown by siRNA oligo #33 for 24 h and subsequently
stimulated.

showed that yH2AX accumulated in the Sp. region and Cu exons
but not in the Gapdh or Icos loci in response to DNA cleavage
in AER cells i.e., CH12F3-2 cell expressing AIDER after the
addition of 4-OHT, as reported previously (Fig. 24) (27).
yYH2AX focus formation at the S region and Cu exons was
severely blocked by 50 nM CPT, indicating that CPT suppresses
AlID-induced DSBs in the Su region.

Using semiquantification of DSBs ends by ligation of a
biotinylated linker, we confirmed that the number of DSBs of the
Sw and Sa region was clearly reduced in AER cells by 10 and 30
nM CPT (Fig. 2B). On the other hand, the Syl region cleavage
was not affected by CPT. Also, although 150 nM CPT induced
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Fig. 3. Top1 protein is decreased by AID expression. (A-C) The protein
amounts were measured by Western blot analysis using appropriate antibod-
ies. (A) Wild-type (W) and AID~/~ (A~/~) splenic B cells were stimulated for the
indicated periods by LPS and IL-4. The relative Top1 protein amounts normal-
ized by tubulin are plotted at the right. (B) AID~/~ mouse splenic B cells were
infected by retroviruses carrying AIDER (W) or its KSS-mutant (K). 4-OHT (1
M) was added 24 h after infection. Relative Top1 protein levels at indicated
time points after 4-OHT addition are plotted as above. (C) Top1 protein levels
in the nucleoplasm fraction of AER cells at indicated time points after 4-OHT
addition were measured, normalized by lamin, and are plotted as above.

numerous nonspecific DNA cleavage, it did not induce a signif-
icant number of such cleavage at <50 nM used in the present
study (Fig. S2). Finally, because CPT, a substrate-enzyme inter-
calating inhibitor of Top1, blocks the AID-induced DSBs of the
S region at concentrations far below CPT’s ICsg (ca 7 uM) (28),
the S region might be preferred target to Topl. These results
demonstrate that Topl is the enzyme responsible for DNA
cleavage during AID-induced CSR.

AID Expression Reduces Top1 Protein. We then explored a possible
relationship between Topl and AID. We compared the Topl
protein level between wild-type and AID deficient splenic B cells
stimulated with LPS and IL-4 (Fig. 34). Surprisingly, 24 h after
stimulation the wild-type splenic B cells showed a decreased
level of the Topl protein that was ~60% of the level in the
nonstimulated or AID deficient spleen cells. When we intro-
duced retrovirus carrying AIDER into the AID deficient splenic
B cells, wild-type AIDER expression reduced the Topl protein
to 50% 3 h after 4-OHT stimulation compared with expression
of a catalytically inactive mutant of AIDER (KSS) (Fig. 3B).
This faster reduction of the Top1 protein is probably because of
the rapid activation of the accumulated AIDER by 4-OHT.

When AER cells were stimulated with 4-OHT or CIT, the
Topl protein was also reduced but more slowly (Fig. S34),
probably because cell lines proliferate much faster and thus
contain a much larger amount of the Top1 protein than splenic
B cells. The majority of the Topl protein is localized in nucleoli
and the turnover of the nucleolar Topl protein is much slower
than the nucleoplasmic Top1 (29, 30). We therefore quantified
the Top1 protein level in the nucleoplasmic fraction of AER cells
after the addition of 4-OHT and found that the Top1 amount was
reduced quickly (Fig. 3C). Similarly, NIH 3T3 fibroblasts ex-
pressing AIDER but not its KSS mutant decreased the Topl
protein amount in the nucleoplasm fraction after 4-OHT stim-
ulation (Fig. S3B). We also found that C-terminally truncated
AID (Jp8Bdel) also reduced Top1 protein (Fig. S3C) (20). The
mRNA level of Topl was decreased by ~20% 48 h after
stimulation of splenic B or CH12F3-2 cells (Fig. S3D). We
therefore suspected that the reduction in the Top1l protein was
mostly due to either the suppression of Topl mRNA translation
or to enhanced degradation of the Topl protein.
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Fig. 4. AID reduces the Top1 protein level by inhibiting its translation. (4)
Half-life of Top1. AER cells were treated with 50 uM Z-VAD-FMK, 1 uM of
4-OHT, and 10 ug/mL of CHX at the indicated time points. Whole cell extract
was collected serially, and Top1 was measured by Western blot and plotted. (B)
Translation rate of Top1. AER cells were cultured in methionine free medium
with or without 1 uM 4-OHT for 1 h before L-azidohomoalanine (AHA)
addition at time 0. Cells were harvested at different time points, and AHA
incorporated protein was biotinylated as described in Materials and Methods.
The Top1 synthesis ratio in the presence vs. absence of 4-OHT was calculated
to be 0.53 * 0.044. Met, methionine; bound, Streptavidin beads-bound
fraction.

AID Suppresses the Translation of Top1 mRNA. We first determined
the half life of the Topl protein in AER cells to be 3.7 h by the
addition of cycloheximide (CHX) (Fig. 44). The half-life of the
Topl protein was not shortened significantly by AID activation,
indicating that AID does not accelerate the degradation of Top1.
We then directly examined whether Topl protein synthesis is
reduced by AID induction. AID activation clearly suppressed
the rate of the Topl protein synthesis to a half, while the total
protein synthesis is not affected (Fig. 4B and Fig. S4). We
sequenced the Topl cDNA in AID expressing B cells and found
no mutations in either the coding or 3" UTR sequence (Fig. S5).
Therefore, Topl mRNA does not seem to be a direct editing
target of AID. The half life (3.7 h) and translation reduction rate
(0.5) explains experimental reduction of Topl protein (see
Discussion). Collectively, these results suggest that the Topl
reduction induced by AID activation was caused primarily by the
suppression of Topl mRNA translation and less significantly by
Topl mRNA degradation.

Top1 Knockdown Enhances CSR. We then examined whether a Top1
reduction induced by AID is functionally relevant to CSR. Small
interfering (si)RNA oligos to Topl mRNA were introduced into
AER cells to knock down the Top1 protein, and their effects on
CSR were examined. Two Top1 siRNA oligos (Nos. 33 and 35)
knocked down the Topl protein strongly in AER cells although
measurable amounts of Topl always remained (Fig. 54). Sur-
prisingly, the Topl protein knockdown by either of the Topl
siRNA oligos clearly augmented CSR induced by various levels
of AID activation, which was controlled by changing the con-
centrations of either CIT or 4-OHT (Fig. 5B). The magnitude of
CSR augmentation by Top1 reduction was greater in the 4-OHT
activated AER cells than in the CIT-activated cells probably
because 4-OHT caused lower AID activation than did CIT as
evidenced by a lower efficiency of IgA switching and stronger
inhibition by AID knockdown. The augmentation of CSR by the
Topl knockdown was not due to an increase in I and I«
germline transcription, or endogenous AID expression in AER
cells with or without 4-OHT stimulation (Fig. S6A4).
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Fig. 5. Top1 knockdown enhances CSR in AER and splenic B cells. (A) The
Top1 protein level in AER cells was measured by Western blot 48 h after
electroporation with the indicated siRNA. (B) Top1 knocked-down AER cells
were stimulated with various concentrations of CIT (Left) or 4-OHT (Right) for
24 h, and the surface IgA expression was quantified by flow cytometry. siRNAs
used are as follows; closed circles, siTop1#33; squares, siTop#35; triangles,
siAID; open circles, control. (C) Knockdown of Top1 was performed in AER cells
carrying the Tet-inducible microRNA (miR)-Top1 construct as described in
Materials and Methods. The surface IgA expression was quantified by flow
cytometry 24 h after 4-OHT addition. Squares, miR-Top1; circles, miR-neg.
(Left) Cells were exposed to indicated concentrations of Tet for 24 h, and then
incubated with 1 uM of 4-OHT. Closed and open symbols, with and without
4-OHT, respectively. (Right) Cells were initially exposed to 1 ug/mL doxycycline
for 24 h and then CSR was induced by indicated concentrations of 4-OHT.
Closed and open symbols, with and without doxycycline, respectively. (D) Top1
knockdown augmented CSR in splenic B cells. AIDER-induced CSR in the
control siRNA- and Top1 siRNA(#33)-treated splenic B cells. AID~/~ splenic cells
were cultured for 24 h after siRNA introduction and then infected by the
AIDER-IRES-GFP retrovirus. The surface IgG1 and GFP levels were analyzed by
flow cytometry 24 h after 4-OHT addition. Numbers in the quadrants are the
percentages of switched cells among the GFP positive population.

We also generated AER cell lines containing plasmids carry-
ing tetracycline (Tet) - inducible microRNA directed to Topl
mRNA or a randomized negative control. In this cell line, CSR
was gradually augmented in parallel with Topl knockdown by
increasing expression of the Topl-directed microRNA but not
the negative control (Fig. 5C, Left and Fig. S6B). The augmen-
tation of CSR by Topl knockdown was also dependent on
AIDER activation by 4-OHT (Fig. 5C, Right). A slight increase
in CSR by Top1 knockdown was observed without 4-OHT, which
might have been due to the basal level of AID expression in
CHI12F3-2 cells. CSR enhancement by Topl knockdown was
also obvious in splenic AID™/~ B cells that were electroporated
to incorporate Topl siRNA and then infected by AIDER
retrovirus, followed by 4-OHT activation (Fig. 5D and Fig. S6C).

Top1 Knockdown Enhances S Region Cleavage. We then asked
whether Topl reduction stimulated DNA cleavage in the S
region. When the Topl protein was decreased by either Topl
siRNA No. 33 or No. 35, the DSBs were strongly increased in the
Swand Sa regions, but not the Sy1 region in AER cells compared
with AER cells treated with control siRNA (Fig. 2C). Similarly,
the Topl knockdown by the Tet-inducible microRNA in AER
cells also enhanced cleavage in the S but not the Syl region
(Fig. 2D). Thus, we concluded that Topl reduction facilitates
CSR by enhancing the S region cleavage. Importantly, the DSBs
that were augmented by the Top1 knockdown were also inhibited
by 25 and 50 nM CPT, indicating that DNA cleavage augmented
by Topl reduction is also catalyzed by Top1 (Fig. 2E).
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Fig.6. Top1knockdown alters the single-stranded area of the Sy region. (A)
Schematic representation of the PCR amplified sequence flanking the Su core
region. Gray and black arrowheads indicate forward (bisulfite specific) and
reverse primers, respectively. The C-rich (59 Cs) area (150-bp) was located at
the 3’ end of the amplified fragment (721-bp) and indicated by dotted line. (B)
The bisulfite reactivity of the 59 C bases, with or without Top1 knockdown in
CH12F-3 cells. Each C base with its position number from the left end of the
721-bp amplified segment is indicated on horizontal axis and the percent
converted at each position out of the total molecules analyzed is plotted on
vertical axis. The three sensitive areas are indicated by horizontal bars labeled
I, 11, and Ill. (C) Summary of the total C to T conversion frequency.

Top1 Knockdown Induces Structural Changes in the S Region. To
explore the mechanism by which AID-mediated Top1 reduction
augments S region cleavage and CSR, we speculated that
aberrant supercoiling by Topl protein reduction may induce
non-B DNA structure in the S region so that Topl cannot
religate, resulting in irreversible cleavage by Topl. DNA struc-
tural alterations can be estimated by the DNA’s sensitivity to
bisulfite modification from dC to dU, which occurs in the
single-stranded regions (6, 7). The presence of consecutive C
bases is suitable for determining the single-strandedness by the
bisulfite assay (7). We found that the three major C clusters (Fig.
64 and B I, II, and III) within the 150-bp region 3’ to the core
Sw region in CH12F3-2 cells showed a higher sensitivity to the
bisulfite treatment after Top1l knockdown. A similar increase in
bisulfite sensitivity was observed in the same clusters after CIT
stimulation. Because the Su locus is transcriptionally active in
CHI12F3-2 cells, we observed about a 16% basal reactivity
estimated by the total conversion frequency (Fig. 6C), which was
increased to 27% upon Topl knockdown. These results suggest
that Topl reduction indeed affected the DNA structure of the
S region. Although Topl normally cleaves and religates one
strand of DNA, when Top] levels are reduced, structural alter-
ations in the S region may form non-B structures that block the
rotation and religation step, resulting in irreversible cleavage by
Topl.

Discussion

In the present study, we showed that CPT an intercalating
inhibitor of the Topl1 catalytic activity (15, 16) blocked both CSR
and S region cleavage induced by AID activation in B cells. In
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addition, AID expression reduced the Topl protein amount by
suppression of Topl mRNA translation. This activity of AID
depends on its deamination activity but not on the C-terminal
domain that is not required for DNA cleavage (20). Further-
more, Topl reduction mediated by RNA knockdown enhanced
AlD-induced CSR and S region DNA cleavage. From these
observations, we conclude that the activation of AID reduces the
Topl protein and this decrease in the Topl protein enhances
DNA cleavage in the S region. CPT also inhibited DSBs
augmented by Topl knockdown. It is therefore likely that Topl
is the enzyme that introduces the DSBs by staggered nick
cleavage in the S region after AID activation in B lymphocytes.

The mechanism by which Topl introduces DSBs requires
inhibition of the religation step of Topl. Transcription elonga-
tion by RNA polymerase I introduces uneven DNA supercoiling
leading to a positive supercoil in the front of the migrating
transcriptional machinery and negative supercoil at the rear.
Topl reduction is likely to retard relaxation of negative super-
coil. Excessive negative supercoil of DNA facilitates local struc-
tural alterations including R-loop, stem-loop, cruciform, triplex,
and other non-B DNA structures in DNA rich in palindromes or
G/C stretches like the S region, which probably inhibits the
religation step of Top1 after cleavage (3, 8—10) (Figs. S7 and S8).
In addition, Topl phosphorylates and activates the alternative
splicing factor ASF/SF2 (31). Thus, it is possible that Topl
protein reduction may disturb splicing of S region transcripts and
prolong the half life of S region transcripts, leading to the
formation of frequent R-loop and consequent non-B DNA
structures in the S region (3, 32). In support of this hypothesis,
the reduction of either Top1 or ASF induces genomic instability
(17, 32). In fact, we observed that the single stranded fraction of
the Su region was augmented by Top1 knockdown. Interestingly,
a similar bisulfite reactivity pattern was observed at the chro-
mosomal instability sites identified in the bcl-2 and c-myc loci (8,
9).

Furthermore, Topl promotes the formation of G-quartet
structures and binds to non-B forms of DNA, such as cruciform
and G-quartet DNA, which can occur in G-rich single-stranded
regions (33, 34). Non-B form structures may result in irreversible
cleavage on either strand of the S region by Topl because the
DNA rotation around the helix may be disturbed after nicking,
thus inhibiting the Topl’s religation activity (Fig. S8). In other
words, the Topl1 reduction may induce the structural changes of
the S regions that favor irreversible cleavage by Topl.

Given the half-life of 3.7 h and reduction rate of translation to
50%, the Top1 protein level at a given time point (t in hour) after
initiation of translation reduction is equal to 0.5 Aq (1+e~%187t)
where Ay is the initial amount of Topl protein. This equation
predicts that the Topl protein amount converges to a half
approximately 24 h after initiation of translation reduction. The
experimental results are in general agreement with this predic-
tion. How can Topl mRNA translation be modulated by AID?
Because the Topl mRNA is not directly edited, we speculate that
AID may edit small molecular weight RNA, such as microRNAs.
The edited microRNAs may change the target specificity to
regulate Topl mRNA translation (Fig. S9). In summary, we have
shown that Topl is involved in the DNA cleavage step of CSR
although the details of the mechanism remain to be explored.
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Materials and Methods
All data shown are representative of at least three experiments.

siRNA System. Topl siRNA #33 or #35, or a low GC control RNA (all by
Invitrogen) were electroporated into CH12F3-2, AER, or splenic B cells and
incubated for 24 h before stimulation. miR system: miR-Top1 was designed by
BLOCK-iT RNAi Designer (Invitrogen), and cloned into pcDNA™6.2-GW/
EmGFP-miR (Invitrogen). pcDNA 6.2-GW/EmGFP/miR-neg control (miR-neg)
plasmid was used as the negative control. The sequences of miR and siRNA are
in Table S2. Tet-ON system: AER cells was transduced by pLenti6/TR (Invitro-
gen) and selected with 5 ug/mL of blasticidin to get the Tet repressor positive
(TetR+) subclone. pCMV promoter of the miR vectors was substituted by Tet
operator promoter from pcDNA 4/TO/LacZ (Invitrogen). The TetR+ cells were
electroporated by the Tet-operative miR vector, sorted by flow cytometry and
subcloned. In the experiments, the cells were exposed to Tet or dox for 24 h
before AID activation.

DNA Break Assay by Biotinylated Linker-Ligation. Biotinylated linker-ligation
method is based on biotinylated dUTP method (20). DNA break site is blunted
and ligated with biotinylated linker. Sonicated labeled DNA were trapped
with streptavidin magnetic beads, followed by second linker ligation. DNA
was further globally amplified with linker-specific primers, and purified with
WIZARD SV Gel and PCR Reaction Clean-up system (Promega). Gene-locus
specific quantitative PCR was performed with ABI 7900HT. Four percent of the
total sample was taken as the input DNA, just before trapping by magnetic
beads. Sy, Sa, or Sy locus signal, calculated by beads-bound/input, is further
standardized by the signal (beads-bound/input) of B2-microglobulin locus or
B-actin locus to compensate the recovery of beads and DNA. All of the
sequences of linkers and oligos were described in Table S2.

Metabolic Labeling of Newly Synthesized Proteins. Newly synthesized protein
was labeled with Click-iT AHA for Nascent Protein Synthesis kit and Click-iT
Biotin Protein Analysis Detection Kit (Invitrogen) according to manufacturer’s
instructions. One million AER cells were labeled with 500 uM of AHA for
indicated times and lysed in the lysis buffer [S0 mM Tris:HCl pH8.0, 1% SDS, and
1X Complete (Roche), 2.5kU/mL Benzonase (Novagen)]. AHA incorporated
protein was biotinylated. After precipitation and dissolving, biotinylated
protein was collected with Dynabeads M-280 (Invitrogen). Protein was eluted
into SDS sample buffer by boiling and quantified by Western blot with aTopl
antibody. Total protein biotinylation efficiency was measured by dot blot
onto the nitrocellulose membrane. After blocking, the membrane was incu-
bated with HRP-conjugated, streptavidin-labeled antibody, washed, and col-
ored by chemi-luminescence.

Bisulfite Modification of Genomic DNA. CH12F3-2 cells were either stimulated
with CIT or left untreated 24 h after siRNA (GC-control and Top1) introduction,
incubated for another 24 h and harvested for surface IgA expression assay and
genomic DNA isolation. Genomic DNA bisulfite modification of the Su region
was carried out as described with some modifications (7). High molecular
weight genomic DNA was isolated using Qiagen genomic DNA isolation
system and processing of bisulfite modified DNA was performed following the
instruction of Bisulfite modification system (Human Genetic Signatures). Am-
plification of the sequence 3’ to the Su core region with FTH111 and FTH94
primers.

Materials and other conventional experimental procedures are described
in S/ Text.
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