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Abstract

Hematopoietic stem cells self-renew for life to guarantee the continuous supply of all blood cell
lineages. Here we show that Poly(ADP-ribose) polymerase-2 (Parp-2) plays an essential role in
hematopoietic stem/progenitor cells (HSPC) survival under steady-state conditions and in response
to stress. Increased levels of cell death were observed in HSPC from untreated Parp-2~/~ mice, but
this deficit was compensated by increased rates of self-renewal, associated with impaired
reconstitution of hematopoiesis upon serial bone marrow transplantation. Cell death after -
irradiation correlated with an impaired capacity to repair DNA damage in the absence of Parp-2.
Upon exposure to sublethal doses of y-irradiation, Parp-2~/~ mice exhibited bone marrow failure
that correlated with reduced long-term repopulation potential of irradiated Parp-2~/~ HSPC under
competitive conditions. In line with a protective role of Parp-2 against irradiation-induced
apoptosis, loss of p53 or the pro-apoptotic BH3-only protein Puma restored survival of irradiated
Parp-2~/~ mice, whereas loss of Noxa had no such effect. Our results show that Parp-2 plays
essential roles in the surveillance of genome integrity of HSPC by orchestrating DNA repair and
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restraining p53-induced and Puma-mediated apoptosis. The data may affect the design of drugs
targeting Parp proteins and the improvement of radiotherapy-based therapeutic strategies.

Introduction

Poly(ADP-ribose) polymerase-2 (Parp-2) belongs to a family of enzymes that catalyze the
transfer of ADP-ribose polymers to acceptor proteins. Among Parp family members, Parp-1,
Parp-2, and Parp-3 catalytic activity has been shown to be stimulated by DNA breaks.1,2
Poly(ADP-ribosyl)ation, in response to DNA damage, coordinates chromatin
decondensation around lesion sites, orchestrating the recruitment of repair proteins.
Accordingly, these Parp proteins play a dual role in the DNA damage response, as damage
sensors and signal transducers to downstream effectors through their physical association
with or by the poly(ADP-ribosyl)ation of partner proteins.2,3 Parp-1 and Parp-2 possess
overlapping functions as indicated by the early lethality of the double mutant embryos.4
Biochemical and structural studies increasingly predict that Parp-2 has particular targets
and/or interacts with specific protein partners,5-7 suggesting functions independent of
Parp-1 that only start to emerge. Parp-2 has been shown to be required for spermatogenesis,8
suppression of activation-induced deaminase—induced IgH/c-myc translocation,9 adipocyte
differentiation,10 regulating SIRT1 expression to control body energy expenditure,11 and T-
cell development and genomic stability in thymocytes accelerating spontaneous tumor
development in Parp-2/p53-double-null mice.12,13

Mice lacking critical components of the DNA damage response machinery have been shown
to display severe hematopoietic phenotypes,14-17 demonstrating that an appropriate DNA
damage response is essential for the maintenance of normal hematopoiesis.18,19 The
hematopoietic system is maintained by small numbers of hematopoietic stem cells (HSC)
within the bone marrow (BM) that self-renew for life and give rise to a series of committed
progenitors and all mature blood cells.20 Multiple pathways that regulate cell-cycle
checkpoints, DNA repair, and apoptosis must be integrated delicately in HSPCs to regulate
quiescence, self-renewal, and differentiation to guarantee maintenance of hematopoietic
homeostasis throughout life.21-23 For example, previous studies have shown that ionizing
radiation differentially affects subsets of BM hematopoietic cells, with HSC being more
radio-resistant. This phenomenon has been ascribed to the engagement of the
nonhomologous end-joining (NHEJ) pathway for DNA repair in HSCs to secure their
survival, whereas their downstream progeny are poised to undergo apoptosis.19 Impairment
of these fidelity control pathways can lead to genomic instability, hematopoietic
malignancies, and BM failure.24,25 Indeed, exposure to a threshold level of genotoxic
agents such as ionizing-radiation or DNA-damaging chemotherapeutics causes the loss of
HSPC, leading to myeloablation-associated side effects in patients. Hence, understanding
the mechanisms by which HSPC respond to DNA damage is pivotal for improved clinical
management of treatment-associated side effects in transplantation settings or during the
course of antineoplastic radio—or chemotherapy.

Here, we report on the critical role of Parp-2, but not Parp-1, in preventing BM failure and
premature death of mice exposed to sublethal doses of irradiation. The premature lethality
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observed in Parp-2~/~ mice was associated with deficits in the DNA-damage response and
increased HSPC apoptosis, rescued by p53 or Puma deficiency. Our results provide a novel
role for Parp-2 as a mediator of HSPC homeostasis that may affect the improvement of
radiotherapy-based therapeutic strategies.

Methods

Mice, radiation, and BM transplantation

Parp-1~/~, Parp-27/~ , Noxa™~, and Puma™~ mice have been described previously.4,26,27
p53~/~ mice were obtained from Jackson Laboratories. Mice were of C57BL/6J background.
Parp-2~/~ mice were bred with p53~/~ or Noxa™~ or Puma™~ mice to generate heterozygous
mice, which were then bred to generate all genotypes. Genotyping was performed by
polymerase chain reaction (PCR).4,12,27,28 CD45.1 mice (B6.SJL-ptprcPep3) were from
the European Molecular Biology Laboratory (Heidelberg, Germany). Mouse studies were
approved by the PRBB Animal Care Committee. y-Irradiation and BM transplantation
details are indicated in supplementary Methods.

Whole-blood analysis and histology

Blood was analyzed using Abacus Junior Vet Haematology Blood Analyzer. Histology
details are indicated in supplementary Methods.

Flow cytometry, cell sorting, and ROS analysis

Cells were stained with various antibodies and analyzed with a LSRII cytometer (BD
Biosciences) using DIVA (BD Biosciences) and FlowJo (TreeStar) software. Fluorescence-
activated cell sorting was performed in a FACS ArialISORP (BD Biosciences). Reactive
oxygen species (ROS) levels were measured by suspending cells in phosphate-buffered
saline containing 5 uM 5-(and-6)-carboxy-2",7’- difluorodihydrofluorescein-diacetate.
Details are available in supplementary Methods.

BrdU incorporation

Mice received a single intraperitoneal injection of BrdU (BD Biosciences; 1 mg/6 g mouse
weight) and admixture of 1 mg/mL of BrdU to drinking water for 3 days. BM cells were
surface-stained, fixed, permeabilized, and intracellularly stained using a BrdU Flow kit (BD
Biosciences).

Colony formation assays

Hematopoietic progenitors in BM cells were evaluated by colony assays scored at day 7
using MethoCult M3434 methylcellulose semisolid medium (StemCell Technologies).

Immunofluorescence and comet assay

Immunofluorescence and alkaline comet assay on
Lin"(CD11b Gr1'B220°CD3Ter1197)Sca-1*c-kit* (LSK)- and myeloid progenitor (MP)-
sorted cells was performed as indicated in supplementary Methods.
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Gene expression

Total RNA isolation, quantitative reverse-transcriptase PCR (RT-PCR), and microarray were
performed as indicated in supplementary Methods. Microarray data have been deposited into
the Gene Expression Omnibus (GSE42022).

Statistical analysis

Results

The log-rank test was used to determine the statistical significance of animal survival. All
other statistical analyses used an unpaired Student ¢test. Pvalues < .05 were considered
significant.

Parp-2—deficient mice show increased sensitivity to sublethal y-irradiation dose caused by

BM failure

Parp-2~/~ and Parp-1~/~ mice were shown to be very sensitive to high doses of whole-body
ionizing radiation (8 Gy), probably because of acute radiation toxicity to the epithelium of
the small intestine.4 In contrast, low-dose radiosensitization was not apparent in Parp-17/~
cells, likely suggesting a compensating activity by Parp-2.29 However, the sensitivity of
Parp-2~/~ mice to sublethal doses of irradiation remained unexplored. To address this,
Parp-2~/~ and WT littermate mice were exposed to a sublethal dose of 5 Gy of total-body y-
irradiation (TBI). WT mice survived beyond 35 days, whereas all Parp-2~/~ mice died at a
median of 18 days. Interestingly, 7 of 8 Parp-1-deficient mice survived (Figure 1A),
indicating a differential or tissue type—specific contribution of Parp-1 and Parp-2 in the
response to low-dose -y-irradiation. Similarly, specific sensitivity of Parp-2~/~, but not
Parp-17/~, mice was observed in a cumulative low-dose irradiation protocol of 4 weekly
doses of 1.75 Gy (supplemental Figure 1A). The death of Parp-2~/~ mice after exposure to 5
Gy TBI suggested either BM failure or cumulative systemic effects of radiation. We
addressed this issue by transplanting WT BM cells into Parp-2~/~ recipient mice that had
received 5 Gy. The WT BM cells rescued the irradiated Parp-2~/~ mice from death (Figure
1A), indicative of BM failure as the cause of death in Parp-2~/~ mice. Notably,
histopathology did not reveal any signs of infection (supplemental Figure 2).

To test whether WT BM cells can radioprotect Parp-2—deficient mice in a cell-autonomous
manner, Parp-2~/~ mice were lethally irradiated (9.5 Gy) and transplanted with BM cells
from either WT or Parp-2~/~ mice. Six weeks after reconstitution, recipients received TBI (5
Gy). The majority of Parp-2~/~ mice reconstituted with WT BM cells lived more than 35
days after the second dose of y-irradiation. In contrast, all Parp-2~/~ mice reconstituted with
Parp-2~/~ BM cells died within 20 days after the second irradiation (Figure 1B). To test
whether Parp-2~/~ BM cells could radioprotect mice within a WT microenvironment, we
reconstituted lethally irradiated WT mice with WT or Parp-2~~ BM cells. Six weeks after
transplantation, the mice received 5 Gy of TBI. Only the mice reconstituted with Parp-27/~
BM cells became radiosensitive (Figure 1B). These results implicate accentuated radiation-
induced damage to HSPC in the death of Parp-2~/~ mice after exposure to a sublethal dose of
TBI in a hematopoietic cell-autonomous manner.
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Repopulation of hematopoietic cells is impaired in irradiated Parp-2—deficient mice

Parp-2~/~ mice show slightly lower RBC but similar WBC counts at baseline. Consistent
with previous studies,30 we observed a striking decrease in WBC counts and a slower
decrease in RBC in WT mice at days 4, 6, and 12 post irradiation. However, Parp-2~/~ mice
exhibited more severe decreases in RBC counts, whereas the decrease in WBCs was slightly
more severe compared with WT mice only at day 12 (Figure 1C). BM cellularity in
Parp-2~/~ and WT mice was similar before irradiation and dropped significantly by day 4
post irradiation to similar levels. By day 6 after y-irradiation, BM cells began to rebound
and this recovery was less effective in Parp-2~/~ mice compared with WT mice (Figure 1D).
Histologic analysis revealed that by day 12 post irradiation, hematopoietic cell clusters had
repopulated the BM of WT mice but not those of Parp-2~/~ mice (Figure 1E).

Analysis of the HSC-containing LSK population showed that the percentages and total
numbers of LSK cells in untreated WT and Parp-2~/~ mice were similar (Figure 2). Further
analysis of the LSK compartment showed that the enriched long-term HSC population (LT-
HSC;LinSca-1*c-kit*CD135"CD34"), the enriched short-term HSC population (ST-HSC;
Lin~Sca-1*¢c-kit"*CD135-CD34%), and the multipotent progenitors (MPPs; Lin~Sca-1*c-
kit"CD135*CD34*) fractions were similar in WT and Parp-2~/~ mice (Figure 2). Similarly,
in the MP compartment, percentages and total numbers of common MPs (CMP;
Lin~Sca-1"c-kit*CD34*FcyRI?), myelomonocytic progenitors (GMP; Lin~Sca-17c-
kit"CD34*FcyRM), and megakaryocyte/erythroid progenitors (MEP;Lin~Sca-1"c-
kit"CD34-FcyR!°) were comparable in WT and Parp-2 mice under steady-state conditions
(Figure 2).

By day 12 after TBI (5 Gy), Parp-2~/~ mice retained fewer number of LSK cells than WT
mice. Similarly, a reduction in the LT-HSC was observed in Parp-2~/~ compared with WT
mice, whereas ST-HSC and MPP fractions were similar in both genotypes (Figure 2C).
Furthermore, a striking decrease in the number of all MP populations (CMP, GMP, and
MEP) was observed in Parp-2~/~ compared with WT mice (Figure 2C). These results
suggest that Parp-2~/~ HSPC exhibits increased sensitivity to irradiation, affecting normal
restoration of hematopoiesis after sublethal irradiation.

Interestingly, when we tested the colony-formation capacity of basal WT or Parp-2~/~ BM
cells in methylcellulose, we observed that Parp-2~/~ cells displayed a significantly decreased
capacity to form colony-forming units (CFUs) compared with WT BM cells (Figure 2D). In
response to 2 Gy, the colony-forming potential dropped significantly in Parp-2~/~ and WT
cells and the significant decrease in CFU from Parp-2~/~ compared with WT persisted
(Figure 2D).

Reduced regenerative capacity of Parp-2—deficient HSPC after expansion stress

The radiosensitivity of Parp-2~~ mice may reflect loss of committed hematopoietic
progenitors but also a defect in the regenerative capacity of the HSC pool. To test this
possibility, WT or Parp-2~/~ mice (CD45.2*) were irradiated with a dose of 5 Gy and
transplanted with BM cells from WT (B6.SJL) mice expressing CD45.1. Analysis at 6 and
12 weeks after transplantation showed that only 6% of peripheral blood cells in the
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transplanted Parp-2~/~ mice originated from the recipients compared with ~30% of
peripheral blood originated from the WT recipient control mice (Figure 3A). These data
suggest a radiation-induced defect in Parp-2~/~ HSC regenerative capacity compared with
WT.

To further characterize the radiation-induced defect in Parp-2~~ HSC, we performed
competitive repopulation assays. WT or Parp-2~/~ BM cells were isolated after TBI (2 Gy or
5 Gy), mixed at a 19:1 ratio with nonirradiated WT (B6.SJL) competitor BM cells, and
transplanted into lethally irradiated (9.5 Gy) B6xB6.SJL F1 recipient mice (CD45.1/2)
(Figure 3B). In recipients receiving WT BM cells exposed to 5 Gy and nonirradiated
competitor cells, ~4% of blood cells were derived from the irradiated WT donor HSCs at 12
weeks after transplantation. Identical analysis in the mice transplanted with 5 Gy-treated
Parp-2~/~ BM cells and nonirradiated WT competitor cells revealed that only ~0.6% of
blood cells were derived from the irradiated Parp-2~/~ HSCs, indicating a significantly
poorer performance of HSC from Parp-2~/~ compared with WT in this competitive situation
(Figure 3C). As expected, we observed an increase in engraftment of 2 Gy irradiation—
exposed HSC, but a significant defect of engraftment of Parp-2~/~ HSCs persisted (Figure
3C). Of note, BM cells from nonirradiated WT and Parp-2~/~ donor mice showed
comparable ability to repopulate the peripheral blood (Figure 3C). However, Parp-2~/~ BM
cells showed impaired repopulation potential in secondary transplants (Figure 3D). These
results indicate that Parp-2~/~ HSC function is compromised after expansion stress such as
the one caused by irradiation or BM serial transplantations.

Parp-2 regulates HSPC survival

Decreased numbers of HSPCs in Parp-2~/~ mice after irradiation could reflect impaired
proliferation, cell survival, or a combination of these. To evaluate the proliferation rate, mice
received a single intraperitoneal injection of BrdU, and then we provided BrdU in the
drinking water for 3 days. Analysis of LSK and MP cells on the fourth day showed
statistically significant increased BrdU incorporation in Parp-2~/~ compared with WT LSK
cells and a trend toward an increase in Parp-2~/~ MP cells, suggesting that Parp-2 deficiency
does not limit proliferation of LSK or MP cells (Figure 4A-B). Next we assessed the cell-
cycle status by Ki67 staining to detect cycling cells and 4”,6-diamidino-2-phenylindole to
gauge the amount of DNA. Gating on the LSK- and MP-cell fractions revealed a decrease of
cells in GO in Parp-2~/~ compared with WT cells, although statistically significant
differences were not achieved (Figure 4C-D).

Interestingly, both Parp-2~/~ LSK and MP cells displayed higher levels of intracellular ROS
(Figure 4E-F), which have been linked to proliferation31 but may also cause higher rates of
DNA-damage and possibly cell death. Hence, we used active caspase-3 staining to compare
the levels of apoptosis in HSPCs from Parp-2~/~ and wild-type mice. Parp-27/~ cells
exhibited a significantly higher number of active caspase-3—positive cells than WT under
homeostatic conditions. At 2 hours after 5 Gy of irradiation, active caspase-3-positive cells
increased significantly in both Parp-2~/~ and WT mice, and the significant increase in
apoptotic cells in Parp-2~/~ compared with WT persisted (Figure 4G-H). Similarly, the
percentage of AnnexinV* LSK and MP cells was also higher in Parp-2~/~ than in WT mice
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(supplemental Figure 3). These results suggest that restoration of hematopoiesis after
sublethal irradiation requires Parp-2, most likely restraining the apoptotic response in
HSPCs.

Loss of p53 or Puma, but not loss of Noxa, suppresses the radiosensitivity of Parp-2-
deficient mice

To investigate the functional interaction of Parp-2 with the p53-mediated apoptotic pathway
in HSPC, we generated mice lacking both genes and analyzed the effect of 5 Gy TBI.
Parp-2~-p53~/~ mice survived TBI beyond 35 days, indicating that inactivation of p53
rescued Parp-2~/~mice from radiation-induced death (Figure 5A). To further explore whether
Parp-2 deficiency engages a p53-dependent response, we determined p53 protein levels in
LSK and MP cells. We observed an increase in p53 protein levels in Parp-2~/~ compared
with WT cells at basal and 2 hours post irradiation, suggesting an increased p53 response in
the absence of Parp-2 (Figure 5B-C). Of note, p53 protein levels in Parp-17~ LSK and MP
cells were similar to those found in WT cells (supplemental Figure 4). Puma and Noxa play
critical roles in p53-mediated apoptotic pathways.27 Accordingly, we examined whether
Parp-2 deficiency affects the induction of either of these p53 target genes by quantitative RT-
PCR. Baseline Puma mRNA levels were significantly higher in Parp-2~/~ compared with
wildtype LSK cells. A similar trend was noted in Parp-2~/~ MP cells. At 2 hours after
irradiation, Puma mRNA levels increased significantly in both Parp-2~/~ and WT LSK cells,
and a significant increase persisted in Parp-2~/~ compared with WT irradiated LSK cells.
Interestingly, mMRNA levels of Puma were similar in Parp-1~/~ and WT LSK and MP cells
(Figure 5D). By contrast, baseline Noxa mRNA expression was lower in Parp-2~/~ than in
WT LSK cells, whereas similar expression was observed in MP cells. Upon irradiation,
Noxa mRNA levels increased, but this effect was less pronounced in Parp-2~/~ compared
with WT LSK and persisted in MP cells. Noxa expression in Parp-17~ LSK and MP cells
followed the expression in Parp-27/~ cells (Figure 5D).

To test the physiological significance of our findings, we generated mice lacking Parp-2 and
either Puma or Noxa genes. Puma deficiency rescued Parp-2~/~ mice from 5 Gy TBI-
induced death, whereas the loss of Noxa had no effect (Figure 5E). In agreement with our
survival data, we observed that the reduced RBC, WBC, and BM cellularity in Parp-27/-
mice, noted at day 12 post irradiation, was completely restored in a Puma-deficient but not
in a Noxa-deficient background (Figure 5F). Indeed, p53 and Puma expression were
significantly increased in Parp-2~/~ compared with WT erythroblasts (supplemental Figure
5).

Impaired DNA damage response in Parp-2—deficient HSPC

LSK and MP cells from nonirradiated mice of both genotypes displayed extremely low
levels of y-H2AX—positive cells, an indicator of double-strand breaks (DSBs),32 which was
markedly induced after exposure to 5 Gy TBI. By 2 hours post irradiation of mice, the
numbers of y-H2AX—positive cells in Parp-27/~ LSK and MP cells was significantly higher
than that noted in WT cells, suggesting an increased sensitivity to DNA damage (Figure 6A-
B). These results were confirmed by immunostaining of y-H2AX and immunofluorescence
microscopy (supplemental Figure 6).
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We next subjected LSK and MP cells to an alkaline comet assay to assess induction and
repair of DNA breaks independently from their signaling and processing markers. We
observed a significant increase of cells displaying comet shape in LSK cells from Parp-27/~
mice at basal and at one and two hours post TBI compared with wild-type LSK cells (Figure
6C-D). We also observed a slight increase in MP cells from Parp-2~/~ compared with WT
mice before and 2 hours post irradiation.

To test whether Parp-2 deficiency impaired DSB repair, we quantified Rad51-containing
ionizing radiation-induced foci and 53BP1-containing ionizing radiation-induced foci as
markers of homologous recombination (HR) and NHEJ pathways, respectively. We observed
a similar percentage of Parp-2~/~ and WT cells with Rad51-positive and 53BP1-positive foci
(supplemental Figure 7A-B). We also analyzed the expression of HR and NHEJ components
in LSK and MP cells by quantitative RT-PCR. Basal levels of HR and NHEJ components
were either similar or higher (Rpa.al and Xrcc2) in Parp-2~/~ compared with WT cells.
Upon irradiation, similar or higher (Smc6 and Ku80) expression levels of these DNA repair
components were found in Parp-2~/~ compared with WT cells, except for Rad54
(supplemental Figure 7C). Altogether, our data suggest that Parp-2 deficiency probably leads
to elevated single-strand breaks, which are rapidly converted to DSBs in the S phase instead
of a decreased in DSB repair per se.

Gene-expression analyses of Parp-2—deficient HSPCs reveals changes in the DNA damage
response pathways

To gain further insights into the effect of Parp-2 deficiency on HSPCs, we performed
microarray on purified LSK and MP cells from Parp-2~/~ and WT mice, both at 0 and 2.5
hours after TBI. Bioinformatics analyses showed that in the absence of Parp-2, more
prevalent gene expression changes were detected in the LSK population rather than in the
MP population (supplemental Figure 8). Clustering of all genes that changed between
Parp-2~/~ and wild-type cells is represented in Figure 7A.

Gene Set Enrichment Analysis (GSEA)33 showed enrichment for signatures of cell cycle,
DNA replication, DNA repair, and apoptosis in PARP-27/~ compared with WT cells at the
steady-state level (Figure 7B-C). Two and a half hours after TBI (5 Gy), a significant
enrichment of different pathways such as apoptosis, cell-cycle checkpoints, and base
excision repair was also observed in Parp-2~/~ cells (Figure 7B-C). In summary,
bioinformatics analyses showed a strong enrichment for genes involved in the DNA damage
response in Parp-2~/~ compared with WT HSPCs, thus supporting the functional effect of
Parp-2 in orchestrating recovery of LSK and MP cells after DNA damage.

Discussion

Here, we have shown that genetic inactivation of Parp-2 in mice, but not of Parp-1, resulted
in BM failure in response to sublethal -y-irradiation dose, providing the first evidence for an
important and nonredundant role of Parp-2 to properly maintain hematopoietic homeostasis.
Radiosensitivity in the hematopoietic compartment is determined by the severity of
irradiation-induced apoptosis in hematopoietic cells during the acute phase, and by the
ability of HSPCs to replace the damaged cells during the recovery phase. Our data indicated
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an increased sensitivity of y-irradiated Parp-2—deficient HSPCs to apoptosis, mainly
myeloerythroid-restricted progenitors, which have the predominant role in short-term radio-
protection.34 Indeed, our microarray data show a significant enrichment for genes belonging
to apoptosis pathway in Parp-2~/~ compared with WT MP cells. Moreover, the irradiation-
induced BM failure in Parp-2~/~ mice was abolished in a p53-deficient background as well
as in a Puma-deficient background, whereas loss of Noxa had no effect. Our data agree with
previous reports showing that p53, through Puma expression, plays a critical role in the
apoptotic response to DNA damage in hematopoietic cells, whereas Noxa is largely
dispensable.27,35-37 Interestingly, our competitive BM transplant assays show that BM
cells from irradiated Parp-2~/~ mice also exhibited reduced repopulating efficiency than BM
cells from irradiated WT mice, revealing a high sensitivity to low doses of irradiation of
Parp-2—deficient HSCs, leading to impaired repopulating potential. Altogether, our data
suggest a role of Parp-2 in the resistance of HSPC to p53-dependent apoptosis induced by y-
radiation.

The increased apoptosis observed in HSPC from irradiated Parp-2~~ mice was accompanied
by an increase in DNA damage, suggesting a specific role of Parp-2 in the DNA damage
response in HSPCs. These data are in agreement with a report showing that BM cells taken
from 2 Gy-irradiated mice presented an increase of chromatid breaks in the Parp-2~/~
background, suggesting a DNA repair deficiency of radiation-induced damage, mainly in the
S phase and during G2.4 Interestingly, hypersensitivity to low-dose radiation has been
proposed to be a consequence of ineffective cell-cycle arrest of radiation-damaged G2-phase
cells.38 Moreover, chromatid breaks occurred more frequently in centromeric regions in
Parp-2~/~ cells than in WT cells, thus providing evidence for a possible role for Parp-2 in the
maintenance of centromeric heterochromatin integrity,39 and a role in accurate chromosome
segregation.8 Interestingly, our microarray data reveal significant enrichment of a cell-cycle
checkpoints pathway in irradiated Parp-2~/~ LSK cells compared with WT, suggesting an
effect of Parp-2 in LSK cycling in response to irradiation. However, we cannot rule out that
changes in expression on cell cycle genes in Parp-27/~ LSK cells may be caused by the need
to replenish the periphery and not directly caused by the loss of Parp-2.

Despite the increased apoptosis level observed in Parp-2~/~ HSPCs at basal conditions, the
total number of cells was similar in both genotypes. These results are consistent with a
compensatory proliferation by previously quiescent HSPCs to replace the increased level of
cell death. Indeed, under steady-state conditions, we have observed a significantly increased
percentage of BrdU-positive cells in Parp-2~/~ LSK cells that was accompanied by a slight
decrease in the percentages of Parp-2~/~ LSK in GO/quiescence. Interestingly, Parp-2~~ BM
cells show impaired repopulation potential in secondary transplants, suggesting the
exhaustion of HSCs. An enrichment of cell cycle, DNA replication, and DNA repair
functional categories in the transcriptome of Parp-2~/~ LSK cells compared with WT LSK
cells was also observed. These data suggest the activation of the apoptotic pathway in
Parp-2~/~ HSPCs in response to an increased genomic instability that may be associated with
replication stress. The accelerated proliferation observed in Parp-2~/~ cells may lead to DNA
damage through overexposure to oxidative stress mediated by ROS production during cell
cycle,40 which is also an important regulator of HSC mobilization.22,41 Accordingly, we
have also observed increased ROS levels in Parp-2~/~ HSPCs compared with WT cells.
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Our results are consistent with a model (supplemental Figure 9) whereby under low levels of
DNA damage caused by intrinsic ROS levels, inefficient DNA damage response in the
absence of Parp-2 leads to cumulative DNA damage and activation of p53-dependent
apoptotic pathways. However, this increased cell death may be compensated by an increase
in HSC proliferation, which may actually also be cause or consequence of increased levels
of ROS.31 Our results suggest that this strategy is sufficient to replenish the hematopoietic
compartment in basal conditions in Parp-2~/~ mice. Conversely, after exposing mice to
sublethal doses of y-irradiation, high levels of DNA damage and massive cell death take
place. In the absence of Parp-2, inefficient DNA damage response increases apoptosis of
hematopoietic cells. In addition, HSCs that have been forced to proliferate more readily in
the absence of Parp-2 appear to become even more vulnerable than their more quiescent
HSC counterparts in WT mice, in agreement with published results.19 This increased
vulnerability results in BM failure and premature death of Parp-2~/~ mice.

Currently, there is considerable excitement about the prospect of anticancer compounds that
act through the targeting of Parp proteins. Our observation is that Parp-2—-mediated
radioresistance of HSPCs may also have implications in the design of drugs targeting Parp
proteins. For instance, specifically targeting Parp-2 might be useful to increase the
sensibility of cancer stem cells to radiation treatment.18,42 On the other hand, inhibitors
targeting Parp-1 specifically may be less toxic and avoid BM failure. In summary, our results
show that Parp-2 plays essential roles in the DNA damage response in HSPCs, both in
homeostatic conditions and in response to irradiation stress.
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Key points

Genetic inactivation of Parp-2 in mice, but not of Parp-1, resulted in
bone marrow failure in response to sublethal y-irradiation dose.

Parp-2 plays an essential role in the DNA damage response in HSPC
maintaining hematopoietic homeostasis under stress conditions.
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mice to sublethal y-radiation dose caused by BM failure.

(A) Kaplan-Meier survival curves, after 5 Gy of total body -y-irradiation (TBI), of 5-week-
old Parp-27/~ (n = 13), Parp-17/~ (n = 8), wild-type (WT) (n = 15), and Parp-2~/~ mice
injected with 2 x 106 WT BM cells (Parp-2~/~ [WT BM]; n = 5). Survival was monitored for
35 days. (B) Kaplan-Meier survival curves of reconstituted Parp-2~/~ or WT mice after y-
irradiation. Parp-2~/~ recipient mice were given a lethal dose of radiation (9.5 Gy) and
reconstituted with 10 x 106 total BM cells from WT (6 recipient mice) or Parp-2~/~ mice (6
recipient mice). Similarly, lethally irradiated WT mice were reconstituted with WT or
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Parp-2~/~ BM cells. After 6 weeks, these mice were given a single dose of y-irradiation (5
Gy) and survival was monitored for 35 days. (C) Red blood cells (RBC) and white blood
cells (WBC) in WT and Parp-2~/~ mice at different time points after TBI (5 Gy). (D) Total
number of BM cells (two femurs per mouse) in WT and Parp-2~/~ mice at different time
points after TBI (5 Gy). Values represent the mean + SEM of at least 6 mice of each
genotype. *Statistically significant difference (P < .05). (E) Hematoxylin and eosin staining
of fixed femur sections from WT and Parp-2~/~ mice before and at days 6 and 12 post
irradiation (5 Gy) (original magnification x 100).
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Figure 2. Parp-2 deficiency impairs the survival of HSPCs after y-irradiation.
(A) Flow cytometry gating strategy used to analyze LSK (LT-HSC, ST-HSC, and MPP), and

MP (CMP, GMP, and MEP) cells from mouse BM. (B) Representative dot-plots showing
LSK (Lin~ (CD11b~Gr1~B220~CD3 Ter1197) Sca-1*c-kit*), LT-HSC (Lin"Sca-1*c-
kit*CD135-CD347), ST-HSC (Lin~Sca-1*c-kit"*CD135-CD34*), MPP (Lin"Sca-1*c-
kit"CD1357CD34"), CMP (Lin~Sca-1"c-kit*CD34*FcyRI%), GMP (Lin~Sca-17c-
kit"CD34*FcyRM), and MEP (Lin~Sca-1-c-kit*CD34 FcyR!) population in Parp-2~/~ mice
and WT littermates, both in steady-state conditions and 12 days after TBI (5 Gy). Percentage
of cells in the individual subpopulations with regard to each gate is indicated in each
quadrant. Values represent the mean of at least 8 mice of each genotype. (C) Graph showing
the absolute number of LSK, LT-HSC, ST-HSC, MPP, CMP, GMP, and MEP cells,
determined using the gating strategies shown in (A). The number of cells in each population
was calculated by multiplying the percentage of each population by the total number of BM
cells. Values represent the mean = SEM of at least 8 mice of each genotype. *Statistically
significant difference (P < .05). (D) Colony-forming units in the BM of WT and Parp-27/~
mice. 4 x 104 BM cells from WT and Parp-2~/~ mice, untreated (No IR) or after irradiation
(IR) (2 Gy), were plated in duplicate in methylcellulose-containing media, and colonies
were counted and distinguished by morphology on day 7. CFU-M, colony-forming unit-
macrophage; CFU-G, colony-forming unit-granulocyte; CFU-GM, colony-forming unit-
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granulocyte macrophage; BFU-E, Burst-forming unit-erythroid; CFU-GEMM, colony-
forming unit-granulocyte, erythroid, macrophage, megakaryocyte. Data are presented as
number of colonies per 106 cells. Values represent mean + SEM from 3 independent
experiments including at least 3 mice of each genotype per experiment. *Statistically
significant difference (P < .05).
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Figure 3. Parp-2 deficiency affects BM-repopulating capacity of HSCs after expansion stress.
(A) Flow cytometric analysis of peripheral blood cells isolated from either Parp-27/~ (n = 5)

or WT (n = 5) recipient mice (CD45.2%) at 6 and 12 weeks after TBI (5 Gy) and the
injection of WT congenic CD45.1* BM cells. Cells were stained with anti-CD45.1 and anti-
CD45.2 mAb. Percentages of cells in the individual subpopulations are indicated in each
guadrant. (B) Scheme detailing competitive BM reconstitution using total BM cells from
irradiated (5 Gy or 2 Gy) (left) and nonirradiated (right) WT or Parp-2~/~ donor mice
expressing the CD45.2 leukocyte cell surface marker in fixed ratios with WT B6.SJL
competitor BM cells expressing CD45.1 and transplanted into lethally irradiated (9 Gy) B6 x
B6.SJL F1 (CD45.1/CD45.2) recipient mice. (C) Graph showing the percentage of donor-
derived (CD45.2) cells in the peripheral blood of B6 x B6.SJL F1 (CD45.1/CD45.2)
recipients at 12 weeks after transplantation. Values represent the mean + SEM of at least 6
mice of each genotype. *Statistically significant difference (£<.05). (D) Results of
secondary transplants in which each secondary recipient received 2 x 10 BM cells from a
primary recipient 16 weeks after the primary transplantation. The graph shows the
percentage of donor-derived CD45.2* cells in the peripheral blood of B6 x B6.SJL F1
(CD45.1/CD45.2) recipients at 12 weeks after transplantation. Values represent the mean +
SEM of at least 6 mice of each group. *Statistically significant difference (P < .05).
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Figure 4. Effect of Parp-2 deficiency on HSPC proliferation and apoptosis.
(A-B) In vivo proliferation of Parp-2*/* and Parp-2~/~ LSK and MP cells was determined by

intraperitoneal injection of 6-week-old mice with BrdU (1 mg/6 g mouse weight) and
provided BrdU in their drinking water for 3 days. BrdU incorporation was analyzed by flow
cytometry. Representative histograms (A) from 2 independent experiments including
Parp-2*/* (n = 3 per experiment) and Parp-2~/~ (n = 3 per experiment) mice are shown.
Numbers indicate percent proliferating (BrdU™*) cells. (B) Bars represent the mean = SEM
values of the percentage of BrdU™ cells obtained from 6 mice per genotype. (C) Effect of
Parp-2 deficiency on quiescence of LSK and MP cells. Representative staining profiles for
LSK and MP cells analyzed for Ki67 and DNA content. The percentage of cells in each
quadrant represents the mean from at least 6 mice in each group. (D) Percentage of
Parp-2*/* and Parp-2~/~ LSK and MP cells that are in GO, G1, and $-G2/M phases of cell
cycle. Bars represent the mean £ SEM obtained from 6 mice per genotype. (E)
Parp-2-deficient LSK and MP cells showed increase levels of ROS. Representative
histograms showing LSK and MP cells loaded with the ROS detection reagent, 5-(and -6)-
carboxy-2",7’-difluorodihydrofluorescein diacetate (H2DFFDA). (F) The relative ROS level
was calculated on the basis of the mean fluorescence intensity of the H2DFFDA and was
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presented as fold induction compared with the control group. Bars represent the mean £
SEM obtained from 5 mice per genotype. (G) Representative immunofluorescence images of
active caspase-3 in LSK and MP cells derived from Parp-2*/* and Parp-2~/~ mice at basal
and 2 hours after y-irradiation (IR) (5 Gy). Green represents active caspase-3; blue
represents DAPI. (H) Bars represent the percentage of cells positive for active caspase-3.
Values represent the mean + SEM obtained from at least 6 mice per genotype. *Statistically
significant difference (P< .05).
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Figure 5. Effect of p53-mediated apoptotic pathways in the radiosensitivity of Parp-2 deficient
mice.

(A) Kaplan-Meier survival curves for 5-week-old WT (n = 12), Parp-2~/"p53*/* (n = 13),
Parp-2*/*p53~/~ (n = 6), and Parp-2~/~p53~/~ (n = 5) mice after a single dose of TBI (5 Gy).
(B) Representative histograms show p53 protein levels in LSK and MP cells derived from
Parp-2*/* and Parp-2~/~ mice at basal level and 2 hours after y-irradiation (5 Gy). LSK and
MP cells from p53~/~ mice were included as controls. (C) The relative p53 protein levels
were calculated on the basis of the mean fluorescence intensity and were presented as fold
induction compared with WT cells. Bars represent the mean + SEM obtained from 4 mice
per genotype. (D) Quantitative RT-PCR analysis of Puma and Noxa mRNA expression levels
in LSK and MP cells derived from WT, Parp-2~/~, and Parp-1~~ mice at basal level and 2
hours after y-irradiation (5 Gy). Samples were normalized according to p-actin expression
levels. Results are expressed as log2-fold expression compared with levels measured in
untreated WT LSK cells. Values represent the mean + SEM obtained from 3 independent
experiments. *Statistically significant difference (P < .05). (E) Kaplan-Meier survival curves
for 5-week-old WT (n = 12), Parp-2~"Noxa** (n = 13), Parp-2*/* Noxa™~ (n = 5),
Parp-2/"Noxa™~ (n = 9), Parp-2~/"Puma*/* (n = 13), Parp-2**Puma~ (n = 6), and
Parp-2~~Puma™~ (n = 9) mice after a single dose of TBI (5 Gy). Survival was monitored for
35 days. (F) Graph showing peripheral RBCs, WBCs, and total number of BM cells (2
femurs per mouse) in the different genotypes at day 12 post irradiation (5 Gy). Values
represent the mean + SEM of at least 6 mice of each genotype.

Blood. Author manuscript; available in PMC 2016 June 23.

Time (days)

« BM cells count



s1dLIosnUB JoyIny sispund DN adoin3 o

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Farrés et al. Page 22

A 0 hours 2 hours post-5Gys B
LSK MP LSK MP . W * o
by 3 . Parp-2
T 0.60 0.53 ‘ 26.81 19.66| ~ % D Parp-2 -/
| e &
>< F ¥ g ;— *
< 2
N ‘ o G 254
:I>:- 3.16 2.32 ‘ 55.57 33.87 \:\l -4
r - " L G - :
3 © 0 le ™
a " - : e
DNA content ——» LSK MP
C IR (5 Gy) D
No-IR 1h 2h
&
o
g - .
4 % o u M rarp2 ’//‘
a 5 =l Parp-2
- :
2
) 104
: e NI 1
o 5Gy - +(1h)  +(2h) . +(1h)  +(2h)
--& i i
o
S
o

Figure 6. Accumulation of DNA damage in irradiated-Parp-Z‘/' HSPCs.
(A) Representative staining profiles of yH2AX in LSK and MP cells derived from Parp-2*/*

and Parp-2~/~ mice at basal level and 2 hours after y-irradiation (5 Gy). (B) Graph showing
the percentage of yH2AX-positive cells. Bars represent the mean £ SEM obtained from at
least 5 mice per genotype. (C) Representative images showing DNA damage in LSK and MP
cells derived from Parp-2*/* and Parp-2~/~ mice at different time points after irradiation (5
Gy), visualized by alkaline comet assay. (D) Graph showing the percentage of cells with
comet. An average of 100 cells was scored for each time point from each mouse. Bars
represent the mean £ SEM obtained from 3 mice per genotype from independent
experiments.
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Figure 7. Gene expression profile analysis of Parp-2+/+ and Parp-Z'/‘ LSK and MP cells.
(A) Heat map representing the average normalized intensity values of all genes that are

differentially expressed between WT and Parp-2~/~ LSK and MP cells (n = 982 genes). Red
indicates higher expression in Parp-2~/~ compared with Parp-2*/*, whereas green indicates
lower expression in Parp-2~/~ compared with Parp-2*/*. (B) Selected differentially expressed
biological processes between WT and Parp-2~/~ LSK and MP cells. Canonical pathways

gene sets were scored using the GSEA and P values were computed using 1000

permutations. n.s., not statistically significant. (C) Examples of GSEA plots obtained from
expression microarray data. Within these plots, the green line represents the sliding
enrichment score and the black bars demarcate the position of the gene set members within

the ranked expression data.
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