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Abstract

B cell development involves rapid cellular proliferation, gene rearrangements, selection and
differentiation, and provides a powerful model to study DNA repair processes in vivo. Analysis of
the contribution of the base excision repair (BER) pathway in lymphocyte development has been
lacking primarily due to the essential nature of this repair pathway. However, mice deficient for
the BER enzyme, apurinic/apyrimidinic (AP) endonuclease 2 (APE2) protein develop relatively
normally, but display defects in lymphopoiesis. Here we present an extensive analysis of bone
marrow hematopoiesis in mice nullizygous for APE2 and find an inhibition of the pro-B to pre-B
cell transition. We find that APE2 is not required for V(D)J-recombination, and that the turnover
rate of APE2-deficient progenitor B cells is nearly normal. However, the production rate of pro-
and pre-B cells is reduced due to a p53-dependent DNA damage response. FACS-purified
progenitors from APE2-deficient mice differentiate normally in response to IL-7 in in vitro
stromal cell co-cultures, but pro-B cells show defective expansion. Interestingly, APE2-deficient
mice show a delay in recovery of B lymphocyte progenitors following bone marrow depletion by
5-fluorouracil, with the pro-B and pre-B cell pools still markedly decreased two weeks after a
single treatment. Our data demonstrate that APE2 has an important role in providing protection
from DNA damage during lymphoid development, which is independent from its ubiquitous and
essential homolog APEL.

Introduction

The base excision repair (BER) pathway is one of the major cellular defenses against
oxidative damage to DNA, and is essential to protect the genomic stability of all cells (1, 2).
However, protection from reactive oxygen species (ROS) may be especially important for
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the expansion of hematopoietic cells, since the generation of new blood cells (either to
maintain daily numbers or in response to infection or bone marrow injury) involves many
rounds of rapid proliferation and differentiation, and the associated metabolic activity
generates intracellular ROS. Developing lymphocytes require highly efficient DNA repair
mechanisms not only because they undergo several rounds of replication, but also because
DNA repair is essential for the recombination of immunoglobulin genes (3). Cells that have
succeeded at V(D)J-recombination are positively selected based on the integrity of the
expressed immunoglobulin or T cell receptor encoded by the DNA rearrangement. This
makes lymphopoiesis a powerful model to study DNA repair processes in vivo (4). For
instance, the non-homologous end joining (NHEJ) repair pathway has been extensively
studied in lymphoid cells (5), as deficiency for most of the NHEJ constituents almost
uniformly results in failure of lymphocyte development and immunodeficiencies in both
humans and mice (6).

BER is essential for both cell viability and embryogenesis. In somatic cells, BER is
responsible for the repair of over 10,000 lesions per cell per day (1, 2). DNA bases damaged
by oxidation are removed by glycosylases, generating an abasic site that is recognized by
AP-endonuclease (APE). APE cleaves the DNA backbone, allowing DNA Polf to insert a
new nucleotide, after which the nick is sealed by DNA ligase. This repair pathway is
essential during development, and deficiency in APEL, Polp or Ligase 1 causes embryonic
lethality in mice (7-9). This has made the role of BER in vivo difficult to examine.

Very little is known about APE2-mediated DNA repair processes, as opposed to the well-
studied homolog APE1, which is ubiquitously expressed and highly efficient at cleaving
abasic sites. APE1 and APE2 have nearly identical active sites, but in contrast to APE1, the
AP endonuclease activity of APE2 is very inefficient (10). On the contrary, APE2 has very
efficient 3’ to 5’ exonuclease activity and 3’-phosphodiesterase activities, while APEL1 is
weaker at these activities (11-13). Recent biochemical experiments are consistent with a role
for APE2 in the repair of oxidative damage to DNA, although this has not been
demonstrated in vivo. The exonuclease activity of APE2 can remove mismatched bases (12),
and preferentially removes A opposite the oxidatively damaged and highly mutagenic base
8-0x0G (13). Replicative polymerases insert A opposite 8-0xo0G, creating G:C to A:T
transversions. The addition of PCNA, shown to interact with APE2, enhances this activity,
and treatment of cells with H,O, causes redistribution of APE2 into discrete nuclear foci
and co-localization of APE2 with PCNA.

In addition to its exo activity, APE2 has efficient 3’ phosphodiesterase activity (10, 13).
DNA strand breaks with 3’-phosphoglycolate termini can be generated from attack by ROS
(14), and the 3’ phosphodiesterase activity of APE2 that removes these blocking groups is
much more efficient than its endonuclease activity, and more efficient than the 3’
phosphodiesterase activity of APE1 (10, 12). Similarities between APE2 and the L. major
AP endonuclease, LMAP, in an amino acid residue shown to impart increased 3’
phosphodiesterase activity also suggest the importance of this enzymatic activity in
protection from oxidative damage since LMAP, but not APE1, was able to revert the
hypersentitivity of xth nfo repair-deficient E. coli to H,0, (15). All combined, these data
suggest that, while APE1 is the essential AP-endonuclease, the enhanced exonuclease and 3’
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phosphodiesterase activities of APE2 may provide cells with additional protection from
oxidative damage.

APEL1 is known to be essential to repair the tens of thousands of abasic sites generated in
cells per day by glycosylase activity and spontaneous base hydrolysis, but the importance of
APEZ2 in vivo is not clear. In a previous study it was shown that mice deficient in APE2
display thymic atrophy and have reduced numbers of peripheral blood B and T cells (16),
but the reason for this defect is unknown. As oxidative DNA damage by ROS is associated
with aging phenotypes and cancer (1, 17, 18), it is important to understand how this damage
is repaired at the biochemical level as well as which processes in vivo are most sensitive to
this type of damage.

APE2-deficiency provides a unique model in that it allows us to study the impact of
physiologically-acquired oxidative damage during early hematopoiesis and subsequent
stages of B-cell development. We analyzed B cell development in the bone marrow and
found that APE2-deficiency results in a partial block in the generation of pre-B cells, which
is not related to defective VV(D)J recombination. Our results are consistent with a loss of pre-
B cells due to a p53-dependent DNA damage response. Furthermore, we demonstrate that
APE?2 is necessary for the rapid recovery of lymphoid progenitors following
chemotherapeutic depletion of the bone marrow. Our data demonstrate that APE2 is an
important enzyme for the maintenance and regeneration of B cell precursor pools.

Materials and Methods

Mice

All mouse strains were backcrossed to C57BL/6 for more than 8 generations. apex1+/—mice
were obtained from E. Friedberg (19) (University of Texas Southwestern Medical Center,
Dallas, TX). apex2+/— mice (20) and H2-SVEX transgenic mice (21) were previously
described. p53 +/— mice were obtained from Stephen Jones, and were previously described
(22). (apex2+/— and p53+/—) and (apex2+/— and apex1+/—) mice were crossed to create
doubly-deficient mice or apex1+/— apex2Y/— mice. Because apex2 is on the X chromosome,
we used male apex2Y/— mice and apex2Y/+ littermates in all experiments. 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.

Flow cytometry

For FACS analysis, bone marrow cells were flushed from the tibias and femurs of the hind
leg, filtered through 70 p 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,
0.02% 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)
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secondary reagent for 15 min., and then washed three more times. After the final wash, cells
were resuspended in 1 ug/ml propidium iodide to exclude dead cells. Primary antibodies
included CD93-Cy7PE (AA4.1), B220-APC (RA3-6B2), CD19-PE-TR (6D5), CD43-PE
(S7), IgM-biotin or -FITC (11/41), CD49bbiotin or -FITC (DX5), Ly6C-biotin or -FITC
(AL-21), Sca-1-FITC (E13-161.7), c-kit-Cy5.5-PE (2B8), CD135-PE (FIt3), CD127-APC
(A7R34), and biotin-labeled CD3 (145-2C11), TER119, GR-1 (8C5), and CD11b/Mac-1
(M1/70). Antibodies were purchased from BD Biosciences, eBioscience, or Invitrogen. All
cell populations were gated on viable cells by propidium iodide exclusion and singlets by
forward scatter area and height. Multi-potent progenitors (MPP) and a population highly
enriched in hematopoietic stem cells, hereafter referred to as hematopoietic stem and
progenitor cells (HSPC), were identified as Lineage-negative (Lin™: IgM~, B220~, CD197,
CD37, TER1197, GR-17, CD11b™) and CD127-negative (IL-7Ra"), c-kit* and Sca-1* (LSK
cells) that are flt3* (MPP) and fit3~ (HSPC). Common lymphoid progenitors (CLP) were
gated as Lin"CD127*AA4.1*Scal*/LOflt3*ckit!NT. Other bone marrow subsets were defined
as follows: pre-pro B cells, IgM~Ly6C~Dx5-B220*CD43*CD19-AA4.1%; pro-B cells,
IgM~Ly6CDx5"B220*CD43*CD19*AA4.1*; pre-B cells,
IgM~Ly6C~Dx5"B220*CD43/LOCD19*AA4.1*; immature B cells,
Ly6C~Dx5"B220*1gM*CD43/LOCD19*AA4.1* and recirculating B cells,
Ly6C~Dx5-B220*IgM*CD43/LOCD19*AA4.1™. Vex was detected using 407-nM
excitation. Flow cytometry was performed on a 3 laser, 9 detector LSRII (Becton
Dickinson). Data were analyzed with FlowJo software (Tree Star).

Bone marrow transfers

2x106 bone marrow cells from WT or APE2-deficient mice (C57BL/6, CD45.2*) were
transferred i.v. into B6.SJL (CD45.1%) recipients that had been sub-lethally irradiated (650
rad) 24 h previously. Recipient mice were maintained on antibiotics and reconstitution of
their bone marrow was analyzed by flow cytometry 7 weeks later, as described above, with
the addition of anti-CD45.2-FITC (ebioscience). Pro-B and pre-B cells are defined as in Fig.
1, here and throughout the manuscript. The percent of CD45.2* donor cells in the bone
marrow was 63.8 +/- 3.1% in mice that received WT (n = 3 recipients) and 62 +/- 2.2% in
mice that received APE2 (n = 2 recipients) bone marrow. For competitive bone marrow
transplants, APE2-deficient (C57BL/6, CD45.2*) and WT (B6.SJL, CD45.1*) bone marrow
cells were mixed at the indicated ratios and a total of 2x10° cells were transplanted i.v. into
lethally irradiated (900 rad) F; C57BL/6 x B6.SJL recipients. Peripheral blood from the tail
vein was analyzed by flow cytometry 8 weeks after transplant. Two-tailed one-sample t-test
showed significance (p < 0.05) relative to the theoretical mean (the expected reconstitution
rate), except where noted in the figure legend.

Analysis of DNA Synthesis and Cell Cycle

Cell cycle status was determined in pro-B and pre-B cells that were purified by FACS, and
then fixed in 70% ethanol overnight prior to incubation with RNaseA and propidium iodide
(50 ug/ml each, Sigma) for 20 min. at 37°C. Cells were then analyzed by flow cytometry
and the Watson Pragmatic model was applied to fit the curves to the stages of the cell cycle.
Cell turnover and production rates 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
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hours for 1 or 2 days and 6 hours prior to sacrifice. Bone marrow cells were harvested and
surface stained for pro-B and pre-B cell markers, as above, except that B220-AF647
(Invitrogen) was used. 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
DNasel (Roche) in 0.15 M NaCl, 4.2 mM MgCls, 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 (23).

Stromal Cell Co-cultures

Results

2,000 FACS-purified pro-B cells were plated onto nearly confluent cultures of GFP* OP9
stromal cells in 6-well plates with RPMI 1640 with 2 mM L-glutamine, non-essential amino
acids, 100 U/ml penicillin, 100 ug/ml streptomycin (all from Gibco), 5% fetal bovine serum
(Atlanta Biologicals, Atlanta, GA), 5 x 10*> M B-mercaptoethanol (Sigma), 10 ng/ml IL-7
(Peprotech Inc., Rocky Hill, NJ) and 10 ng/ml FIt3-ligand (Bio X Cell, West Lebanon, NH).
Culture medium and cytokines were replaced every three days. Wells were harvested after 6
or 9 days by pipetting, and OP9 cells were excluded from FACS analysis on the basis of
GFP expression and forward and side scatter.

APE2-deficient mice have a partial block at the pro-B to pre-B cell transition

To assess the role of APE2 in B cell development, we used multiparametric flow cytometry
to determine the numbers of pro-B, pre-B, and immature B cells, as well as their precursor
populations including hematopoietic stem and progenitor cells (HSPC), multi-potent
progenitors (MPP), common lymphoid progenitors (CLP) and pre-pro-B cells in the bone
marrow. In adult APE2-deficient mice, HSPCs, MPPs, CLPs, pre-pro-B cells and pro-B
cells are present in normal numbers, whereas there is a two-fold reduction in the number of
pre-B cells (Fig. 1 A-C). This finding is consistent with decreased numbers of B220*IgM~ B
cells in the bone marrow of APE2-deficient mice, as reported by Ide et al (16). In addition,
we analyzed apex1+/— mice, which are viable but haploinsufficient, and exhibit reduced
APE1-mediated DNA repair compared to WT littermates (19). The number of B cell
progenitors was not significantly altered from WT littermate mice in apex1+/—. Also, we
did not find a further reduction in pre-B cells in apex1+/— apex2'/— compared to apex2 Y/—
mice (Fig. 1C). Immature B cells, which develop from the pre-B cell pool, were slightly, but
not significantly reduced in APE2-deficient mice, but this population was further reduced in
apex1+/— apex2Y/— mice, suggesting that APE2 may be more important when levels of
APEL1 are reduced. We then asked whether the defect in B cell development in APE2-
deficient mice is intrinsic to the hematopoietic system by transplanting CD45.2* bone
marrow from WT or APE2-deficient mice into irradiated CD45.1* recipients. After 7 weeks,
the number of pro-B cells was not different in recipients injected with APE2-deficient
relative to WT bone marrow, but the number of pre-B cells was reduced three-fold (3.02 £
0.27 x 108, WT; 0.99 + 0.05 x 108, APE2.) These data show that APE2 has a unique,
intrinsic role in B cell development, and that its deficiency results in reduced numbers of
pre-B and immature B cells.
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APEZ2 is not required for V(D)J-recombination

Our finding of a partial block in development in APE2-deficient mice at the pre-B cell stage
led to the question of whether APE2 might be important for V(D)J-recombination. Toward
this end, we crossed APE2-deficient mice to a VV(D)J-recombination-reporter transgenic
mouse (21). The transgene consists of the coding sequence for violet-excited green
fluorescent protein (Vex-GFP) in the antisense orientation, flanked by recombination signal
sequences. Cells that express RAG1 and RAG2 and are capable of performing V(D)J-
recombination can be assessed by flow cytometry based on Vex-GFP expression resulting
from inversional recombination (21, 24). In two independent experiments, we found that
APE2-deficient pro- and pre-B cells recombine this substrate just as efficiently as WT cells.
APE2-deficient pro-B cells were 88.7 + 0.0% Vex™ (average of two mice + range) compared
to 87.8 + 0.5% Vex*™ WT pro-B cells. Pre-B cells were 86.2 + 0.1% (APE2-deficient) and
87.0 £ 2% (WT) Vex*. Although we cannot rule out a subtle contribution, we conclude that
APE?2 is not required for VV(D)J-recombination.

Turnover and production rates of APE2-deficient B cell progenitors

To determine if the reduced pre-B cell numbers in APE2-deficient bone marrow are related
to decreased proliferation rates in APE2-deficient pro-B and pre-B cells, the rate of
incorporation of the thymidine analog, BrdU, into DNA was measured. Bone marrow was
harvested and analyzed by FACS to assess the turnover rate (percent of the pool labeled per
day) and the production rate (number of cells labeled per day) of pro-B and pre-B cells.
APE2-deficiency did not significantly affect the turnover rate of pro-B or pre-B cells (Fig.
2A and 2B, left). However, the production rate of both pro-B and pre-B cells was decreased
in APE2-deficient mice, where pro-B cell production was down 3-fold (p <0.0001) and pre-
B cell production was down 3.5-fold (p <0.004). The latter difference reflects the decreased
pre-B cell numbers shown in Fig. 1. However, since APE2-deficient pro-B cell numbers are
normal in the steady-state (Fig. 1A), but 3-fold fewer are produced per day, these data
demonstrate that homeostatic pressures are acting to maintain cell numbers in the pro-B cell
compartment. We conclude that APE2-deficiency causes a decrease in the number of pro-B
and pre-B cells produced per day, but does not affect the proliferation rates of these cells.

Decreased pre-B cell production is p53-dependent

The accumulation of DNA damage, resulting in a perturbation of the cell cycle and/or cell
death, could be the basis of the lower production rate of pro- and pre-B cells in the bone
marrow of APE2-deficient mice. We observed only a slight increase in apoptosis in APE2-
deficient pre-B cells by intracellular staining of cleaved caspases (not shown). The
difference was not statistically significant, but dead cells are removed very efficiently in
vivo by macrophages. However, we did find that the loss of pre-B cells in APE2-deficient
mice is p53-dependent. When APE2-deficient mice were bred onto a p53-deficient
background, the number of APE2-deficient pre-B cells was not significantly diminished
relative to the numbers in WT or p53-deficient mice (Fig. 3). Activation of the p53 pathway
strongly suggests that APE2-deficient pre-B cells sustain DNA damage, as was previously
shown for APE2-deficient thymocytes (25), and also suggests that p53 inhibits their further
development.

J Immunol. Author manuscript; available in PMC 2014 June 02.
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After the pro-B to pre-B cell transition, the pre-B |l stage is characterized by exit from the
cell cycle, decrease in cell size and initiation of recombination at the Ig light chain locus
(26). To further analyze this transition, we determined the cell cycle status of FACS purified
pro- and pre-B cells by propidium iodide (PI) staining. We found no difference between WT
and APE2-deficient pro-B cells, but fewer APE2-deficient pre-B cells have exited the cell
cycle and decreased in size (Fig. 4). Unlike WT, the APE2-deficient pre-B cell pool has the
same proportion of cells in S and G,/M phases as the pro-B cell pool. Therefore, not only is
the number of pre-B cells reduced in APE2-deficient mice, but of these B220* CD43*/10
cells, a smaller percent have succeeded at differentiation to the small, non-cycling pre-B Il
stage. From these combined data, we conclude that APE2-deficient progenitors are partially
blocked at the transition between the cycling pro-B/preB | stage and the small resting pre-B
Il stage by a p53-dependent pathway.

Defects at earlier stages of hematopoiesis are revealed during recovery from
chemotherapeutic treatment in APE2-deficient mice

It is not surprising that developing APE2-deficient lymphoid cells are lost at the pre-B cell
stage, since checkpoints for genomic integrity following V(D)J-recombination occur at this
stage. Decreased expression of the pro-survival genes Bcl-XL and Bcl-2 makes these cells
highly sensitive to apoptosis (27-30). However, this does not mean that APE2 is only
important at the pro-B to pre-B cell transition. Defects in hematopoiesis can be masked by
homeostatic compensation, which maintains the size of precursor populations at each stage
of development (31). This is demonstrated by our finding of a reduced production rate of
pro-B cells in APE2-deficient mice by BrdU labeling (Fig. 2), despite finding normal
numbers of pro-B cells in untreated mice (Fig. 1). To determine if APE2-deficient mice have
defects in stages of hematopoiesis other than the pro- to pre-B cell transition, we perturbed
bone marrow homeostasis by injecting mice with the chemotherapeutic agent 5-fluorouracil
(5FV). 5FU gets incorporated into both DNA and RNA of dividing cells, and results in bone
marrow depletion, sparing only quiescent HSCs and a few mature, re-circulating IgM* cells
(32). The efficiency of repopulation of the bone marrow by HSCs was monitored over time,
harvesting bone marrow 5, 10 and 14 days after 5FU treatment, and analyzing early
lymphoid progenitor cells by flow cytometry (Fig. 5 A-D). The HSPC compartment in both
WT and APE2-deficient mice expanded three to four fold in response to bone marrow
depletion (not shown), but the recovery of APE2-deficient downstream progenitors on day
10 after 5FU was substantially reduced (Fig. 5C, black bars) relative to WT littermates
(compare to line at 100%), as well as relative to untreated APE2-deficient mice (gray bars).
By 14 days after 5FU treatment, the earliest progenitors had recovered to levels seen in
untreated mice, but pro-B and pre-B cell numbers in APE2 deficient mice were still greatly
reduced (Fig. 5D). Even after one month, APE2-deficient pro-B and pre-B cells still showed
a trend toward reduced numbers, although these values were not significantly different from
the numbers in untreated mice (Fig. 5E). Altogether, these results demonstrate that the
defect in expansion of APE2-deficient B cell progenitors is even greater when under
pressure to regenerate the empty niche after bone marrow depletion.

14 days after 5FU injection, we observed that the total number of mononuclear cells in the
bone marrow of APE2-deficient mice had recovered to almost normal levels (Fig. 5F) while
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the number of lymphocyte progenitors was still greatly reduced. As bone marrow consists
mostly of two major hematopoietic lineages, lymphoid and myeloid, we measured the
percent of bone marrow cells positive for the myeloid markers Mac-1 and Gr-1, compared to
B220* lymphoid cells, 14 days after 5FU injection. Indeed, we found that myeloid cells
were not significantly reduced in APE2-deficient relative to WT mice, whereas B220* cells
were still five-fold reduced at this time point (Fig. 5G). In order to further evaluate the
multi-lineage repopulation potential of APE2-deficient bone marrow, we performed
competitive bone marrow transplants. APE2-deficient (CD45.2*) and WT (CD45.1*) bone
marrow cells were competitively transplanted at the indicated ratios into lethally irradiated
(CD45.2 x CD45.1) F recipients (Fig. 6). Analysis of peripheral blood after 8 weeks by
flow cytometry showed that APE2-deficient bone marrow did not compete effectively
against WT bone marrow, and did not achieve the expected rates of reconstitution.
Reconstitution of B, T and myeloid lineages were all impaired.

Defective expansion of IL-7-responsive progenitors in vitro

We next assessed the ability of APE2-deficient progenitors from untreated mice to expand
and differentiate in vitro by co-culture with OP9 stromal cells, IL-7 and FIt3L. This culture
system allows us to distinguish between potential defects in the expansion of APE2-
deficient IL-7R* cells (CLP, pre-pro, and pro-B cells), and the ability of these progenitors to
differentiate along the lymphoid lineage. FACS-purified HSPC, MPP, CLP and pro-B cells
from untreated WT and APE2-deficient mice were co-cultured for 7 days and then analyzed
by flow cytometry for lymphoid (CD19) and myeloid (Mac-1/GR-1) markers. As shown in
Fig. 7A, HSPCs almost exclusively generated myeloid cells within the timeframe of this
experiment, but MPPs were able to differentiate into both lymphoid and myeloid cells, while
CLPs generated only lymphoid cells, and pro-B cells expanded. We conclude from this that
APE2-deficient progenitors were able to differentiate normally in vitro. Pro-B cell
expansion was then analyzed quantitatively after 6 and 9 days. WT pro-B cells expanded 60-
fold after 6 days, while APE2-deficient pro-B cells expanded only 20-fold (p <0.005) and
failed to expand further. After 9 days in culture, approximately ten-fold fewer APE2-
deficient pro-B cells were recovered compared to WT pro-B cells (p <0.01)(Fig. 7B).
Consistent with our results in vivo, the decreased expansion of these cells in vitro was
dependent on p53, since pro-B cells purified from apex2Y/-p53—/— mice proliferated
exponentially, similar to p53—/— pro-B cells on day 6 and only slightly (1.4-fold) slower on
day 9 (p <0.05).

Altogether, these data demonstrate that APE2-deficient lymphoid progenitors can respond to
IL-7, differentiate normally and initiate proliferation, but have a reduced capacity for
expansion. In vivo, these cells are predominantly lost at the small, non cycling pre-B 11 cell
stage due to checkpoints that activate a p53-dependent damage response. We conclude that
APEZ2 is required for the efficient expansion of B cell progenitors in response to IL-7, both
in vitro and in vivo.
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Discussion

The weak AP endonuclease activity of APE2 and the overlap in biochemical properties
between APE1 and APE2 have hampered experiments to determine the biological function
of APE2. We previously discovered that APE2 has a role in class switch recombination
(CSR), as APE2-deficient cells have reduced CSR and reduced ability to generate the DNA
breaks required for CSR (33). In this study we demonstrate that APE2 is important during
the expansion of lymphoid progenitors in the bone marrow. We uncovered a role for APE2
in B cell development under homeostatic conditions, where there is a two-fold decrease in
pre-B cells numbers in the absence of APE2. APE2-deficient pro-B cells also show a
defective expansion in vitro in response to IL-7. Both the decreased proliferation in vitro and
the loss of pre-B cells in vivo is dependent on p53, supporting the conclusion that APE2-
deficiency activates a p53-dependent DNA damage response. In addition, we observed a
significant increase in p21 mRNA (transcriptional target gene of p53) in APE2-deficient
pre-B cells (data not shown). This result is consistent with the increased p53
phosphorylation, YH2AX foci and DNA breaks observed in the thymus of APE2-deficient
mice (25). Many lymphocytes are lost due to checkpoints that control for DNA integrity
following V(D)J-recombination. These checkpoints are active at the pro-B to pre-B cell
transition, which might explain why APE2-deficiency results in defects during this stage of
B cell development. For instance, the anti-apoptotic genes Bcl-XL and Bcl-2 that protect
pro-B cells during gene rearrangements are down-regulated at this transition, causing pre-B
cells to be prone to apoptosis in the absence of positive selection signals (27-30).

In addition, we found that APE2 is especially important in the recovery of lymphoid
development after chemotherapeutic challenge. APE2-deficient B cell progenitors fail to
expand rapidly in vivo after 5FU injection. Defective repopulation of the bone marrow upon
transplantation has been observed in mice deficient in several DNA repair pathways
including non-homologous end joining (Ku80), nucleotide excision repair (XPD),
telomerase (MTR) (34), Brca2 (35) and mismatch repair (Msh2) (36). Although the HSCs in
DNA repair-deficient mice accumulate DNA damage with age, the frequency of HSCs is not
affected (34). Rather, it seems that the ability of these cells and their downstream
progenitors to expand and repopulate the bone marrow upon transfer into irradiated
recipients is compromised by the DNA damage. This is similar to our results with APE2-
deficient lymphoid progenitors, which identifies APE2 as an important factor in
hematopoiesis. Defects in granulopoiesis as well as lymphopoiesis are observed in other
DNA repair deficient mice (Ku80*/~, mTR*/~, and XPDTTP) (34). We found that myeloid
progenitors are able to recover rapidly following 5FU challenge in the absence of APE2, but
upon competitive bone marrow transplantation, the myeloid lineage was also impaired. It is
possible that APE2-deficiency might impair lymphopoiesis to a greater extent than
granulopoiesis, although this requires further investigation. Genomic stability may be of
greater significance to lymphocytes, since they can be very long-lived and will undergo
further rounds of proliferation and differentiation if activated by antigen. Granulocytes are
short-lived and need continued stem cell activity to be regenerated, and are thus considered a
good correlate to stem cell function (37). It will be interesting to test the effect of APE2-
deficiency on long-term bone marrow repopulation by an enriched stem cell population and
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serial transplantation to determine if APE2 is important for maintaining HSC function. DNA
repair mechanisms in HSCs and the consequences of mutations arising from aberrant repair
are only beginning to be understood (38-40). It was recently shown that the preferential use
of the error-prone NHEJ pathway in quiescent HSCs can lead to genomic rearrangements
(40). The contribution of BER to genomic stability in HSC has not been examined, but
seems likely to be important, as BER is an accurate repair pathway that is active in non-
dividing cells.

DNA damage caused by 5FU can be repaired by both APE1 and the DNA mismatch repair
pathway (41-43). However, there are also some data consistent with the idea that APE2 can
repair these lesions. In yeast, mutants of the homologs of APE1 and APE2, apnl and apn2,
show only mild sensitivity to 5FU, but the double mutant apnlapn2 is very sensitive (42). In
human studies, a recent gene expression profiling study found that decreased apex2
expression was associated with a favorable outcome in glioblastoma patients treated with
radiation and capecitabine, a compound that is converted into 5FU in vivo (44). These
results suggest that both APEs can repair 5SFU damage; however, we believe it is unlikely
that residual 5FU (or 5FU damage) remains to contribute to the bone marrow recovery
phenotype we observe up to one month after 5-FU injection in APE2-deficient mice. It has
been shown that quiescent HSCs are protected from 5FU damage (45), and that 5FU is
cleared from the body by the liver within 4 hours of injection (46). Furthermore, our finding
that purified APE2-deficient pro-B cells from untreated mice have defects in expansion in
vitro confirms the need for APE2 in the expansion of B cell precursors, even in the absence
of exogenous DNA damage. We propose that APE2 is important for the rapid expansion of
hematopoietic precursors following any bone marrow-depleting treatment, such as radiation
or chemotherapy. Furthermore, APE2 could participate in repair of DNA lesions caused by
these treatments and thus be a factor in resistance to such therapies.

The accumulation of oxidative damage is associated with aging phenotypes (1, 17), and our
findings suggest that APE2-deficiency accelerates the changes known to occur in the bone
marrow during aging. This phenotype includes defects in the pro-B to pre-B cell transition,
decreased IL-7 responsiveness of B cell progenitors, skewing in the bone marrow toward the
myeloid lineage, impaired recovery from bone marrow injury, increased marginal zone B
cells (33), and thymic atrophy (16). Decreased lymphocyte production and skewing toward
the myeloid lineage is observed in the bone marrow of both mice and humans with age (47,
48), although this is not thought to be due to DNA damage (48, 49). Although many factors
contribute to the decline of lymphocyte production in the bone marrow with age, including a
decrease in hormones and stromal cell function (49-52), our data support that the
accumulation of DNA damage might also be a contributing factor. The lymphocyte
compartment is somewhat unique in the body, since these cells undergo many rounds of
rapid proliferation and can be very long lived. As such, they are especially dependent upon
efficient DNA repair for survival and to prevent cell transformation and malignancy. This is
true not only during development, but also during the proliferative response of B cells to
antigen. Consistent with this, we have also found defects in the expansion of APE2-deficient
germinal center B cells (manuscript in preparation).
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Figure 1.
Partial block in pro-B to pre-B cell transition in APE2-deficient mice. (A) Shown are the

total cell numbers of the indicated progenitors in two hind limbs of WT and APE2-deficient
mice. n = 3 for HSPC, MPP, CLP and pre-pro-B cells, and n = 5 for pro-B and pre-B cells.
(B) Representative FACS plot of pro-B (B220*CD43*) and pre-B cells (B220*CD43*/LO),
Numbers shown are the percentage of cells in the viable, IgMDX5~Ly6C™ gate that are pre-
B cells, IgM~ B220* cells, and pro-B cells. (C) Total cell numbers in mice that are
haploinsufficient for APE1 (APE1*/—; n=3), deficient in APE2 (n=9), both (APE1*/-
APE2Y/-; n=8), or their WT littermates (n=17), combined from many flow cytometry
experiments. Data are from one hind limb. (A,C) Results of t test (A) and non-parametric
one-way ANOVA (C) show significance vs. WT (* p <0.05, ** p<0.01). In addition,
APE1+/- x APE2 immature B cells are significantly reduced relative to APE1+/- (p <0.05).
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Turnover and production rates of pro-B and pre-B cells determined by BrdU incorporation.
(A) Representative FACS plot gated on pre-B cells from the bone marrow of mice injected
with BrdU every 12 hours for 1 or 2 days, and 6 hours before harvest. The background
staining in a control PBS-injected mouse is shown (light gray histogram). (B) Data shown is
representative of two experiments, each having 3 WT (solid squares) and 3 APE2-deficient
(open circles) mice for each time point. Gray/shaded lines depict 95% confidence intervals

for linear regression plots.

J Immunol. Author manuscript; available in PMC 2014 June 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Guikema et al.

Page 17

&
‘C_> 3.5-
Z 30
0
© 2.54
(&)
M 2.01
(O]
a 1.57
Y
O 1.04
o)
O 0.54
g 0.0-
C

v ot
Q/‘L
§

Figure 3.
The reduction in pre-B cell numbers in APE-deficient mice is p53-dependent. The number

of pre-B cells in the BM of mice deficient in p53, APE2, or both, and their WT littermates
was determined by flow cytometry. n =5 for all groups. APE2 is significantly different from
all other groups (t test: * p <0.05). APE2 x p53 doubly deficient mice are not different from
WT or p53-deficient mice.
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Figure4.
Reduced transition to small non-cycling pre-B 1l cell stage in APE2-deficient mice. The cell

cycle stage of FACS-purified pro-B and pre-B cells was determined by propidium iodide
staining. A representative FACS plot is shown depicting cell size (FSC, y axis) vs. DNA
content (PI, x axis) with hand-drawn gates as example. Below are the results (mean = SEM)
from three independent FACS sorts, where the percent in each stage of cell cycle was
determined using the Watson Pragmatic model. (* APE2 relative to WT: p <0.02).
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Figureb5.
Delayed recovery of APE2-deficient B cell progenitors from 5FU challenge. APE2-deficient

mice and their WT littermates were injected once i.p. with PBS (day 0) or 5FU (150 mg/g
body weight) 5, 10, 14 or 28 days before analysis of bone marrow by flow cytometry. (A,B)
Representative FACS plot showing gating strategy for HSPC and MPP (A) and CLP (B) in
bone marrow of PBS-treated control mice (“day 0”), or mice 5 or 10 days after 5FU
injection. (C-D) The number of APE2-deficient progenitors on day 10 (C) and day 14 (D)
after injection (black bars) is shown as a percent of that in identically treated WT mice. The
same populations in untreated APE2-deficient mice are shown as a percent of those in
untreated WT mice for comparison (gray bars). Each experiment was a paired observation
between one APE2-deficient and one WT littermate male mouse per time point and the
average of independent experiments (n = 3 for HSPC through pre-pro B cells and n = 7 for
pro-B and pre-B cells) = SEM is shown. (E) Number of pro- and pre-B cells 28 days after
5FU injection (data are combined from two flow cytometry experiments, total n =4 WT and
3 APE2-deficient mice). (F) Number of total mononuclear cells in the bone marrow as a
function of time after 5FU injection; data was combined from all of the experiments shown
in C-G (n = 4-8 for WT mice and 3-6 for APE2-deficient mice, depending on the time
point). (G) Number of viable lymphoid (B220*) or myeloid (either Mac-1* or Gr-1%) cells in
the bone marrow of untreated mice (n = 3) or mice 14 days (n =5 WT and 4 APE2-
deficient) or 28 days (n = 4 WT and 3 APE2-deficient) after 5FU injection. (C-G) t test
results vs. WT: * p <0.05, ** p<0.01, *** p<0.002).
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Competitive bone marrow transplants. Peripheral blood (PBL) analysis 8 weeks after
transfer. x axis shows ratio of APE2-deficient:WT bone marrow transplanted. The level of
reconstitution by APE2-deficient cells is significantly different from the expected value
(indicated by horizontal bars) in all cases (p <0.05) with the exception of Mac-1" cells in the

90:10 transplant.
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Figure?7.
APE2-deficient B cell progenitors differentiate normally but expand poorly in vitro. (A) The

indicated progenitor populations were purified by FACS and co-cultured with stromal cells,
IL-7 and FIt3L. Sorted HSPC, MPP and CLP input cells were negative for CD19 and Mac-1.
The percent of non-stromal cells expressing CD19 or Mac-1/Gr-1 (myeloid) was determined
by flow cytometric analysis of cultures after 7 days. FACS plots are representative of results
from two independent sorts. (B) 2,000 FACS-purified pro-B cells from WT, apex2"/—
(APE2), p53—/— (p53) or apex2Y/— p53—/—(DKO) bone marrow were cultured as in (A) and
the number of viable cells was counted after 6 and 9 days. CD19 and CD43 expression on
the expanded cells was confirmed by flow cytometry. The average of 3 replicate wells is
shown. Data on WT and APE2-deficient pro-B cells are representative of 2 independent
sorting experiments. Data on p53—/- and DKO pro-B cells are from one sort.
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