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Abstract

Activation-induced cytidine deaminase (AID3) initiates a process generating DNA mutations and

breaks in germinal center (GC) B cells that are necessary for somatic hypermutation and class

switch recombination. GC B cells can “tolerate” DNA damage while rapidly proliferating due to

partial suppression of the DNA damage response by BCL6. Here, we develop a model to study the

response of mouse GC B cells to endogenous DNA damage. We show that the base excision repair

protein apurinic/apyrimidinic endonuclease 2 (APE2) protects activated B cells from oxidative

damage in vitro. APE2-deficient mice have smaller germinal centers and reduced antibody

responses compared to wild-type mice. DNA double-strand breaks are increased in the rapidly

dividing GC centroblasts of APE2-deficient mice, which activate a p53-independent cell-cycle

checkpoint and a p53-dependent apoptotic response. Proliferative and/or oxidative damage and

AID-dependent damage are additive stresses that correlate inversely with GC size in WT, AID-

and APE2-deficient mice. Excessive DSBs lead to decreased expression of BCL6, which would

enable DNA repair pathways but limit GC cell numbers. These results describe a non-redundant

role for APE2 in the protection of GC cells from AID-independent damage and, although GC cells

uniquely tolerate DNA damage, we find that the DNA damage response can still regulate GC size

through pathways that involve p53 and BCL6.
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Introduction

B-lymphocytes face the unique challenge of undergoing rapid cellular proliferation coupled

with developmentally programmed DNA rearrangements. During B cell development in the

bone marrow, the recombinase-activating genes (RAGs) cause DNA double-strand breaks

(DSB) in pro- and pre-B cells that are necessary for assembly of the antigen receptor (1).

During an immune response, mature B cells proliferating in germinal centers (GCs) are

subject to mutations and DSBs induced by activation-induced cytidine deaminase (AID) that

are necessary for the processes of somatic hypermutation (SHM) and antibody class switch

recombination (CSR), respectively, which improve the quality of the humoral immune

response (2, 3). In addition to these programmed DNA breaks, increased metabolic activity

results in a dramatic increase in the level of intracellular reactive oxygen species (ROS) that

can cause oxidative damage to DNA (4, 5). Understanding the pathways that regulate the

response to DNA damage while simultaneously allowing these cells to tolerate programmed

DNA breaks is key to elucidating mechanisms of lymphomagenesis.

Expression of the transcriptional repressor BCL6, which is essential for GC formation,

suppresses the DNA damage response in GC cells by inhibiting p53, p21, CHK1, and ATR

(6–9), allowing these cells to tolerate DNA damage from AID. BCL6 also inhibits

differentiation, promoting the rapid proliferative phenotype of GC centroblasts (10–12). It

has been proposed that activation of the DNA damage sensor ATM might terminate the

proliferative phase and trigger differentiation of B cells both during development and in GCs

(13–15), suggesting that a feedback loop dependent on DNA damage might limit the

expansion of these cells. Given that some components of the DNA damage response are

suppressed in GC cells, we sought to determine how GC cells respond to endogenous DNA

damage in vivo by developing a model where the effect of damage from AID as well as that

due to AID-independent endogenous DNA damage associated with proliferation could be

studied.

DNA bases damaged by oxidation are primarily repaired by the base excision repair (BER)

pathway (5, 16). Glycosylases remove the damaged base, leaving an abasic site that can be

cleaved by AP endonucleases (APEs), filled in by DNA polymerase β and sealed by DNA

ligase. Previously, it was shown that two glycosylases, OGG1 and NEIL1, which remove

oxidized DNA bases, are highly expressed in GC cells and that deficiency of NEIL1 results

in a decreased frequency of GC B cells (17–19), suggesting that protection from oxidative

damage is important for GC B cells. Surprisingly, and in contrast to cultured cells, we

recently found that expression of the major mammalian AP-endonuclease, APE1, is

dramatically decreased in GC B cells, where expression of a much less efficient homologue,

APE2, is markedly increased (Stavnezer E.K. Linehan, M.R. Thompson, G. Habboub, A.

Ucher, T. Kadungure, D. Tsuchimoto, Y. Nakabeppu and C.E. Schrader, submitted). We

showed that the unique expression pattern of APE1 and APE2 in the GC contributes to

SHM. APE2 shares extensive functional overlap with APE1, which is ubiquitously

expressed and considered essential for abasic site repair (20–22). Although the endonuclease

activity of APE2 is much lower than that of APE1, APE2 has 3′- to 5′-exonuclease and 3′-

phosphodiesterase activities that are more efficient than those of APE1 (22–24), the latter of
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which could be important for removing 3′-phosphoglycolate blocking groups such as those

made by direct attack of ROS on the DNA backbone (25). This activity could be important

in rapidly dividing cells with high metabolic rates that generate intracellular ROS.

APE2 is important during B- and T-cell development (26, 27). APE2-deficient mice show a

partial block at the pro- to pre-B cell transition, and in addition, defective expansion of

earlier progenitor populations is observed during recovery of the bone marrow from

chemotherapeutic treatment with 5-fluorouracil (27). Thymic cellularity is reduced five fold

in APE2-deficient mice, and the loss of cells in both thymus and bone marrow appears to

involve a p53-dependent pathway (26, 28). APE2 does not appear to be important for the

process of V(D)J-recombination (27). These results indicate that APE2 is important for the

repair of oxidative damage to DNA that occurs in rapidly dividing cells, such as during

bursts of proliferation in developing lymphocytes. Loss of this repair function is consistent

with the diminished production of B-cell progenitors observed in the bone marrow of APE2-

deficient mice, the decreased ability of pro-B cells to expand in vitro, and the increase in

γH2AX foci indicative of DNA breaks in APE2-deficient thymocytes (27, 28). Such a role

would predict that APE2 is also important in the rapid proliferation that occurs during

immune responses in B cells in the GC, especially given the new finding that APE1

expression is very low there, but the importance of APE2 in the function of mature

peripheral lymphocytes in vivo has not previously been examined.

In addition to a more global role in DNA repair, APE2 has a direct role in mature B cells

during CSR (29–31) and SHM (30)(Stavnezer et al, submitted), two processes that involve

programmed DNA damage initiated by AID and that occur in germinal centers. Both APE1

and APE2 are expressed in splenic B cells activated in vitro (29), and both are important for

efficient CSR, creating nicks that become DSBs in switch region DNA in response to abasic

sites generated by AID deamination of dC and removal of the resulting dU by UNG (29,

32). Although APE2 contributes to CSR in spleen B cells, APE1 is sufficient for CSR,

particularly in cell lines that undergo CSR (30, 33), and APE1 was recently shown to

associate with AID, dependent on phosphorylation of AIDS38 (34). However, in contrast to

cultured cells, it is not yet clear how low APE1 expression in the GC impacts CSR in vivo.

APE2 expression in the GC contributes to the hypermutation phenotype of GC cells (J.

Stavnezer et al, submitted), as the frequency of mutations (30), and the percent of mutations

at A:T bp are reduced in its absence. The data suggest that APE2 is involved in making

DNA single-strand breaks that contribute to Phase II mutations.

Given the involvement of APE2 in CSR and SHM, and the low APE1 expression in the GC,

we sought to analyze the effect of APE2-deficiency on the ability of B cells to proliferate

and survive in the germinal center. We find an important and non-redundant role for APE2

in the repair of endogenously acquired AID-independent DNA damage in GC B cells and

that APE2 is necessary for B cell expansion during the GC reaction. We show here that

APE2-deficient GC B cells have increased DSBs, and study the response of GC B cells in

situ to endogenous DNA damage. We report that despite suppression of the DNA damage

response by BCL6, DNA damage in GC cells can activate both p53-dependent and p53-

independent damage response pathways, reduce levels of BCL6, and limit the expansion of

these cells.
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Materials and Methods

Mice

All mouse strains were backcrossed to C57BL/6 for more than 8 generations. Because apex2

is on the X chromosome, we used male apex2Y/− mice and apex2Y/+ littermates in all

experiments. apex2Y/− mice were described previously (35). apex1+/− mice were obtained

from E. Friedberg (36) (University of Texas Southwestern Medical Center, Dallas, TX).

tp53+/− mice were obtained from Stephen Jones (U. Mass. Medical School) and were

previously described (37). Ogg1−/− mice were obtained from Chris Hollander (NIH). OT-II

ovalbumin-specific TcR-transgenic mice are available from Jackson Labs. aid−/− mice were

from T. Honjo. Heterozygotes of all strains were bred to generate KO, double KO, or

doubly-deficient (apex1+/− apex2Y/−) mice. B6.SJL mice originally purchased from Jackson

Labs (Bar Harbor, ME) were bred in our facility. Mice were housed in the Institutional

Animal Care and Use Committee-approved specific pathogen-free facility at the University

of Massachusetts Medical School. The mice were bred and used according to the guidelines

from the University of Massachusetts Animal Care and Use Committee.

ROS sensitivity

1×105 T-depleted spleen B cells were cultured in triplicate as in (29) in 1mL with LPS and

IL-4 for two days with buthionine sulfoximide (BSO, Sigma). Cultures were harvested after

two days, washed in PBS and fixed in 70% ethanol before staining with propidium iodide

for cell cycle analysis, as described below. Late stage apoptotic cells that degrade their DNA

were quantified as having less than the DNA content of normal cells in G1 phase (sub-G1)

by propidium iodide staining. These cells are smaller, but are still identifiable as cells by

forward and side scatter analysis. Results were confirmed using Live/Dead Blue® staining

(Invitrogen)(not shown).

Flow cytometry

Spleen or Peyer’s patch cells were gently dispersed mechanically and filtered through 70 μm

nylon mesh and re-suspended in staining media containing biotin, flavin-, and phenol red-

deficient RPMI 1640 (Irvine Scientific), 10 mM HEPES, pH 7.2, 0.2% sodium azide, 1 mM

EDTA, and 2% fetal bovine serum. Cells were incubated with anti-CD16/32 antibody

(eBioscience) for 10 min. on ice to block Fc receptors, primary antibodies for 30 min.,

washed before the addition of streptavidin-Pacific Blue (Invitrogen) secondary reagent for

15 min., and then washed three more times. After the final wash, cells were resuspended in

7-AAD or 1 μg/ml propidium iodide to exclude dead cells. Primary antibodies included

B220-APC (RA3-6B2), GL7-FITC, CD95-PE, CXCR4-biotin, CD23-PE, and CD21-FITC

(all from eBioscience or BD Pharmingen). All cell populations were gated on viable cells by

propidium iodide or 7-AAD exclusion and singlets by forward scatter area and height. For

intracellular staining, cells were first stained with Live/Dead Blue® (Invitrogen), then

surface stained with combinations of B220-AF647, B220-biotin, GL7-FITC, CXCR4-bio

and SA-Pacific blue, fixed in 2% paraformaldehyde and then in Permeabilization buffer

(eBioscience) before addition of anti-BCL6-PE or anti-γH2AX-AF647 or labeled istoype

control antibodies (BD Pharmingen). Flow cytometry was performed on a 3 laser, 9 detector

LSRII (Becton Dickinson). Data were analyzed with FlowJo software (Tree Star).
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Analysis of DNA Synthesis and Cell Cycle

Cell-cycle status was determined on PP cells that were surface stained with B220-AF647

(Invitrogen), GL7-FITC, CXCR4-biotin and Pacific Blue-streptavidin and then fixed in 70%

ethanol overnight prior to incubation with RNaseA and propidium iodide (50 μg/ml each,

Sigma) for 20 min. at 37°C. Cells were then analyzed by flow cytometry and after gating on

GC cells (B220+GL7+) or centroblasts (B220+GL7+CXCR4HI), the Watson Pragmatic

model was applied to fit the curves to the stages of the cell-cycle. Turnover and production

rates of cells were determined by continuous BrdU labeling of in vivo DNA synthesis. Mice

were injected i.p. with 1 mg BrdU (Sigma) in 0.2 ml PBS every 12 hours for 1, 2 or 3 days

and 6 hours prior to sacrifice. PP cells were harvested and surface stained as above. Cells

were permeabilized in 70% ethanol overnight, washed, fixed in 1% paraformaldehyde in

PBS with 0.2% Tween-20 for 1 h, washed, and treated with 5 U/ml DNase1 (Roche) in 0.15

M NaCl, 4.2 mM MgCl2 for 30 min. at 37°C. After one wash with deficient RPMI/5% FBS/

0.1% Tween-20, cells were incubated with anti-BrdU-AF594 (Invitrogen) for 30 min. at

room temperature and washed twice more before analysis by flow cytometry. Renewal rates

(turnover) and production rates were calculated as described (38).

Cell transfers

1×107 T-depleted spleen cells from WT or APE2-deficient mice (C57BL/6, CD45.2+, n=2

each, pooled, immunized 6 months previously with 50 μg NP-CGG (Biosearch

Technologies) in alum i.p.) were transferred along with 1.5×106 nylon wool-purified OT-II

Tg cells i.v. into B6.SJL (CD45.1+) recipients that had been sub-lethally irradiated (900 rad)

24 h previously. Recipient mice were challenged with 50 μg NP-OVA (Biosearch

Technologies) in alum i.p. the next day, and maintained on antibiotics for 14d, when spleens

were analyzed by flow cytometry, as described above, with B220-A700, anti-CD45.2-APC

(ebioscience), CD95-PE and GL7-FITC.

Spectratyping and RT-PCR

Bone marrow cells were prepared and immature B cells were surface stained as in (27),

purified by FACS and collected into Trizol for RNA preparation. Primers used for RT-PCR

for bax were Bax-F, 5′-GCCTCCTCTCCTACTTCGGG-3′ and Bax-R, 5′-

TGAGGACTCCAGCCACAAAGA-3′ and primers used for spectratype analysis (VH1_F

and Cμ-FAM_R) are published (39).

Immunizations and ELISAs

Mice were immunized intraperitoneally (i.p.) with 0.2 mL of washed 10% sRBC (Innovative

Research, Inc.) in PBS, 50 μg NP-CGG in alum, or 50 μg NP-Ficoll (Biosearch

Technologies) in PBS. Boosted mice received 50 μg NP-CGG in PBS i.p. 6 months after

primary immunization. 3-fold serial dilutions of serum from immunized mice were assayed

on plates coated with antigen: sRBC membranes prepared as described (40), NP4-BSA, or

NP14-BSA (Biosearch Technologies). Bound Ab was detected with anti-IgM-biotin or anti-

IgG-biotin and streptavidin-alkaline phosphatase (Southern Biotech.). A high-affinity

purified IgG anti-NP standard (generous gift from Dr. T. Iminishi-Kari) was used to

determine anti-NP Ab concentration using SoftMax Pro 5.3 software (Molecular Devices).
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Statistics

Statistical tests were performed with GraphPad Prism software. All experiments that

involved the comparison of 3 or more genotypes were analyzed using one-way ANOVA

with Tukey’s Multiple Comparison Test. Experiments that compared only 2 groups were

analyzed by unpaired Student t test, unless noted otherwise.

Results

We hypothesized that APE2 protects against oxidative damage caused by ROS that are

generated as byproducts of cellular respiration. To test this, we assessed whether APE2-

deficiency confers hypersensitivity to intracellular ROS in activated, proliferating mature B

cells. We activated splenic B cells with LPS and IL-4 to induce proliferation (conditions

where both APE1 and APE2 are expressed (29)), in the presence of increasing doses of L-

buthionine-sulfoximine (BSO), a compound that inhibits the anti-oxidant glutathione

synthetase, thereby increasing intracellular H2O2. Wildtype (WT) B cells were unaffected

by the doses of BSO added, while APE2-deficient B cells showed a dose-dependent increase

in cell death, as measured by DNA-content analysis with propidium iodide staining (Fig. 1,

left). APE2-deficient B cells that also lacked AID were equally sensitive to BSO, confirming

that APE2 is important for repairing AID-independent damage (Fig. 1, right, APE2/AID).

APE1 haplo-insufficiency did not confer sensitivity to BSO, and only slightly increased the

sensitivity of APE2-deficient B cells (Fig. 1, right, APE1/APE2). We conclude that APE1 is

not sufficient to protect rapidly proliferating mature B cells from intracellular ROS, and that

APE2 is required. These data prompted us to investigate the effect of APE2 deficiency on

peripheral mature B-cell subsets.

Reduced spleen B cell numbers and antibody responses in APE2-deficient mice

We first examined the peripheral B-cell compartment in the spleen of APE2-deficient mice

(designated as APE2 in the figures, or as apex2Y/−, since the gene is on the X chromosome).

Consistent with the decreased generation of pre-B cells we previously observed in the bone

marrow (27), we find that the total number of splenocytes in apex2Y/− mice is approximately

half of that in spleens from WT littermates (Fig. 2A). B220+ cells still constitute ~50% of

the spleen, as in WT mice, but the total number of B cells is reduced twofold. The number of

follicular and newly formed B cells is reduced twofold, while the total number of marginal

zone (MZ) B cells is comparable to that in WT mice, consistent with the proportion of B-cell

subsets we reported previously (29). By contrast, normal numbers of splenocytes and splenic

B-cell subsets were found in apex2Y/−tp53−/− mice, indicating that the reduction in

cellularity is likely due to DNA damage-induced p53-dependent apoptosis (Fig. 2A).

Similarly, we previously found that the loss of pre-B cells in the bone marrow of APE2-

deficient mice is p53-dependent (27).

To determine whether the decrease in B-cell production in APE2 mice leads to a decrease in

the diversity of clonotypes in the newly formed B cell population, we performed Ig heavy

chain complementarity determining region 3 (CDR3) spectratype analysis. RNA was

isolated from FACS-purified immature B cells (B220+IgM+CD19+AA4.1+) from bone

marrow of apex2Y/− and WT mice. Spectratype analysis of the products from amplification
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of the Ig heavy chain CDR3 region by RT-PCR showed a Gaussian distribution, similar to

that of WT cells, indicating that the reduced B-cell pool did not cause a skewed clonal

distribution, and that a diverse population of B-cell clonotypes is available in the periphery

to participate in an immune response (Fig. 2B). However, we found that the ability of APE2-

deficient mice to mount an antibody response to thymus-dependent (TD) antigens is

impaired. We observed reduced IgM and IgG titers in response to immunization with a

potent TD antigen, sheep red blood cells (sRBC) (Fig. 2C,D). The decreased response to

TD-antigens could be due to the reduced B-cell numbers, impaired T-cell help or a

decreased GC response in APE2-deficient mice. In contrast, antibody production in response

to the thymus-independent (TI) antigen nitrophenol (NP)-Ficoll was normal (Fig. 2E). The

difference in requirement for APE2 in TD- and TI-responses may be owing to normal levels

of MZ B cells in APE2-deficient mice, which is the major responding subset to TI-2

antigens, and/or to normal levels of APE1 expression in extra-follicular B cells, compared to

the reduced levels of APE1 in the GC (J. Stavnezer et al, submitted).

GC cell numbers are reduced in APE2-deficient mice

To test whether APE2 is important for proliferating B cells in the GC, we first examined

Peyer’s patches (PP) in the small intestine, where GC cells are constitutively present. By

flow cytometric analysis, we found that the percent of B220+GL7+ GC cells in the PP is

reduced by 2.5-fold (Fig. 3C). Similar results were obtained when CD95 was included as an

additional GC cell marker (Fig. 3A). In addition, the PPs are visibly much smaller; with the

total number of PP cells recovered in APE2-deficient mice reduced two-fold (Fig. 3B),

resulting in an average 5-fold reduction in the total number of PP-GC B cells (Fig. 3D).

APE1-deficiency cannot be studied in vivo since it causes early-embryonic lethality, but

mice that are haploinsufficient in APE1 (apex1+/−) show impaired BER (36). GC size and

cellularity is not reduced in apex1+/− mice, nor is it further decreased relative to apex2Y/− in

mice that are apex2Y/−apex1+/− (Fig. 3E), consistent with the already low expression of

APE1 in GC cells, and indicating that APE1 does not compensate for APE2-deficiency in

the GC. In addition to PP GCs, the percent of GC B cells in the spleen is also reduced ~two-

fold after immunization of apex2Y/− mice with NP-chicken gammaglobulin (CGG) (Fig.

3F). Upon staining of sections from immunized spleens for GCs with the lectin peanut

agglutinin (PNA), very few GC of normal size were observed in spleens from apex2Y/−

mice, and the percent of B-cell follicles that are PNA+ are also reduced ~two-fold relative to

WT spleens (Fig. 3G,H).

To evaluate memory B-cell responses and affinity maturation, we immunized mice with NP-

CGG and then boosted the mice after six months. Similar to the anti-sRBC response (Fig.

2C,D), the primary response to the TD-antigen NP-CGG was also significantly reduced (Fig.

3I, left). Surprisingly, the memory or secondary response (Fig. 3I, right) and affinity

maturation to NP, measured as the ratio of high affinity NP4-binding antibody to total NP14-

binding antibody (Fig. 3J), are both normal. We conclude that while APE2-deficiency has a

substantial effect on the size of GCs, it appears that selection and affinity maturation are

minimally affected.
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GC defect is not due to limiting T cell help or to AID-dependent DNA damage

Since GC formation is thymus-dependent and T-cell development is affected in APE2-

deficient mice (26), the defective GC response we observe could be due to a reduction in T-

cell help and/or reduced B cell numbers. To address this issue, we transferred ovalbumin-

specific spleen T cells from OT-II transgenic mice together with CD45.2+ B cells from WT

or APE2-deficient mice previously primed with NP-CGG into irradiated congenic CD45.1+

mice. The recipients were immunized with NP-ovalbumin and the spleens were analyzed for

GC cells by flow cytometry. Despite equal numbers of input B cells and the provision of

WT T-cell help, the GC response by CD45.2+ APE2-deficient B cells is still reduced (Fig.

4A,B), as compared to that of CD45.2+ WT B cells. The host response in each group of mice

(CD45.1+ cells) is shown for comparison (Fig. 4B, white bars). This suggests that the

decrease in GC cell numbers represents a B-cell intrinsic defect.

Since APE2-deficiency affects both CSR and SHM, it is possible that APE2 is needed in GC

cells exclusively to repair AID-dependent DNA damage. We therefore generated

apex2Y/−aid−/− mice and examined their PP GCs. As previously reported (41, 42), aid−/−

mice have enlarged GCs, but in the absence of APE2, the percent GC cells is reduced by

nearly three-fold relative to aid−/− mice (Fig. 4C). We conclude that APE2 is needed for GC

B cell expansion even in the absence of AID-dependent damage. However, the observation

that the numbers of apex2Y/−aid−/− GC B cells are intermediate between that of aid−/− and

apex2Y/− GCs suggests that AID-dependent damage might be additive to that which occurs

in the absence of APE2.

Analysis of proliferation rates and cell cycle profile in APE2-deficient GC cells

B cells undergo many rounds of proliferation, AID-dependent mutations and selection in

GCs in order to achieve affinity maturation of the antibody response. To determine if APE2-

deficiency impacts the proliferation of GC cells, we analyzed the turnover and production

rates of GC cells by BrdU incorporation. We found no difference in the percent of the GC

pool that incorporates BrdU into their DNA, and conclude that APE2-deficient GC cells

proliferate at about the same rate as WT GC B cells (Fig. 5A). However, the production rate

(the number of BrdU labeled GC cells accumulating over time) was dramatically reduced in

apex2Y/− relative to WT mice (Fig. 5B). This could result from fewer B cells entering the

GC reaction, or from increased cell death or exit from the GC compartment.

We further analyzed the proliferation of GC B cells by propidium iodide staining for DNA

content to determine cell-cycle profile. We found that the percent of APE2-deficient GC

cells in the G2/M phase of the cell-cycle is increased 3-fold relative to WT GC cells (Fig

5C). This result suggests that APE2-deficient GC cells are activating cell-cycle checkpoints

as a result of DNA damage. In the centroblast compartment, where the rapidly proliferating

GC cells can be defined by high expression of CXCR4 (43), the percent of cells blocked in

G2/M phase is even greater (Fig 5D). Compared to WT centroblasts (~40% in S/G2M

phase), an additional 25% of the apex2Y/− centroblasts (total of ~67%) are in S/G2M phase,

apparently having sufficient damage to activate this cell-cycle checkpoint. The G2/M cell-

cycle block was also still apparent in the centroblasts from apex2Y/−aid−/− mice (Fig. 5D),

showing that the cell-cycle block is not due solely to damage from AID-induced lesions.
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This indicates that damage from proliferation and/or oxidative stress in GC cells, where

APE1 expression is very low, requires APE2 for its repair.

In vitro biochemical experiments have shown that APE2 can remove adenine inserted

opposite the oxidatively damaged base 8-oxoG (24). 8-oxoG is normally removed by

OGG1, a glycosylase that is highly expressed in human GC cells, but if 8-oxoG is

encountered by polymerase it will be paired with dA. To determine if APE2 helps repair A:

8-oxoG lesions in vivo, we created APE2- and OGG1-doubly deficient mice and asked if

their GC defect became more severe. We found that the accumulation of cells in the S and

G2/M phases of the cell cycle is slightly, but not significantly, increased in these mice

relative to mice deficient in APE2 alone (Fig. S1). As such, repair of this particular lesion

probably does not contribute significantly to the phenotype we observe, and while APE2

might serve as a backup mechanism for 8-oxoG repair in GC B cells, it probably repairs

other types of oxidative damage as well.

Reduced BCL6 associated with DNA damage in GC cells

To detect DNA damage directly in GC cells by flow cytometry, we surface-stained PP cells

for GC markers and then performed intracellular staining for γH2AX, an indicator of DSBs.

GC cells positive for γH2AX were considerably increased in APE2-deficient PP (60%

positive) compared to 32% of WT GC cells (Fig. 6A) and 28% of AID-deficient GC cells.

The percent of GC cells with damage in APE2-deficient PP cells that lacked AID

(apex2Y/−aid−/−, 52%) was also much higher than in WT (p<0.0001), but also significantly

less than that in apex2Y/− cells (p<0.05). This result demonstrates that proliferative/oxidative

damage and AID-dependent damage are additive stresses for GC cells.

Expression of BCL6 is known to suppress the DNA damage response in GC cells, allowing

them to proliferate and presumably tolerate AID-dependent damage. However, we find that

increased amounts of DNA damage are associated with a decreased percentage of GC cells

in aid−/−, WT, apex2Y/−aid−/− and apex2Y/− PP (Fig. 6B), suggesting that not all DNA

damage is tolerated, and a response that limits GC size can be activated in the germinal

center. Indeed, a mechanism wherein BCL6 is degraded upon DNA damage has been shown

to occur in vitro (15), although it has not previously been demonstrated in ex vivo GC cells

with endogenous DNA damage. To explore this further, we co-stained for intracellular

BCL6 and DSB damage (γH2AX) and found that, while the DSBs appeared predominantly

in CD95+GL7+ GC cells expressing high levels of BCL6, the population with the highest

amount of damage (oval gate, Fig. 6C) includes cells with low or intermediate levels of

BCL6. As previously proposed, down-regulation of BCL6 could restore the DNA damage

response in these cells.

GC B-cell loss is p53-dependent

As mechanisms that suppress p53 in the GC have been reported (6, 44), we asked if the loss

of GC B cells in APE2-deficient mice occurs by p53-dependent apoptosis. In

apex2Y/−tp53−/− mice, we found that the percent of PP B cells that are GL7+ is restored to

near WT levels (Fig. 7A), and the total number of GC cells recovered per mouse was

partially restored (Fig. 7B). In addition, we find that expression of mRNA from the p53-
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dependent pro-apoptotic gene bax is increased almost 3-fold in FACS-purified apex2Y/− GC

cells relative to WT GC cells (Fig. 7C), indicating that p53 is active. To determine whether

activation of the cell-cycle checkpoint in APE2-deficient GC B cells is p53-dependent, we

analyzed the cell-cycle profile of PP GC cells from apex2Y/−tp53−/− mice, and find that the

G2/M block is still present in these cells (Fig. 7D), likely causing the slight decrease in GC

cells in apex2Y/−tp53−/− mice (Fig. 7A,B). These combined results demonstrate that DNA

damage, unrepaired in the absence of APE2, activates a p53-independent G2/M phase cell-

cycle checkpoint. Furthermore, we propose that DNA damage in GCs is associated with

decreased BCL6 expression, and if unrepaired, results in p53-dependent bax-mediated

apoptosis.

Discussion

Our results show that APE2 actively protects rapidly proliferating GC B cells from

endogenous DNA damage, such as that caused by proliferation-associated oxidative stress.

In contrast to the modest DNA repair activity observed for APE2 in in vitro biochemical

assays, our analysis of GC B cells in vivo shows that APE2 is critical for their survival. In

mice, the consequences of removing this protective enzyme include small GC size and poor

primary T-dependent antibody responses in addition to the previously reported defects in B-

cell development and in the thymus. Together with our recent finding that APE1 expression

is dramatically reduced in GC B cells, where APE2 expression is strongly induced (J.

Stavnezer et al, submitted), our data suggest that APE2 is the predominant AP endonuclease

in GC B cells. APE2 is also protective in LPS-activated cultured B cells (where levels of

APE1 are not limiting) when these cells are stressed by BSO (Fig. 1). Activated B cells

undergo efficient CSR in culture, which requires APE1 (29, 30, 33), but these cells do not

hyper-mutate their Ig variable region genes as do GC B cells. SHM may require down-

regulation of APE1, since APE1 is very efficient at accurate repair. APE2 contributes to

error-prone repair in the GC (30)(J. Stavnezer et al, submitted), and can interact with PCNA

(21, 24), which is known to recruit translesion polymerases (45). It will be interesting to see

how these findings will impact current models of CSR, a process long-associated with the

GC. CSR may occur predominantly in extra-follicular regions and prior to GC formation,

before APE1 expression is suppressed. Alternatively, or in addition, the small amount of

APE1 we detect in GC cells might be recruited to interact with AID via AIDS38

phosphorylation (34). We think it is likely that APE2 works with the low levels of APE1 in

the GC to effect CSR, since it contributes to CSR in activated spleen B cells (29). However,

APE2 does not contribute to CSR in the CH12F3 cell line (30, 33). Our findings underscore

the need for more in vivo studies.

In GC B cells, BCL6 is pivotal to the expression of genes that promote proliferation and

suppress differentiation, and it also specifically suppresses the DNA damage response (46),

necessary to accommodate programmed DNA damage by AID. To better understand the

suppression of the DNA damage response, we used APE2-deficiency as a model to examine

the effect of endogenous DNA damage in GCs. Our data show the first detailed analysis of

the damage response in this unique cell type. We find that DNA damage in GC B cells can

activate at least two pathways: a p53-independent G2/M phase cell-cycle checkpoint, and a

p53-dependent cell death pathway. In addition, we see that DSB damage is associated with
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decreased expression of BCL6. A post-translational mechanism was previously reported to

reduce the stability of BCL6 in Raji Burkitt lymphoma cells: DNA DSBs activate ATM,

which phosphorylates Pin1, resulting in the ubiquitination and proteasomal degradation of

BCL6 (15). A reduction in BCL6, whose expression is essential for GC centroblasts (10,

11), could end the proliferative phase and restore the DNA damage response, allowing cells

with damage to repair their DNA or undergo apoptosis. Consistent with this important role

as regulator of cellular expansion, differentiation, and the DNA damage response, BCL6 is a

well-known tumor suppressor (reviewed in (47)).

We demonstrate that endogenous, proliferative and/or oxidative stress causes damage in GC

cells that is additive to the programmed DNA damage caused by AID. That the amount of

DNA damage in WT, aid−/− and apex2Y/− mice correlates inversely with the size of the GC

suggests that these pathways comprise a DDR that is capable of limiting GC expansion. We

found that endogenous DNA damage in the GC activates a G2/M phase cell-cycle

checkpoint, and it is tempting to speculate that the G2/M phase block could represent a

biologically significant link to differentiation. It was recently shown that signaling through

the B-cell receptor is suppressed in GC cells by protein phosphatases, but signaling activity

is regained in the G2 phase of the cell-cycle (48). Differentiation of GC B cells requires a

positive selection signal based on the affinity of the B-cell receptor, and cell-cycle arrest,

specifically via activation of ATM by DNA breaks, has been associated with differentiation

in progenitor B cells and in human GC cells (13, 14). Incidentally, a recently identified

pathway linking APE2 with ATR-Chk1 checkpoint signaling (34) is not likely to be active

in GCs, since ATR and Chk1 are both directly repressed by BCL6.

The activity of p53 in germinal centers is not well understood. BCL6 can suppress the p53

promoter in vitro (6). In addition, IRF-8, which is expressed in GC cells, induces expression

of MDM2, which inhibits p53 (Fig. 8)(44). We find that PP GCs from p53-deficient mice

resemble those from WT mice in cell number, percentage of GC cells, cell-cycle profile

(Fig. 7) and amount of DNA damage (C.E.S., unpublished observation). However, we find

that the decrease in GC cell numbers in apex2Y/− mice is dependent on p53 and find

increased expression of the p53-dependent pro-apoptotic factor BAX, which may be

involved in a loss of GC B cells due to induction of apoptosis. We conclude that, while p53

activity may be repressed to some extent in GC cells, it does have a role in responding to

DNA damage in GC cells that is likely dependent on the extent of the damage. We present a

model of the DNA damage response in GCs, based on the literature (Fig. 8). Since the loss

of APE2-deficient GC cells is mostly p53-dependent, defects in p53 would allow GC cells

with DNA damage to survive and promote lymphomagenesis. It seems likely that ATM

activates p53 in GC cells, but we are so far unable to confirm a role for ATM in these

pathways since, like p53, GC size and cell-cycle profiles are not altered in ATM-deficient

mice (C.E.S., unpublished observation). Perhaps this is due to redundancy with ATR or

DNA-PKCS (49, 50), although ATR is directly repressed by BCL6 (7).

In summary, we show that endogenous proliferative and/or oxidative damage in rapidly

proliferating B cells in vivo can affect GC size, and that this damage is suppressed by APE2.

Although BCL6 expression allows GC cells to tolerate DNA damage in order to

accommodate AID-induced mutations and DSBs, our data show that DNA damage is still
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detected and can regulate GC size through cell-cycle checkpoints, apoptosis and possibly

differentiation by pathways that involve p53 and BCL6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. APE2-deficient B cells are hypersensitive to oxidative damage
LPS-activated apex2Y/− spleen B cells undergo apoptosis when cultured with increasing

amounts of BSO to increase ROS. Shown is the percent of cells with DNA content less than

that of G1 phase cells, as determined by propidium iodide staining and flow cytometry after

48h (Left, mean ± SEM of 4 independent experiments; right, WT, aid−/−, apex1+/−, n = 1;

apex2Y/− and apex2Y/− aid−/−, n = 2).
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Figure 2. Analysis of the B cell pool and antibody responses in APE2-deficient mice
(A) Spleens from mice of the indicated genotypes were analyzed by flow cytometry for B

cell subsets (n=3, *p<0.05 vs. WT). (B) Immature bone marrow B cells

(B220+IgM+CD19+AA4.1+) were purified by FACS and the diversity of CDR3 region

lengths was determined by spectratyping analysis (representative of 2 experiments). (C–E)
WT (solid line) or apex2Y/− (grey dotted line) mice were immunized with sRBC (C,D; n=6

WT, 4 APE2) or NP-ficoll (E, n=4 each) and antibody titers were determined at the times

indicated. n.d., no difference.
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Figure 3. Reduced germinal center formation in APE2-deficient Peyer’s patch and spleen
(A) FACS plot of PP cells gated on B220+ cells (representative of data shown in B–E). (B)
ex vivo PP cell numbers from mice of the indicated genotypes. (C) PP GL7+ GC cells as a

percent of B220+ cells or (D,E) cell number recovered per mouse, as determined by flow

cytometry. (B–D, n=4; E, n=3) (F) The percent of B220+ cells expressing GC markers

(CD95+GL7+) in APE2-deficient spleens 10 d after immunization with NP-CGG is reduced

(n=3, **p<0.01). (G,H) The percent of B cell follicles in NP-CGG immunized spleens that

are PNA+ by immunohistochemistry is reduced (n = 424 follicles from 6 sections for WT

and 217 follicles from 5 sections for apex2Y/−, **p<0.0001, Chi Square). NP-CGG

immunized spleens (d 10) were fixed in paraformaldehyde, imbedded in paraffin and stained

with hematoxylin (blue), and PNA-biotin (Vector Labs)/streptavadin-alkaline phosphatase

(brown). Arrow indicates an example PNA+ GC (5x magnification, Leica DM IRE2 Phase

Contrast Microscope, representative area shown for each genotype). (I) Mice were

immunized with NP-CGG and boosted after 6 months. Anti-NP IgG titers are reduced in

apex2Y/− mice in the primary response but indistinguishable from WT 10 d after the boost

(secondary response). (J) Affinity maturation of the NP response as measured by the ratio of

high affinity Ab that binds low-coupled NP4-BSA to that which binds high-coupled NP14-

BSA was normal in apex2Y/− mice. (A,B, n=4 each genotype). n.d., no difference.
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Figure 4. The reduction in germinal center size is not due to lack of T cell help or to AID-
dependent damage
(A,B) GC formation by WT or APE2-deficient B cells (CD45.2+) transferred into WT

CD45.1+ congenic mice along with OT-II OVA-specific T helper cells. (A) Representative

FACS plot of spleen B220+CD45.2+ cells, d 14. (B) GL7+CD95+ cells as a percent of spleen

B220+ cells (n=4, *p=0.011). (C) GC size is increased in aid−/− mice, but is reduced in

apex2Y/−aid−/− mice. FACS plots of PP B220+ cells are representative of three independent

experiments and n=6 (total) of each genotype.
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Figure 5. Proliferation and cell cycle profile of APE2-deficient GC cells
(A,B) Incorporation of BrdU into GC B cells was determined by flow cytometry in WT

(black circles) and APE2-deficient (gray squares) mice injected with BrdU every 12h for 3d

(n=3 for each time point). (A) The percent of the GL7+ cells that are BrdU+ (turnover rate)

and (B) the total number recovered per mouse (production rate) is shown. (C)
Representative propidium iodide stain for DNA content of PP cells gated on B220+GL7+

cells shows slight G2/M block in APE2-deficient GC cells (mean ± SEM, n=3, p<0.05 for

each cell cycle phase). (D) Representative cell cycle profile of PP B220+GL7+CXCR4HI

cells from mice of the indicated genotypes (n=3).
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Figure 6. DNA damage is associated with decreased BCL6 and GL7 expression
(A) γ-H2AX staining for DSBs by flow cytometry in PP GC cells (black line) and WT non-

GC control B cells (gray line). (B) Data from (A) plotted vs. GL7+ cells as percent of B220+

PP cells. (C) BCL6 and γ-H2AX intracellular staining in B220+CD95+GL7+ PP cells. Gates

are set so that non-GC cells are ≤ 1% positive for H2AX or BCL6. Plots are representative

of 3 or more independent experiments and gate frequencies shown are representative (C) or

the mean ± SEM (A); n = 4 WT, 4 apex2Y/−, 5 aid−/− and 3 apex2Y/−aid−/− mice;

****p<0.0001, one-way ANOVA with Tukey’s multiple comparison test.
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Figure 7. The reduction in germinal center size is p53-dependent
Germinal center formation is partially restored in APE2-deficient mice that are also deficient

in p53. (A) FACS plot showing the percent of PP GC cells in mice of the indicated

genotypes (representative of 3 independent experiments). (B) Partial recovery in the number

of GC cells in apex2Y/− x tp53−/− mice (WT and APE2, n=3; p53 and APE2xp53, n=4; *p <

0.05 vs. WT; n.s., not significant). (C) qRT-PCR shows increased expression of the p53-

dependent pro-apoptotic gene bax relative to HPRT expression in APE2-deficient FACS-

purified PP GC B cells (mean ± SEM, n=3 independent sorts). (D) APE2-deficient

B220+GL7+CXCR4HI centroblasts show a cell cycle block that is not dependent on p53

(representative FACS profile with mean ± SEM, n=3, except p53 n=2 and range is shown).
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Figure 8. Model of the DNA damage response in GC cells
Oxidative damage in GC cells activates p53 despite mechanisms reported to suppress it. p53

activation could occur directly through ATM, or may involve ATM-mediated down-

regulation of the repressor BCL6. DNA damage has been reported to reduce BCL6 levels

through protein degradation, which could relieve repression of the DNA damage response,

and in addition cause cells to exit the proliferative phase allowing them to differentiate into

memory B cells and plasma cells. According to this model, the amount of DNA damage that

germinal center B cells sustain plays a part in determining the fate of these cells. Extensive

DNA damage (such as in the absence of repair proteins such as APE2) would negatively

impact on the germinal center output, whereas too little DNA damage (such as in the

absence of AID) would have a similar outcome, since fewer B cells would exit the

proliferative phase. CB, centroblast.
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