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Activation-induced cytidine deaminase (AID) is essential for anti-
body diversification, namely somatic hypermutation (SHM) and
class switch recombination (CSR). The deficiency of apurinic/
apyrimidinic endonuclease 1 (Ape1) in CH12F3-2A B cells reduces
CSR to ∼20% of wild-type cells, whereas the effect of APE1 loss on
SHM has not been examined. Here we show that, although APE1’s
endonuclease activity is important for CSR, it is dispensable for
SHM as well as IgH/c-myc translocation. Importantly, APE1 defi-
ciency did not show any defect in AID-induced S-region break
formation, but blocked both the recruitment of repair protein
Ku80 to the S region and the synapse formation between Sμ
and Sα. Knockdown of end-processing factors such as meiotic re-
combination 11 homolog (MRE11) and carboxy-terminal binding
protein (CtBP)-interacting protein (CtIP) further reduced the
remaining CSR in Ape1-null CH12F3-2A cells. Together, our results
show that APE1 is dispensable for SHM and AID-induced DNA
breaks and may function as a DNA end-processing enzyme to fa-
cilitate the joining of broken ends during CSR.
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Upon encountering antigens in the periphery, mature B cells
undergo two types of genetic alterations, somatic hyper-

mutation (SHM) and class switch recombination (CSR), in the Ig
gene during the G1 phase (1, 2). Although mechanistically different,
both events are initiated by the activation-induced cytidine de-
aminase (AID) (3–5), which introduces single-strand DNA break
(SSB) in the target DNA, namely the V region for SHM and the S
region for CSR (6–9). Most SHMs are introduced during the repair
of AID-induced SSBs through error-prone DNA synthesis by
translesion polymerases, such as Polη and Polζ (10, 11).
By contrast, efficient CSR requires a series of biological steps

including conversion of AID-induced SSBs to double-strand
breaks (DSBs), the synapsis formation of S-region broken ends,
and their recombination (8, 12). Among them, processing of
SSBs to DSBs without replication involves many enzymes in-
cluding exonucleases, endonucleases, and/or helicases. Further-
more, when the cleaved ends are blocked by unusual modified
bases, they should be removed by end-processing enzymes such
as carboxy-terminal binding protein (CtBP)-interacting protein
(CtIP) and the MRN complex (13). Subsequently, the DSBs at
the donor and acceptor S regions are joined by either the non-
homologous end joining (NHEJ) or alternative end joining (A-
EJ) pathway (14–17). During the NHEJ pathway that requires
DSBs with blunt end or short overhang, additional end pro-
cessing could occur at several steps before the recruitment of
repair protein Ku80, or after synapse formation (13). The A-EJ
pathway is used for the joining of DSB with long overhangs and
also is involved in aberrant chromosomal translocations, which
depend on uracil DNA glycosylase (UNG) (18).
Both SHM and CSR take place during the G1 phase and are

transcription-dependent (19). Because AID is known to in-
troduce DNA cleavage in a limited number of non-Ig genes such
as oncogene c-myc, AID targets are restricted (20). There are only
a small number of enzymes that can cause DNA damage (genotoxic
activity) in a transcription-dependent manner. Topoisomerase 1

(Top1) was recently shown to be genotoxic in neural cells that
do not replicate (21). During transcription, Top1 normally regu-
lates the DNA helix by transient SSBs, covalent association
with DNA, DNA rotation around the helix, and relegation.
However, Top1 occasionally may be trapped as covalently bound
to DNA in the repetitive sequences that can form non-B struc-
tures (22).
We proposed that AID suppresses Top1 protein synthesis by

deaminating cytidine (C) in miRNAs (23, 24). The reduction
in the Top1 protein facilitates the formation of non-B DNA
structures in the V and S regions of the Ig locus when they are
actively transcribed. Such unusual DNA structure causes irrevers-
ible DNA cleavage by Top1 because this structure suppresses
the ordinary rotation around the helix of DNA (20, 22–24).
Conversely, AID was also proposed to directly deaminate DNA,
generating G:U mismatches that are detected and cleaved either
by the base excision repair (BER) pathway including UNG and
apurinic/apyrimidinic endonuclease 1 (APE1) or by the mis-
match repair (MMR) enzymes including MutS homolog 2/MutS
homolog 6 (Msh2/Msh6) (9, 25, 26). It is presumed that APE1
nicks DNA at abasic sites after uracil (U) removal by UNG, cre-
ating SSBs that, after processing, give rise to SHM, CSR, or ab-
errant recombinations/translocations (9).
APE1 is a multifunctional protein that orchestrates multiple

activities in the cell: (i) endonuclease activity for DNA damage
repair (27), (ii) the redox activity for the maintenance of tran-
scription factors (28), and (iii) binding to negative Ca2+-response
elements for acetylation-dependent regulation of gene expres-
sion (29). The endonuclease activity of APE1 not only nicks at
abasic sites, but also resects peptide-tyrosyl nucleotides at the 3′
end of DNA (30, 31). Because of the embryonic lethality of

Significance

Apurinic/apyrimidinic endonuclease 1 (APE1) has been shown to
be a critical endonuclease required for class switch recombination
(CSR). Here we show that APE1’s endonuclease activity, but not its
redox regulation or transcriptional regulation activity, is important
for CSR. Conversely, APE1 is dispensable for activation-induced
cytidine deaminase (AID)-induced somatic hypermutation (SHM)
as well as IgH/c-myc translocation. Moreover, during CSR, APE1 is
not required for AID-induced S-region break formation, but is
critical for the processing of cleaved ends because both repair
protein Ku80 recruitment and end synapse formation are blocked
by APE1 deficiency. APE1 deficiency only partially impairs CSR,
and we found that two other end-processing enzymes,
meiotic recombination 11 homolog (MRE11) and carboxy-terminal
binding protein (CtBP)-interacting protein (CtIP), are responsible
for the remaining CSR activity in the absence of APE1.

Author contributions: J.X., T.H., and M.K. designed research; J.X., A.H., and W.H. per-
formed research; J.X., A.H., W.H., and M.K. analyzed data; and J.X. and T.H. wrote
the paper.

The authors declare no conflict of interest.
1To whom correspondence should be addressed. Email: honjo@mfour.med.kyoto-u.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1420221111/-/DCSupplemental.

17242–17247 | PNAS | December 2, 2014 | vol. 111 | no. 48 www.pnas.org/cgi/doi/10.1073/pnas.1420221111

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1420221111&domain=pdf
mailto:honjo@mfour.med.kyoto-u.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420221111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420221111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1420221111


APE1 ablation in mice (32), the role of APE1 in CSR and SHM
has not been conclusively examined, and several studies gave rise
to contradictory conclusions (33, 34).
Recently, however, Masani et al. generated CH12F3-2A B

cells completely lacking APE1 and found that the genetic abla-
tion of Ape1 reduces the CSR efficiency in CH12F3-2A cells to
20% of the wild-type (WT) cells, whereas a deletion of APE2 has
no effect on the CSR of CH12F3-2A cells (35). The results
clearly demonstrated the involvement of APE1 in CSR, but at
the same time raised several critical questions as to the role of
APE1 in CSR. First, it is of particular importance to determine
with which enzymatic activity and by what mechanism APE1 is
involved in CSR. It is also important to assess whether APE1 is
also required for AID-induced SHM. Furthermore, it is in-
teresting to know which enzymes could account for the remain-
ing CSR activity in APE1-deficient CH12F3-2A cells, although
Masani et al. proposed that a latent endonuclease activity of the
MMR factor MLH1/PMS2 complex may be responsible (35).
In the present study, we examined APE1’s role in CSR and

SHM using APE1-deficient CH12F3-2A cells (35) and found
that, although APE1’s endonuclease activity is required for CSR,
it is dispensable for SHM and IgH/c-myc translocation. Sur-
prisingly, the endonuclease activity of APE1 is dispensable for
AID-induced S-region cleavage, but necessary for Ku80 re-
cruitment and synapse formation of the broken ends. Our results
suggest that APE1 functions as a DNA end resection enzyme
and plays a critical role in processing AID-induced SSBs for
efficient joining and recombination during CSR.

Results
The Endonuclease Activity of APE1 Is Required for CSR. To elucidate
which function of APE1 is important for CSR, we expressed
APE1 WT and its loss-of-function mutant proteins in Ape1-null
CH12F3-2A cells and tested the ability of their transfectants for
restoration of IgA switching. Three mutant proteins include (i)
APE1K6R/K7R that is defective in the acetylation-mediated gene
regulation function (29); (ii) APE1C64S mutant that lacks the
redox activity (36); and (iii) APE1Y170F mutant that is devoid of
the endonuclease activity (37) (Fig. 1A). Western blotting anal-
ysis showed that WT and all APE1 mutant proteins were almost
equally expressed in transiently transfected Ape1-null CH12F3-
2A cells (Fig. 1B, Upper). The transfectants with WT, K6R/K7R,
and C64S mutants switched to IgA at similar levels after stimu-
lation with CD40L, IL-4, and TGF-β (CIT), whereas Y170F

transfectant could not enhance switching compared with the
vector control (Fig. 1B, Lower).
To further confirm the importance of the endonuclease ac-

tivity of APE1 for CSR, we generated two transfectant lines from
Ape1-null CH12F3-2A cells stably expressing WT APE1 (WT
transfectant) or Y170F mutant (Y170F transfectant), as well as
a control line stably transfected with the empty vector (vector
transfectant). To minimize the potential variation among single
clones, bulk GFP-positive cells were sorted after G418 selection
and used for further analysis. Although Y170F and WT trans-
fectants expressed similar levels of the APE1 protein, Y170F
transfectant failed to rescue IgA switching at the three time
points tested compared with vector and WT transfectants (Fig. 1
C and D). Together, these data indicate that the endonuclease
activity of APE1 is required for efficient CSR.

APE1 Is Dispensable for AID-Induced S-Region Mutations. We then
asked whether the endonuclease activity of APE1 is also re-
quired for SHM. Because the 5′ Sμ region is the efficient target
for SHM in CH12F3-2A cells, we isolated and sequenced the 5′
Sμ region from the three transfectants (vector, WT, and Y170F)
of Ape1-null CH12F3-2A cells 72 h after CIT stimulation (Fig.
2A). The mutation frequencies were almost equal between vec-
tor and WT transfectants (Fig. 2B and Table S1), and the mu-
tation base profile remained unchanged (Table S2), indicating
that APE1 is not required for 5′ Sμ mutation.
Interestingly, Y170F transfectant had significantly more mu-

tations, which could be due to the dominant-negative binding
of Y170F to DNA that may prevent error-free repair of the
break sites of the BER system. ChIP with APE1 or Flag antibody
showed that the Y170F mutant bound to not only S-region DNA,
but also nonimmunoglobulin DNA such as the β2m locus, as
efficiently as WT APE1 (Fig. 2 C and D). Binding of APE1 to
S-region DNA was independent of AID activation (Fig. 2 C and
D), which is consistent with the idea that APE1 has a surveillance
mechanism that allows it to slide along DNA for scanning
damaged sites (38). Because mutations in the 5′ Sμ region are
considered “footprints” of the AID-dependent DNA breaks (6,
7), our results indicate that AID-induced S-region cleavage takes
place normally without APE1.

APE1 Is Dispensable for AID-Induced IgH/c-myc Translocation. To
confirm that AID induces normal levels of DNA cleavage in
APE1-deficient cells, we examined the frequency of aberrant
translocations between IgH and c-myc in the absence or presence

Fig. 1. APE1’s endonuclease activity is essential for
CSR. (A) Schematic representation of the various
APE1 mutants used in the CSR complementation
experiments. (B) Representative IgA population of
Ape1-null CH12F3-2A cells after transient introduction
of various APE1 constructs. Data are represented as
mean ± SD. (C) IgA switching efficiency of Ape1-null
CH12F3-2A cells stably expressing the empty vector,
WT, or Y170F mutant of APE1. APE1 protein expression
was determined by Western blot (Upper), and CSR ef-
ficiency was measured by FACS as the percentage of
cell surface IgA expression at indicated time after CIT
stimulation (Lower). Data are represented as mean ±
SD. (D) Representative flow cytometry (FACS) profile of
the IgA switching population under CIT (−) and (+)
conditions.
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of APE1. AID-induced IgH/c-myc translocation was measured by
a pair of PCR primers (one in c-myc and the other in Ig JH4) as
shown in Fig. 3A. The AID-induced translocation frequency was
similar between vector and WT transfectants, whereas Y170F
transfectant showed significantly more frequent translocations
than vector and WT transfectants (Fig. 3 B and C). Because IgH/
c-myc translocation depends on AID-induced DSB intermediates
(18), equal levels of the translocation frequency with or without
APE1 indicate that AID-induced cleavage in the S region as well
as c-myc locus does not depend on APE1. Enhanced translocation
by Y170F suggests again the dominant-negative effect of the cata-
lytically inactive APE1 mutant on DNA repair enzymes, which
could reduce the chromosomal translocation.

APE1 Is Dispensable for the Formation of AID-Induced S-Region
Breaks. To examine directly the dispensability of APE1 in S-region
cleavage, we assayed the level of DSBs in the three cell lines by
the break-end labeling method, using biotin-labeled nucleotides
and T4 polymerase (39). CIT stimulation induced similar levels
of DNA breaks at both the 5′ and 3′ sequences to the core Sμ
region in the presence or absence of APE1 (Fig. 4A). The
histone γH2AX ChIP assay further confirmed that AID-in-
duced DSBs occurred normally at both the Sμ and Sα regions
in the absence of APE1 (Fig. 4B).
We then carried out the linker ligation-mediated PCR (LM-

PCR) assay for DSB formation at the Sμ region in Ape1-null cells
and their transfectants in the presence or absence of T4 poly-
merase. We did not detect any change of DSBs between vector
and WT transfectants with or without T4 polymerase (Fig. 4C).
Interestingly, Y170F transfectant showed slightly enhanced DNA
cleavage activity compared with vector or WT transfectants, sug-
gesting that the Y170F mutant inhibits DNA repair. The re-
cruitment of MMR protein Msh2 was not affected with or without
APE1 (Fig. S1), making it less likely that elevated MMR activity is
responsible for the cleavage detected in the absence of APE1. We
conclude that APE1 is dispensable for AID-induced DNA break.

APE1 Is Required for Efficient End Joining of Cleaved S Regions During
CSR. Because the DNA cleavage in the Sμ region remains un-
altered in the absence of APE1 during CSR, we examined
whether the next step after DNA cleavage, namely end joining, is
affected by APE1 deficiency. We confirmed the previous report
that the distribution of junction microhomology lengths of Sμ–Sα
recombination is not drastically different between Ape1-null and
WT CH12F3-2A cells (35), using the three transfectant lines
derived from Ape1-null CH12F3-2A cells (Fig. S2). The results
suggest that both the NHEJ and A-EJ pathways are defective
in APE1 deficiency. Consistently, the chromosome confirmation
capture (3C) assay showed that the Sμ–Sα synapse formation
induced by CIT stimulation was suppressed in the vector and
Y170F transfectants compared with the WT transfectant (Fig. 5
A and B). Furthermore, the accumulation of Ku80, a protein
critical for NHEJ, was very much reduced at S regions of vector-
and Y170F-transfectant cells compared with WT transfectant
(Fig. 5C), indicating that the reduced CSR in vector and Y170F
transfectants might be due to the less efficient generation of
DSBs with blunt ends.

APE1 May Function as Cleaved-End Processing Enzyme for Ig
Diversification. Although AID-induced S-region cleavage takes
place normally in APE1 deficiency, both Ku80 accumulation and
the synapse formation of the broken ends are severely affected
by the absence of the endonuclease activity of APE1. We spec-
ulated that APE1 is involved in 3′ end processing of SSBs during
CSR, because it is well established that the APE1 is involved in
the 3′ end processing of SSBs (30, 40, 41).
To test this possibility, we investigated whether other broken

end-processing enzymes are responsible for the residual CSR

Fig. 2. APE1 is dispensable for AID-induced 5′ Sμ mutation. Ape1-null cells
stably expressing the vector, WT, or Y170F mutant of APE1 were stimulated
with CIT for 72 h, followed by genomic DNA extraction for mutation anal-
ysis. (A) The diagram depicts the position of the 5′ Sμ region selected for the
mutation analysis. (B) Result of the mutation analysis for the 5′ Sμ region.
P values (Fisher’s exact test) for significant difference are shown in the
graph. The detailed results are shown in Tables S1 and S2. (C and D) ChIP and
quantitative PCR analysis for APE1 (C) and Flag (D) in cells stimulated (or
not) with CIT for 24 h. Data are represented as mean ± SD.

Fig. 3. APE1 is dispensable for AID-induced IgH/c-myc translocation. Ape1-
null cells stably expressing the vector, WT, or Y170F mutant of APE1 were
stimulated with CIT for 72 h, followed by genomic DNA extraction for
translocation analysis. (A) A schematic representation of the PCR assay used
for IgH/c-myc translocations. Primers used to detect derivative chromosome
15 (derChr15) translocations are shown as horizontal arrows. Vertical arrows
represent AID-induced DNA break sites. The gray bar shows the position of
the c-myc probe used for Southern detection. (B) Result of the IgH/c-myc
translocation derChr15 analysis (96 lanes total from two independent
experiments). P values (Fisher’s exact test) for significant difference are
shown in the graph. (C) Representative Southern blots with c-myc probe for
IgH/c-myc translocation are shown (105 cells per lane).
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activity in APE1-deficient CH12F3-2A cells. siRNA knockdown or
drug inhibition of meiotic recombination 11 homolog (MRE11)
could significantly reduce the remaining CSR activity in the absence
of APE1 (Fig. 6A). Such reduction was more robust in case of CtIP
knockdown (Fig. 6B).
Because both MRE11 and CtIP are known to be involved in

the processing of the 3′ DNA end containing phospho-tyrosyl
peptides to DNA–3′OH, which are generated by Top1 cleavage
(42–44), these results suggest that the residual switching activity
observed in Ape1-null CH12F3-2A cells may depend on the re-
dundant Top1 cleavage complex (Top1-cc) processing enzymes.
If so, it is expected that the inhibition of DNA-bound Top1
degradation with proteasome inhibitors and blocking the gener-
ation of DNA–3′-tyrosyl peptides could inhibit CSR in CH12F3-2A
cells. Indeed, we found that CSR was severely blocked by this
treatment, with modest cell death at low concentrations of Borte-
zomib (Fig. 6C). However, knockdown of tyrosyl–DNA phospho-
diesterase 1 (TDP1), an enzyme that removes the 3′-tyrosyl residues
of Top1 on DNA ends leaving a 3′-phosphate (45), did not further
reduce IgA switching in Ape1-null CH12F3-2A cells (Fig. 6D). This
finding is consistent with the report that TDP1-deficient patients
do not show any immune defects (46).

Discussion
Requirement of APE1’s Endonuclease Activity for CSR but Not for DNA
Cleavage. Genetic ablation of APE1 in CH12F3-2A cells showed
that APE1 is involved in AID-induced CSR (35). The present
study has shown that the endonuclease activity among three
APE1’s activities is required for efficient CSR. However, the

endonuclease activity appears to function after the formation of
AID-induced DNA strand cleavage, as evidenced by three dif-
ferent DNA break assays: (i) biotin–dUTP end labeling assay;
(ii) γH2AX foci formation ChIP assay; and (iii) LM-PCR assay
in the presence or absence of T4 polymerase.
In agreement with the normal level of AID-induced DNA

cleavage in the absence of APE1, neither SHM nor IgH/c-myc
translocation was reduced by APE1 deficiency. Because DNA
break formation governs the frequency of recurrent translocation
(47) and c-myc breaks are rate-limiting for IgH/c-myc trans-
location (48), the same frequency of IgH/c-myc translocation in the
presence or absence of APE1 strongly suggests that AID-induced
cleavage does not depend on APE1 in either the S-region or c-myc
locus. In other words, APE1 is dispensable for AID-induced break
formation during CSR.

Differential Roles of APE1 in SHM, IgH/c-myc Translocation, and CSR.
UNG suppresses SHM by recruiting faithful BER pathway
components at cleaved DNA loci, with competition against er-
ror-prone polymerases (49). In contrast, APE1 is not involved
in the correct repair after cleavage during SHM because SHM
occurs similarly between vector and WT transfectants of Ape1-
null CH12F3-2A cells. This finding indicates that during CSR
and SHM, APE1 does not function as a canonical BER factor
that cleaves abasic sites and activates the BER pathway.
Although both CSR and IgH/c-myc translocation are initiated

by AID-induced breaks, B cells employ divergent repair path-
ways to join their break ends (18, 50). The differential re-
quirement of APE1 in CSR and IgH/c-myc translocation may
reflect the fact that the factors required for resolution of DNA
breaks differ between the two reactions. In fact, IgH/c-myc
translocation does not require either histone H2AX or Ku80
protein, both of which are essential to CSR (18). APE1 de-
ficiency, which does not affect either accumulation of γH2AX at
cleaved S regions or IgH/c-myc translocation, almost completely
abolishes the recruitment of Ku80 and impairs CSR. Because the
average lengths and distribution of microhomology in the re-
sidual CSR products did not change drastically, both NHEJ and
A-EJ are reduced proportionally in APE1 deficiency. This finding is
consistent with the severe reduction of the synapse formation be-
tween two broken ends. The reason why IgH/c-myc translocation
is not reduced in APE1 deficiency may be due to the fact that
this translocation is orders-of-magnitude inefficient compared with
CSR. Under such circumstances, DNA cleavage rather than end-
joining process may be rate limiting (47, 48), and the residual end-

Fig. 4. AID induces a similar level of DNA break at the Sμ region in the
absence of functional APE1. (A) Cells were stimulated (or not) with CIT for
24 h and then harvested for biotin-labeling DNA break assay as described in
Materials and Methods. Pulled-down DNA labeled with biotin–dUTP at the
cleaved ends was subjected to region-specific PCR. (B) ChIP and quantitative
PCR analysis for γH2AX in cells stimulated (or not) with CIT for 24 h. Data are
represented as mean ± SD. (C) LM-PCR analysis of DNA isolated from cells
stimulated with CIT for 24 h. DNA was left untreated (−T4) or treated (+T4)
with T4 DNA polymerase and assessed with Sμ-specific primer or by ampli-
fication of gapdh (internal control for template loading). Wedges indicate
a threefold increase in DNA.

Fig. 5. APE1 is required for efficient Sμ–Sα synapse formation during CSR.
(A) Scheme of long-range interactions between Sμ–Sα elements in the IgH
locus before and after AID activation. (B) Representative gel picture of the
3C assay detecting Sμ–Sα interaction in the three cell lines stimulated (or not)
with CIT for 24 h. GAPDH was amplified as loading control. (C) ChIP and
quantitative PCR analysis for Ku80 in cells stimulated (or not) with CIT for
24 h. Data are represented as mean ± SD.
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joining activity (∼20%) detected in the absence of APE1 could be
more than enough to mediate such translocation.
It is interesting to compare the role of APE1 with Brd4, be-

cause we recently found that the acetylated histone reader Brd4
is involved in CSR and IgH/c-myc translocation, but not SHM
(51). Although APE1 binds to S-region DNA constitutively, Brd4
is recruited to the S region during CSR in an AID-dependent
manner. We examined the effect of APE1 deficiency on Brd4
recruitment by ChIP assay and found that Brd4 was recruited to
the S region to the same level in either the presence or absence
of APE1 (Fig. S3). The results are consistent with the fact that
γH2AX formation is intact in the absence of APE1. Because both
APE1 and Brd4 are required for CSR, it is likely that APE1 and
Brd4 function cooperatively to initiate DNA repair at the DNA and
histone levels, respectively, but independently of each other.

End Processing by APE1’s Endonuclease Activity. Although APE1
deficiency drastically reduces the synapse formation (3C assay)
and Ku80 recruitment, it does not affect DNA cleavage. The
results suggest that APE1 is involved in a step between cleavage
and cleaved-end joining. Because the endonuclease activity of
APE1 is essential to CSR, APE1’s endonuclease activity is likely
to be required in a step during SSB end processing to DSB,
which is required for Ku80 recruitment and synapse formation.
Evidence showed that Top1 is the cutting enzyme that intro-

duces cleavage immediately after AID activation (23, 24). Top1
covalently bound to the non–B-structure DNA in the S region
or the Top1-cc must be degraded by proteasome, which leaves
3′-phosphotyrosyl peptide on DNA (22, 52). In agreement with
Top1-mediated cleavage during CSR, blocking the degradation
of Top1-cc with proteasome inhibitors strongly reduces CSR in

CH12F3-2A cells. APE1’s ability that removes 3′-tyrosyl residue
with its endonuclease activity generating a 3′-hydroxyl end (30,
31) makes it a good candidate for processing AID-induced SSB
ends during CSR. Importantly, APE1 was identified as the major
activity in human cell extracts for the removal of 3′-phospho-
glycolate on DNA break ends (41).
APE1 deficiency impairs, but does not abolish, CSR in

CH12F3-2A cells, suggesting that there are some other enzymes
involved in similar SSB end processing. We found that the
remaining CSR activity in APE1-deficient cells can be further
reduced by knockdown of MRE11 or CtIP, two enzymes capable
of removing covalently bound Top1 from the 3′ end of DNA
(42–44). A recent study suggests that CtIP and MRE11 may use
their nuclease activity to process 3′ end Top1-cc in the context of
the DNA secondary structure that forms due to common fragile
sites or repetitive sequence (53). In addition, the 3′-end pro-
cessing activity of CtIP is clearly dissociated with its well-recog-
nized 5′-end resection activity for homologous recombination,
which does not depend on its nuclease activity (53, 54). Thus,
AID-induced Top1-cc in the S region containing highly repetitive
sequence could be removed by proteasome followed by either
APE1 directly at the broken end or CtIP/MRE11 at inside
positions when the broken end forms a secondary structure.
Top1-cc can also be processed by TDP1, which, instead of

creating a 3′-hydorxyl end as do APE1, MRE11, and CtIP, leaves
a phosphate on the 3′ end of DNA that needs to be further
processed by polynucleotide kinase phosphatase (PNKP) to make
a 3′-hydroxyl end (22). The different mechanism of processing
Top1-cc by TDP1 may partially explain why its knockdown had no
effect on CSR. Interestingly, both TDP1 and PNKP are involved in
the repair of transcription-coupled Top1-induced SSB in neural
cells, and their defect results in abnormal neurodevelopment and
neurodegeneration (46, 55). Similarly, dysfunction of ATM results
in ataxia telangiectasia with accumulation of pathogenic Top1-cc in
neural tissue (21). Thus, Top1-cc processing is critical for main-
taining genome stability and preventing neurodegeneration in
neural cells on one hand, and is important for mediating proper
CSR in B cells on the other hand.
In summary, we have shown that APE1, although essential for

CSR with its endonuclease activity, is dispensable for SHM or
Igh/c-myc translocation in CH12F3-2A cells. More importantly,
APE1’s endonuclease activity is not required for the AID-
induced DNA cleavage, in parallel with the findings that UNG is
dispensable for the DNA cleavage step during SHM (56, 57) and
CSR (39, 58). Recently, we reported that UNG enhances AID-
dependent S–S synapse formation by recruiting p53-binding
protein 1 and DNA-dependent protein kinase, catalytic subunit
(49). We provide the evidence indicating that APE1 processes
the broken ends of S-region DNA for the binding of Ku80 and
mediates efficient S–S synapse formation during CSR. APE1’s
endonuclease activity is likely to remove 3′-tyrosyl residues from
the DNA end after Top1 cleavage and Top1-cc degradation,
which is essential to efficient recombination of broken S regions.

Materials and Methods
Biotin-Labeling DNA Break Assay. Cells were stimulated with CIT for 24 h, and
switching efficiency was assayed by surface IgA staining. The biotin-labeling
DNA break assay was performed as described (39). Primers for amplifying
Sμ, Sγ1, and β2m loci are listed in Table S3.

LM-PCR. Genomic DNA was prepared, and LM-PCR was performed as de-
scribed (33) with minor modifications. Briefly, after 24 h of CIT stimulation,
living cells were purified by gradient centrifugation in percoll, and DNA was
extracted within low-melting agarose plugs. A total of 20 μL of DNA was
treated with or without T4 polymerase (TAKARA) before being used for
linker ligation in a 100-μL reaction. Ligation was stopped by adding 200 μL of
H2O and heating at 70 °C for 10 min. Ligated DNA was assayed for gapdh
DNA by PCR to adjust DNA input before LM-PCR. Threefold dilutions of input
DNA were amplified by KOD-FX-Neo polymerase (TOYOBO) by using a

Fig. 6. The involvement of end-processing enzymes in the residual switch-
ing in Ape1-null CH12F3-2A cells. (A, B, and D) Protein expression (Upper)
and IgA switching efficiency (Lower) of Ape1-null CH12F3-2A cells trans-
fected with the indicated siRNA oligos and stimulated with CIT for 24 or 48 h.
(C) Relative IgA switching efficiency (bar graph) and cell viability (dot plot) of
CH12F3-2A–Bcl2 cells treated with various concentrations of the proteasome
inhibitor Bortezomib. In all datasets, data are represented as mean ± SD.

17246 | www.pnas.org/cgi/doi/10.1073/pnas.1420221111 Xu et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420221111/-/DCSupplemental/pnas.201420221SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420221111/-/DCSupplemental/pnas.201420221SI.pdf?targetid=nameddest=ST3
www.pnas.org/cgi/doi/10.1073/pnas.1420221111


touchdown PCR program. PCR products were electrophoresed on 1% aga-
rose gels and validated by Southern blot using 5′ Sμ probe. Primers and
probe sequences are shown in Table S3.

Antibodies. Antibodies used for Western blot and ChIP analysis are listed in
Table S4.

Other materials and methods are described in SI Materials and Methods.
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