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Erythropoiesis is a tightly regulated process in which multipotential hematopoietic stem cells produce mature red blood cells. Here
we show that deletion of poly(ADP-ribose) polymerase-2 (PARP-2) in mice leads to chronic anemia at steady state, despite
increased erythropoietin plasma levels, a phenomenon not observed in mice lacking PARP-1. Loss of PARP-2 causes shortened
lifespan of erythrocytes and impaired differentiation of erythroid progenitors. In erythroblasts, PARP-2 deficiency triggers
replicative stress, as indicated by the presence of micronuclei, the accumulation of γ-H2AX (phospho-histone H2AX) in S-phase
cells and constitutive CHK1 and replication protein A phosphorylation. Transcriptome analyses revealed the activation of the p53-
dependent DNA-damage response pathways in PARP-2-deficient cells, culminating in the upregulation of cell-cycle and cell death
regulators, concomitant with G2/M arrest and apoptosis. Strikingly, while loss of the proapoptotic p53 target gene Puma restored
hematocrit levels in the PARP-2-deficient mice, loss of the cell-cycle regulator and CDK inhibitor p21 leads to perinatal death by
exacerbating impaired fetal liver erythropoiesis in PARP-2-deficient embryos. Although the anemia displayed by PARP-2-deficient
mice is compatible with life, mice die rapidly when exposed to stress-induced enhanced hemolysis. Our results pinpoint an
essential role for PARP-2 in erythropoiesis by limiting replicative stress that becomes essential in the absence of p21 and in the
context of enhanced hemolysis, highlighting the potential effect that might arise from the design and use of PARP inhibitors that
specifically inactivate PARP proteins.
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Erythropoiesis is a complex multistage process in which
multipotential hematopoietic stem cells give rise to mature
red blood cells (RBCs) through coordinated programs of
gene expression, proliferation and differentiation.1 The
earliest committed erythroid progenitor is the erythroid
burst-forming unit (BFU-E) that further differentiates through
erythroid colony-forming unit (CFU-E), proerythroblasts,
basophilic and polychromatophilic erythroblasts and ortho-
chromatic erythroblasts, giving rise to reticulocytes by
enucleation. Reticulocytes are then released into the
circulation, where they shed their RNA and degrade
mitochondria to become mature RBCs.2,3 Erythropoiesis
must be tightly regulated to maintain the production of RBCs
under both normal and stress conditions. This complex
process is controlled intricately at each stage of the
production of RBCs by multiple proteins, RNAs, DNA and
chromatin modifications.1,4–7 Impairment of these regulatory
pathways can lead to anemia, which has been estimated to
affect nearly a quarter of the world's population.8 Moreover,
defective erythropoiesis can be fatal under conditions of

stress such as acute blood loss, chronic infections and
myeloablative therapeutic procedures used to treat malig-
nant diseases. Therefore, a better understanding of the
molecular mechanisms controlling the production of RBCs
are important to control anemia and may lead to avenues for
developing new therapeutic strategies.
Poly(ADP-ribose) polymerase-2 (PARP-2) belongs to a

family of enzymes that catalytically cleave β-nicotinamide
adenine dinucleotide (β-NAD+) and transfer the ADP-ribose
moiety to acceptor residues of target proteins, modifying their
functional properties by creating long chains of poly(ADP-
ribose).9,10 This modification is a dynamic process, as
indicated by the short half-life of the ADP-ribose polymer,
which is rapidly subjected to degradation by the poly(ADP-
ribose)-glycohydrolase and ADP-ribosyl-hydrolases.9 Among
the PARP proteins, PARP-1, PARP-2 and PARP-3 enzymatic
activities are stimulated by DNA strand interruptions targeting
mainly proteins involved in chromatin structure, DNA meta-
bolism and repair, suggesting a role for these proteins in the
cellular response to DNA damage and maintenance of
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genomic stability.9,11,12 Accordingly, PARP inhibitors that
compete with β-NAD+ at the highly conserved enzyme's active
site arise as new potential therapeutic drugs used for chemo-
and radiopotentiation and for the treatment of cancers with
specific DNA repair defects where they can trigger synthetic
lethality as single agents.13 Despite increasing biochemical
and structural evidences suggesting specific roles for these
proteins in the DNA-damage response, PARP inhibitors
currently in clinical trials are still unable to discriminate
individual PARP-isoforms.14 For instance, PARP-2 can
become selectively activated by specific stimuli,15 has
particular targets and/or interacts with specific protein
partners,16–18 suggesting functions independent of PARP-1
that have started to emerge. Notably, PARP-2, but not PARP-1,
has been shown to be essential for T-cell development and
genomic stability in thymocytes,19,20 spermatogenesis,21

suppression of activation-induced cytidine deaminase (AID)-
induced IgH/c-myc translocation,22 adipocyte differentiation,23

SIRT1 expression,24 cholesterol homeostasis25 and in the
DNA-damage response of hematopoietic stem/progenitor

cells, preserving hematopoiesis under conditions of irradiation
stress.26 Understanding the role of individual PARP proteins in
physiology and under pathological conditions will provide
invaluable clues to design new therapeutic approaches
targeting this family of enzymes.
Here, we show that deficiency of PARP-2, but not of

PARP-1, in mice leads to chronic anemia at steady-state
conditions. Loss of PARP-2 results in a decrease in RBC
count, enlarged erythrocyte size, the presence of Howell–Jolly
bodies and a reduced lifespan of circulating erythrocytes. Our
results reveal that this deficiency is associated with an
accumulation of replicative stress (RS) in erythroid progeni-
tors, which limits their expansion through the activation of cell-
cycle checkpoints and apoptotic mediators. Finally, we show
that this protective function of PARP-2 becomes essential in
the absence of p21 and in the context of enhanced hemolysis.
Our findings establish a pivotal, nonredundant role of PARP-2
in erythropoiesis that might impact on the development of
PARP-centered therapies.

Figure 1 Analysis of erythrocyte parameters of peripheral blood revealed anemia in Parp-2− /−, but not in Parp-1− /−, mice. (a) Number of RBCs, (b) hematocrit,
(c) hemoglobin levels, (d) MCH, (e) MCH concentration (MCHC) and (f) MCV in peripheral blood from wild-type (WT), Parp-2− /− and Parp-1− /− mice were determined on an
Abacus Junior Vet Hematology Blood Analyzer. (g) Cell size of RBCs derived from WT, Parp-1− /− and Parp-2− /− mice was determined by FSC measurement by FACS.
Representative histograms are shown. At least five mice per genotype were analyzed. (h) Serum iron levels, (i) plasma EPO levels and (j) reticulocyte index were determined in
WT, Parp-2− /− and Parp-1− /− mice. Each symbol represents a single mice, with the bar indicating the mean. *Statistically significant difference (Po0.05)
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Results

Loss of PARP-2, but not loss of PARP-1, causes anemia
in mice. Hematological analysis of PARP-2-deficient
(Parp-2− /−) mice at steady-state conditions revealed anemia
as shown by a significant decrease in the number of RBCs,
hematocrit and hemoglobin levels compared with wild-type
littermate controls (Figures 1a–c). The mean corpuscular
hemoglobin (MCH) and the mean concentration of corpus-
cular hemoglobin (MCHC) were similar in wild-type and Parp-
2− /− mice (Figures 1d and e), indicating that the reduction in
hemoglobin levels detected in Parp-2− /− mice was caused by
a decrease in RBC counts. We also observed a considerable
increase in the mean corpuscular volume (MCV) of RBCs
from Parp-2− /− compared with wild-type mice (Figure 1f).
Consistently, flow cytometry data showed significant
increased forward light scatter in Parp-2− /− RBCs, providing
additional evidence for increased RBC size in Parp-2− /− mice
(Figure 1g). Noteworthy, the anemia phenotype was not
observed in Parp-1− /− mice (Figure 1). Moreover, this
phenotype was restricted to the erythroid compartment as
white blood cell and platelet counts were normal in Parp-2− /−

and Parp-1− /− mice (Supplementary Figure S1). Altogether,
these data indicate that PARP-2, but not PARP-1, deficiency
in mice leads to anemia despite normal serum iron levels
(Figure 1h).
Anemia is known to trigger a compensatory response

through the increase of erythropoietin (EPO) levels in plasma.
The raised EPO promotes recovery from anemia by acting on
erythroid progenitors in bone marrow (BM) and spleen,
stimulating them to increase the rate at which RBCs are

generated.27 Accordingly, elevated EPO levels are often
associated with an increased number of circulating reticulo-
cytes, which allows an assessment of erythropoietic rate. In
agreement with this, we found an increase in EPO plasma
levels in Parp-2− /− mice (Figure 1i), which associated with a
2.6-fold increase in their reticulocyte index (Figure 1j), reflect-
ing the degree of compensatory response of Parp-2− /−

hematopoietic tissues to anemia. However, the compensatory
EPO response and the ensuing increase in circulating
reticulocytes, which might account for the increased RBC
size, are insufficient to avoid anemia in Parp-2− /− mice.

Shortened RBC lifespan in PARP-2-deficient mice. The
anemia observed in Parp-2− /− mice could be due to
increased RBC destruction, faulty RBC production or a
combination of both processes. To determine the RBC
lifespan in vivo, we monitored the disappearance of
biotinylated RBCs at different time points. RBCs circulate
for about 40 days in mice until they are taken up by splenic
macrophages.28 Consistently, the time required for 50% of
labeled erythrocytes to be lost from wild-type mice was
19 days. However, the half-life of labeled erythrocytes
decreased to 13 days in Parp-2− /− mice (Figure 2a and
Supplementary Figure S2). Hence, the absence of PARP-2
causes significant premature loss of circulating RBCs. In
agreement, Perls-stained spleen sections from Parp-2− /−

mice showed a marked increase in iron deposits compared
with the wild-type mice (Figure 2b). Increased extravascular
hemolysis of RBCs in PARP-2-deficient mice is also revealed
by decreased serum haptoglobin, increased serum indirect
bilirubin and normal serum hemoglobin (Figure 2c).

Figure 2 PARP-2-deficient erythrocytes show reduced lifespan, increased extravascular hemolysis and the presence of Howell–Jolly bodies. (a) Parp-2− /− erythrocytes
show a reduced half-life compared with wild-type (WT) mice. RBCs fromWTand Parp-2− /−mice were biotin labeled in vivo. Sixteen hours after injection, 95% of RBCs from both
genotypes were labeled. Animals were bled at different time points, and the RBCs were stained for streptavidin and Ter119, and analyzed by flow cytometry. Values represent the
mean± S.E.M. of the percentage of biotinylated RBCs at different time points obtained in two independent experiments, including at least five mice per genotype in each
individual experiment. (b) Representative microscopy picture showing iron deposits in Parp-2− /− spleen, visualized by Perls's staining. (c) Serum hemoglobin, haptoglobin and
indirect bilirubin levels in WT and Parp-2− /− mice. Values represent the mean± S.E.M. obtained from at least six mice per genotype. (d) Representative microscopy picture
showing micronuclei (Howell–Jolly bodies) on RBC smears from Parp-2− /− mice, visualized by Giemsa staining. *Statistically significant difference (Po0.05)
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The excessive removal of Parp-2− /− RBCs might imply that
they are damaged.29,30 Indeed, analysis of peripheral blood
smears revealed a striking accumulation of micronuclei
(Howell–Jolly bodies) on PARP-2-deficient RBCs (12.5%)
(Figure 2d). The presence of Howell–Jolly bodies in PARP-2-
deficient RBCs is consistent with the segregation defects that
arise in response to RS.31–33 Thus, defective erythropoiesis,
which might be due to the accumulation of RS on erythroid
progenitors, could also be involved in the anemia observed in
Parp-2− /− mice.

PARP-2-deficient mice show impaired differentiation of
erythroid cells. To evaluate the impact of PARP-2-
deficiency on erythroid progenitor development, we tested
the ability of wild-type and Parp-2− /− cells from BM and
spleen to form BFU-E and CFU-E in methyl cellulose.
In these assays, Parp-2− /− cells from both BM and spleen
displayed a significant decreased capacity to form BFU-E
and CFU-E than wild-type cells, suggesting an early defect of
PARP-2-deficient erythroid progenitors (Figure 3a).

To further characterize the role of PARP-2 in erythropoiesis
at later stages, we also examined erythroid maturation in BM
and spleen using the expression of the cell-surface markers
Ter119 and CD71 and the forward scatter (FSC) parameter34

(Supplementary Figure S3A). We observed an increase in
both the percentage and the absolute number of Ter119+ cells
in BM and spleen of Parp-2− /− compared with wild-type mice
(Figures 3b and c). The Ter119+ compartment showed a
significant increase in the number of proerythroblasts (proE:
Ter119medCD71high), basophilic erythroblasts (Ery.A: Ter119high

CD71highFSChigh) and orthochromatic erythroblasts (Ery.C:
Ter119highCD71lowFSClow) in both BM and spleen from Parp-
2− /− compared with wild-type mice (Figure 3d). An increase in
the number of late basophilic and polychromatophilic (Ery.B:
Ter119highCD71highFSClow) was also observed, albeit statisti-
cally significant differences were not achieved in BM
(Figure 3d). The imbalanced ratio of Ery.A/Ery.B, as an index
of maturation, in BM and spleen from Parp-2− /− mice points
toward a partial block in the transition from immature to mature
RBC precursors (Figure 3e), suggesting that erythropoiesis in

Figure 3 Impaired erythropoiesis and cell-cycle alterations in Parp-2− /− mice. (a) Colony-forming units in BM and spleen cells from wild-type (WT) and Parp-2− /− mice.
Values represent the mean± S.E.M. from three independent experiments including at least three mice of each genotype per experiment. (b) Representative dot-plots showing
erythroblast differentiation in BM and spleen from WTand Parp-2− /− mice, defined by staining for CD71 and Ter119 differentiation markers and FSC distribution. Percentage of
cells in the individual sub-populations is indicated in each quadrant. Enucleated cells were lysed using ACK lysis buffer. (c) Graph showing the absolute number of Ter119+ and
(d) ProE, Ery.A, Ery.B and Ery.C cells in BM and spleen from WTand Parp-2− /− mice. (e) Ery.A/Ery.B ratio in BM and spleen from WTand Parp-2− /− mice. (f) Representative
cell-cycle profiles of WTand Parp-2− /− erythroid progenitor cells. BM cells were isolated from mice that were injected 1 h earlier with BrdU, surface stained for CD71 and Ter119,
to define erythroblast subsets as indicate above, and analyzed for BrdU incorporation and DNA content (4',6-diamidino-2-phenylindole (DAPI) staining) in each population. The
percentage of cells in each quadrant represents the mean from at least six mice in each group. (g) Graph showing the percentage of cells that are in G0/G1, S and G2/M phases of
cell cycle. Values represent the mean±S.E.M. obtained from at least six mice per genotype. *Statistically significant difference (Po0.05)
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Parp-2− /− mice may not provide adequate reticulocytosis to
compensate the massive hemolysis.
To determine possible causes behind the limited function-

ality of PARP-2-deficient erythroid progenitors, we analyzed
their cell-cycle distribution. BM cells were isolated 1 h after
5-bromodeoxyuridine (BrdU) injection of mice, stained for
surface expression of CD71 and Ter119 and the cell-cycle
status were assessed by BrdU staining to detect DNA
synthesis and with DAPI to gauge the amount of DNA per
cell (Supplementary Figure S3B). Flow cytometry data
revealed that Parp-2− /− erythroid progenitors exhibit a G2/M
cell-cycle arrest (Figures 3f and g). In contrast, no alteration of
either erythroid differentiation or the cell-cycle profile was
observed in PARP-1-deficient erythroid progenitors
(Supplementary Figure S4). Similar to the previously men-
tioned accumulation of micronuclei, the accumulation of cells
in G2/M is reminiscent of RS.

RS limits the functionality of PARP-2-deficient erythroid
progenitors. To directly evaluate the presence of RS in
Parp-2− /− erythroblasts, we first used flow cytometry to
monitor the phosphorylation of histone H2AX (γ-H2AX), a
sensitive indicator of DNA injury.35 The percentage of
γ-H2AX-positive cells was significantly higher in Parp-2− /−

erythroblasts than that noted in wild-type cells (Figures 4a
and b). Noteworthy, the increase on γ-H2AX was limited to S/
G2 cells, a hallmark of RS36,37 (Figure 4c). Next, we
monitored on sorted Ter119+ erythroblasts the phosphoryla-
tion status of CHK1 on S345, a target of the ataxia-
telangiectasia mutated (ATM) and Rad3 related (ATR) kinase
that coordinates the response to RS.38 Our results revealed
increased levels of phosphorylation of CHK1 in Parp-2− /−

compared with wild-type cells (Figure 5). Of note, ATR has
also been demonstrated to phosphorylate H2AX during
replication fork blockage.39 We have also observed an
increased level of replication protein A (RPA) phosphorylation
on S4/S8 (Figure 5), triggered by ATM and DNA-PK (DNA-
dependent protein kinase) kinases in response to RS.40

Gene expression analyses of PARP-2-deficient erythro-
blasts reveal the activation of p53-dependent
DNA-damage response pathways. To gain further insights
into the effect of PARP-2 deficiency on erythroblasts, we
performed microarray on sorted Ter119+ BM erythroblasts
from Parp-2− /− and wild-type mice. Clustering of all genes
that changed between Parp-2− /− and wild-type erythroblasts
is represented in Supplementary Figure S5. Gene set
enrichment analysis (GSEA)41 showed a significant

Figure 3 (Continued)
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enrichment for p53-dependent signaling pathways in
Parp-2− /− compared with wild-type erythroblasts (Figures
6a and b). For instances, p53-dependent cell-cycle regulator
genes, such as p21 (Cdkn1a), Ccng1, Tp53inp1, as well as
the cell-cycle associated gene, Ccnb1ip1, were markedly
increased in Parp-2− /− erythroblasts (Figures 6b and c).
In addition, proapoptotic p53-dependent genes (Bax, Puma

and Phlda3) were also overexpressed in Parp-2− /−

cells (Figures 6b and c). Accordingly, higher levels of
apoptosis, measured by immunostaining of active caspase-3
and immunofluorescence microscopy, were also observed in
Parp-2− /− compared with wild-type erythroblasts (Figure 6d).
These data prompted us to perform a genetic rescue
experiment exploring the role of Puma in DNA-damage-
mediated apoptosis of erythroblasts, caused by PARP-2
deficiency. This analysis suggested that loss of immature
erythroblasts was due to p53-mediated apoptosis as, remark-
ably, Puma deficiency restores hematocrit in Parp-2− /− mice
to wild-type levels (Figure 6e).

Impaired fetal liver erythropoiesis in Parp-2− /− embryos
is amplified by loss of p21, resulting in lethality of
newborn double-deficient mice. To investigate the func-
tional interaction between PARP-2 and the cell-cycle reg-
ulator p21, we crossed Parp-2− /− with p21− /− mice and the
resulting Parp-2+/−p21+/− mice were intercrossed in an
attempt to generate PARP-2-deficient mice lacking p21.
Interestingly, PARP-2/p21-double-null mice died at newborn
stage (Figure 7a and Supplementary Table S1). At 14.5 days
postcoitum (E14.5), PARP-2/p21-double-deficient embryos
were pale (Figure 7b), suggesting exacerbated anemia.
Noteworthy, PARP-1/p21-double-null adult mice were
obtained at the normal Mendelian frequency (data not
shown).
The fetal liver is the major tissue for definitive erythropoiesis

during mid-gestation.1 Interestingly, PARP-2-null fetal liver
displayed a significant decrease in cell number compared with
wild-type or p21− /− fetal liver. This phenotype was strength-
ened by loss of p21 (Figure 7c). Further examination of

Figure 4 Accumulation of DNA damage in Parp-2− /− erythroblasts. (a) Representative staining profiles of γ-H2AX in ProE, Ery.A, Ery.B and Ery.C population derived from
wild-type (WT) and Parp-2− /− mice, defined by Ter119 and CD71 staining and FSC distribution. (b) Graph showing the percentage of γ-H2AX-positive cells in each stage of
erythroid development. Bars represent the mean± S.E.M. obtained from at least six mice per genotype. (c) Graph showing the percentage of γ-H2AX-positive cells in G0/G1, S
and G2/M phases of cell cycle in erythroblasts from WTand Parp-2− /− mice, at different stages of differentiation. BM cells were isolated from mice that were injected 1 h earlier
with BrdU, surface stained for CD71 and Ter119, to define each stage of erythroid development, and analyzed for BrdU incorporation, γ-H2AX presence and DNA content
(4',6-diamidino-2-phenylindole (DAPI) staining). Bars represent the mean± S.E.M. obtained from at least six mice per genotype. *Statistically significant difference (Po0.05)
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erythrocyte development by flow cytometry revealed a
significant decrease in both the percentage and the absolute
number of Ter119+ cells in fetal liver from Parp-2− /− embryos
that was also aggravated by the loss of p21 (Figures 7d and e).
This result was confirmed by fetal liver immunostaining of
Ter119 and microscopy analysis (Supplementary Figure S6).
The Ter119+ compartment showed a significant decrease in
the number of Ery.A and Ery. B cells in fetal liver from PARP-2/
p21-double-null embryos compared with fetal liver from wild-
type, p21− /− or Parp-2− /− embryos (Figures 7d–f). In addition,
Parp-2− /− fetal liver exhibited a significant decrease in the
number of Ery.B cells compared with wild-type or p21− /− fetal
liver (Figures 7d–g).
Next, we assessed the cell-cycle status of the erythroblast

compartments in fetal liver from embryos of the four
genotypes. We detected a G2/M arrest in the Parp-2− /− fetal
liver erythroblasts (Figures 7h and i), which was only slightly
modified by loss of p21. However, p21 deficiency significantly
altered G0/G1 cell-cycle checkpoint in Parp-2− /− Ery.B and
Ery.C cells (Figures 7h and i). No differences in erythroblast
development was observed between p21− /− and wild-type
embryos (Figure 7).
Altogether, these data suggest a functional interaction

between PARP-2 and p21 in the maintenance of fetal liver
erythropoiesis, characterized by a rapid growth and little
reserve capacity in the erythropoietic system,42 that impact on
embryonic development.

PARP-2 deficiency compromises mouse survival in the
context of enhanced hemolysis. Whereas the chronic
anemia present on PARP-2-deficient mice did not overtly
alter their lifespan, it could have more profound defects in the
context of stress-driven compensatory erythropoiesis. To test
this, we challenged wild-type and Parp-2− /− mice with
phenylhydrazine (PHZ), a compound that induces oxidative
denaturation of hemoglobin resulting in a rapid destruction of
RBCs and severe hemolytic anemia.43 Mice were injected
with PHZ on days 0, 1 and 3 and survival was monitored for
15 days. PARP-2 deficiency severely limited the survival in
response to treatment, and eight out of nine Parp-2− /− mice
died within 7 days after the first PHZ injection, whereas all but
one control mouse survived the hemolytic challenge
(Figure 8a). Accordingly, Parp-2− /− mice exhibited a larger
drop in hematocrit compared with wild-type mice on day 5
after the first PHZ injection (Figure 8b). Despite a higher
compensatory increase in EPO levels (Figure 8c), the
reticulocyte index at day 5 after the first PHZ injection was
significantly decreased in Parp-2− /− mice (Figure 8d),
suggesting that defective erythropoiesis is responsible for
the enhanced anemia-induced lethality of Parp-2− /− mice.
To further evaluate PHZ-induced erythropoiesis, maturation

stages of erythroid cells from BM and spleen were analyzed at
day 5 after the first PHZ injection. No differences were
observed in BM and spleen cellularity between both geno-
types (Figure 8e). Flow cytometric analysis revealed a
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significant decrease in the percentage and number of Ter119+

cells in BM from Parp-2− /− mice compared with wild-type
mice, mainly due to a sharp decrease in Ery.B cell number
(Figures 8f–h). However, a significant increase in the total
number of Ter119+ cells was observed in the spleen of Parp-
2− /− mice compared with wild-type mice, because of the
accumulation of the more immature ProE and Ery.A erythro-
blasts (Figures 8f–h). Nevertheless, BMand spleen fromParp-
2− /−-treated mice exhibit an imbalanced ratio of immature/
mature erythroblasts established by calculating the ratio of
Ery.A/Ery.B numbers (Figure 8i). Altogether, our data indicate
that PARP-2 becomes essential for survival in conditions that
demand an increased production of RBCs.

Discussion

Although anemia is the most common blood disorder,8 the
molecular mechanisms governing erythrocyte number persist
largely enigmatic. Here we have shown that deletion of
PARP-2, but not PARP-1, in mice leads to chronic anemia
providing a novel role for PARP-2 in erythropoiesis. Anemia
arises even in the presence of increased EPO levels on
PARP-2-deficient mice, which reflects a futile compensatory

response that fails to provide sufficient erythropoiesis.
Although chronic anemia observed in PARP-2-deficient mice
is compatible with life at steady-state conditions, mice died
rapidly when exposed to conditions that demand a higher
production of RBCs. When we examined the erythroid
maturation from the proerythroblast to late orthochromatic
erythroblast stage, we found that the rate of maturation of BM
Parp-2− /− erythroid cells at steady-state conditions was
significantly reduced and was accompanied by an increase
in the size of proerythroblasts and basophilic erythroblast
populations. This might reflect a block in differentiation and
subsequent apoptosis of precursor cells limiting the accumu-
lation of damaged cells. Indeed, we observed an increased
percentage of active caspase-3-positive erythroblasts in the
absence of PARP-2. Moreover, the chronic anemia in
Parp-2− /− mice was abolished in a Puma-deficient
background, similarly to what we previously observed in
response to γ-irradiation.26

Further evidence for a role of PARP-2 in erythroid
development is provided by the presence of Howell–Jolly
bodies in RBCs from Parp-2− /− mice. Howell–Jolly bodies are
a marker of genotoxicity, which arise when replicating cells are
subjected to chromosomal breakage or chromosomal loss by
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Figure 6 Activation of p53-dependent DNA-damage response in Parp-2− /− erythroblasts. (a) Large-scale gene expression and GSEA showed a significant enrichment for
p53 signaling pathways in Parp-2− /− compared with wild-type (WT) erythroblasts. Canonical pathways gene sets were scored using the GSEA and P-values were computed
using 1000 permutations. Within the GSEA 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. (b) Hierarchical clustering and heatmap of gene expression in Parp-2− /− and WTerythroblasts using the gene set KEGG_p53_Signaling pathway.
(c) Quantitative reverse transcription-PCR analysis of genes involved in cell-cycle checkpoints and apoptosis in erythroblasts. Samples were normalized according to β-actin
expression levels. Results are expressed as log 2-fold expression compared with levels measured in WT cells. Values represent the mean± S.E.M. obtained from three
independent experiments. (d) Parp-2− /− erythroblasts shown and increased apoptosis compared with WT cells. Bars represent the percentage of cells positive for active
caspase-3, determined by fluorescent microscopy. An average of 150 cells was scored for each mouse. Values represent the mean±S.E.M. obtained from at least six mice per
genotype. (e) Puma deficiency restores hematocrit levels in Parp-2− /− mice. Each symbol represents a single mice, with the bar indicating the mean. *Statistically significant
difference (Po0.05)
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mitotic spindle dysfunction.44,45 Our data are thus in agree-
ment with previous in vitro studies that proposed a role for
PARP-2 in chromosome segregation during cell division.21,46

For instance, Menissier de Murcia et al.46 found a high
proportion of aberrant anaphases in Parp-2− /− mouse
embryonic fibroblasts following N-methyl-N-nitrosourea

Figure 7 Functional interaction between PARP-2 and p21 in erythropoiesis. (a) The Mendelian expected frequency (black bars) and the observed frequency (white bars) of
Parp-2− /− pups born with different p21 status were compared in a cohort of 483 pups born from Parp-2+/−p21+/− intercrosses. (b) Photograph showing the morphology of Parp-
2+/+p21+/+ (WT), Parp-2− /−p21+/+, Parp-2+/+p21− /− and Parp-2− /−p21− /− embryos at 14.5 days postcoitum (E14.5). (c) Total number of fetal liver cells at E14.5. Values
represent the mean±S.E.M. obtained from at least six embryos per genotype. (d) Representative flow cytometry of nucleated fetal liver cells staining for CD71 and Ter119
differentiation markers and FSC distribution. Percentage of cells in the individual sub-populations is indicated in each quadrant. (e) Graph showing the absolute number of
Ter119+, and (f) ProE, Ery.A, Ery.B and Ery.C cells in fetal liver of E14.5 embryos. (g) Ery.A/Ery.B ratio in fetal liver of E14.5 embryos. *Statistically significant difference (Po0.05).
(h) Representative cell-cycle profiles of WT, Parp-2− /−p21+/+, Parp-2+/+p21− /− and Parp-2− /−p21− /− fetal liver erythroid progenitor cells. Fetal liver cells were isolated from
E14.5 embryos obtained from mothers that were injected 1 h earlier with BrdU, surface stained for CD71 and Ter119, to define erythroblast subsets, and analyzed for BrdU
incorporation and DNA content (4',6-diamidino-2-phenylindole (DAPI) staining) in each population. The percentage of cells in each quadrant represents the mean from at least
three embryos in each group. *Statistically significant difference (Po0.05) relative to WT. (i) Graph showing the percentage of cells that are in G0/G1, S and G2/M phases of cell
cycle. Values represent the mean± S.E.M. obtained from at least three embryos per genotype
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treatment, and a significant fraction of anaphase cells
contained one or more lagging (nonsegregated) chromo-
somes. Of note, segregation problems led to chromatid
breaks, which occurred more frequently in centromeric
regions in Parp-2− /− cells, thus providing evidence for a
possible role for PARP-2 in the maintenance of centromeric
heterochromatin integrity,47 and a role in accurate chromo-
some segregation.21 Interestingly, it was shown that RS can
lead to chromosome segregation problems that can be
detected as anaphase bridges and micronuclei.31,32

In agreement with a role of PARP-2 in maintaining genomic
stability,9 our data indicate that PARP-2 deficiency in
erythroblasts results in DNA damage, essentially occurring
in replicating cells, as indicate by the accumulation of γ-H2AX
in S phase. γ-H2AX formation has normally been associated
with the induction of double strand breaks after exposure to
DNA-damaging agents.48 However, a number of reports have
shown phosphorylation of H2AX after RS,49–52 which might be
mediated in part by ATR.39 Indeed, the increased phosphor-
ylation of CHK1 is indicative of an active RS-driven ATR
response on PARP-2-deficient erythroid progenitors. This
signaling cascade is associated with a transcriptional activa-
tion of p53-dependent cytostatic and apoptotic signals in Parp-
2− /− erythroblasts, although we cannot rule out that altered
gene expression in Parp-2− /− cells may be caused by a direct
role of PARP-2 in transcription regulation.53 Moreover, lethality
of PARP-2/p21-double-null pups, due to a defect in fetal liver
erythropoiesis, suggests an accumulation of RS in the
absence of PARP-2.54,55 Altogether, these data suggest a
critical role of PARP-2 in limiting RS in the highly divided
erythroblast population. Remarkably, some of the described
biological processes in which PARP-2, but not PARP-1, has

been specifically involved are related with high proliferative
cell rate such as thymopoiesis,19,20 spermatogenesis21 and
hematopoiesis under stress conditions.26 This bias for
pathologies on tissues with high proliferative index has
previously been noted on other mutant mice with a compro-
mised response against RS, such as ATR-hypomorphic
mice.56

Altogether, our results are consistent with a model
(Supplementary Figure S7) whereby PARP-2 is specifically
required to limit RS in erythroid progenitors. In the absence of
PARP-2, highly divided erythroblasts accumulate RS leading
to genomic instability that triggers the proximal ATR/H2AX/
CHK1DNA-damage response, which finally activates p53/p21
response resulting in G2/M arrest and apoptosis. Although
damaged erythroblasts might arrive to circulation, they have a
shorter lifespan. Taken together, deficient erythropoiesis and
shortened RBC lifespan conduce to chronic anemia observed
in Parp-2− /− mice. Whereas a compensatory increase in EPO
production contributes to maintain erythropoiesis in Parp-2− /−

mice, this response is insufficient in the context of enhanced
hemolysis.
Although mounting evidence has accumulated indicating a

role for PARP proteins at replication forks, most of these works
were carried out with nonselective inhibitors, and pointed
towards a role for PARP-157–61 and to less extent PARP-2 on
this response.61 Moreover, all these works were carried out
in vitro and to what extent this replication-linked role of PARP
had in the context of a living organism remained unknown. Our
results provided strong evidence that PARP-2, but not PARP-1,
is required for efficient erythropoiesis in mice by limiting RS on
erythroid progenitors, a function that becomes essential in the
context of an enhanced demand for the production of RBCs.

Figure 7 (Continued)
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Nowadays, there is considerable excitement about the
prospect of anticancer compounds that act through targeting
PARP proteins, although non-isoform-selective PARP inhibi-
tors are available.14 Our observations reveal potential off-
target effects that may arise from the use of such
compounds.62 In addition, the specific role of PARP-2 in RS,
a major driver of genomic instability,63–65 may have implica-
tions in the design and use of drugs targeting PARP proteins.

Materials and Methods
Animals and treatments. Parp-1− /−, Parp-2− /−, Puma− /− and p21− /−

mice have been described previously.46,66–68 P21− /− mice were bred with Parp-1− /−

or Parp-2− /− mice, whereas Puma− /− mice were bred with Parp-2− /− mice, to
generate heterozygous mice, which were then bred to generate all genotypes.
Genotyping was performed by PCR analysis using tail DNA as described.46,68–70

To induce acute anemia, mice were injected intraperitoneally with PHZ
(Sigma-Aldrich, St. Louis, MO, USA) at 40 mg/kg on day 0, 1 and 3. All mice
were in C57BL6 background and were kept under pathogen-free conditions in the
animal house facility at the Barcelona Biomedical Research Park (Barcelona,
Spain). Animal studies were approved by the Institutional Animal Care and Use
Committee.

Blood analysis. For cell analysis, peripheral blood from 10- to 12-week-old
mice was collected in EDTA-coated vials. Blood cell parameters were measured
immediately after sample collection using an Abacus Junior Vet Hematology Blood
Analyzer (Diatron, Hialeah, FL, USA). Blood smears were air dried and stained with
May–Grünwald Giemsa for routine analysis. Differential cell counts were made blind
on more than 1000 cells on random areas of slides.
EPO levels in plasma were determined by ELISA Assay Kit (R&D Systems,

Minneapolis, MN, USA) in accordance with the manufacturer's instructions.
Haptoglobin and hemoglobin levels in serum were determined by ELISA Assay
Kits (Abcam, Cambridge, UK) in accordance with the manufacturer's instructions.
Serum concentrations of total and direct bilirubin were determined by using a Bilirubin
Assay Kit (BioAssay Systems, Hayward, CA, USA) in accordance with the
manufacturer's instructions. Indirect bilirubin was determined by subtracting the
concentration of direct bilirubin from the total bilirubin concentration. Iron levels in
serum were measured on the Cobas 8000-701 Clinical Analyzer (Roche, Foster City,
CA, USA).

Histological analysis. To study in situ splenic hemosiderin deposits, a Perl's
iron stain technique was performed in 3 μm sections of samples from spleen of wild-
type and Parp-2− /− mice. The staining was performed by using an Automated Stain
System (Dako Artisan, Dako, Glostrup, Denmark), following the manufacturer's
recommendations (Dako Artisan Iron Stain Kit, Dako Artisan). Hemosiderin was
identified as blue deposits within cells. For fetal liver histological examination,
embryos were fixed in formalin and embedded in paraffin for subsequent
processing. Consecutive 2.5-μm sections were treated with citrate for antigen
recovery and processed for immunohistochemistry with antibody against Ter119
(BD Biosciences, San Jose, CA, USA). Hematoxylin was used to counterstain.
Immunohistochemistry slides were scanned with a MIRAX digitalized system (Zeiss,
Oberkochen, Germany).

Flow cytometry and cell sorting. Cell suspensions were washed in PBS,
resuspended in PBS containing 0.5% BSA and incubated with antibodies on ice for
30 min. Incubation with biotin-labeled antibodies was followed by incubation with
streptavidin conjugates. Enucleated cells were lysed using ACK Lysis Buffer
(BioWhitaker, Verviers, Belgium). Cell doublets were excluded from all analyses and
dead cells were excluded by the use of DAPI. For intracellular staining, cells were
stained for cell-surface markers, fixed and made permeable by using an intracellular
staining buffer set (BD Biosciences), and then stained with specific antibody or
isotype control. The following antibodies were used: PE-conjugated Ter119 (Ter119;
BD Biosciences), APC-conjugated CD71 (R17217; eBiosciences, San Diego, CA,
USA), phospho-H2AX (S139) (JPW301; Millipore, Billerica, MA, USA), phospho-
CHK1 (S345) (133D3; Cell Signaling Technology, Danvers, MA, USA), phospho-
RPA32 (S4/8) (Bethyl Laboratories, Montgomery, TX, USA), PerCP-conjugated
streptavidin (BioLegend, San Diego, CA, USA) and goat Alexa Fluor 488- or 555-
conjugated (Invitrogen, Carlsbad, CA, USA) anti-rabbit and anti-mouse antibody.

Samples were acquired with an LSRII cytometer (BD Biosciences) and the data
were analyzed with the DIVA (BD Biosciences) and FlowJo (TreeStar) software
(FlowJo, Ashland, OR, USA). Cell sorting was performed in a FACS Aria II SORP
(BD Biosciences).

Reticulocyte index. Reticulocytes in blood were determined by staining with
thiazole orange and analyses by flow cytometry. The reticulocyte index was
calculated as reticulocyte (%)x(hematocrit (%)/normal mouse hematocrit (%)).

RBC turnover assay. RBCs were labeled in vivo with biotin by intravenous
injection of mice with 60 mg/kg of NHS-LC-biotin (N-succinimidyl-6-(biotinamido)
hexanoate) (Pierce Biotechnology, Rockford, IL, USA). The percentage of
biotinylated cells in circulating blood was determined at regular intervals. For
monitoring, blood samples were obtained from the tail vein, diluted in PBS, labeled
with APC-conjugated streptavidin (BD Biosciences) and FITC-conjugated Ter119
and analzsed by flow cytometry.

Colony formation assays. Cell suspensions were mixed with MethoCult
M3434 methyl cellulose semisolid medium (StemCell Technologies, Grenoble,
France), plated in 35-mm dishes and cultured at 37 °C with 5% CO2. CFU-E
colonies were scored on day 3, whereas BFU-E colonies were scored on day 7.

Cell cycle analysis. For in vivo BrdU labeling experiments, 10- to 12-week-old
mice received a single intraperitoneal injection of BrdU (BD Biosciences; 1 mg/6 g of
mouse weight). Cells were isolated from mice 1 h after injection, surface stained for
CD71 and Ter119, fixed, permeabilized and intracellularly stained with anti-BrdU-
FITC using the BrdU Flow Kit (BD Biosciences) and DAPI to gauge the amount of
DNA per cell.

Immunofluorescence microscopy. Nucleated Ter119+ cells from BM
were sorted on slides, fixed in 2% paraformaldehyde/PBS (w/v) for 10 min at room
temperature, washed in PBS and permeabilized in a 0.1% sodium citrate/0.1%
Triton X-100 solution. Slides were then incubated in blocking solution, and incubated
overnight with a rabbit polyclonal anti-active caspase-3 (R&D Systems) primary
antibody at 4 ºC. After washing, sections were incubated for 1 h at room
temperature with goat anti-rabbit-conjugated Alexa Fluor 488, counterstained with
DAPI, mounted and examined with an inverted fluorescence microscopy (Olympus
BX61 microscope, Tokyo, Japan).

Western blot. Nucleated Ter119+ sorted cells from wild-type and Parp-2− /−

mice were washed once with PBS, and total protein extracts were prepared by
directly adding 2 × NuPAGE LDS sample buffer and then incubated for 5 min at
95 °C. Samples were resolved by SDS-PAGE and analyzed by standard western
blotting techniques. Antibodies against CHK1 (2G1D5; Cell Signaling Technology),
phospho-CHK1 (S345), β-actin (Sigma-Aldrich) and phospho-RPA32 (S4/8) were
used. Signals were developed using an Enhanced Chemiluminiscence Kit
(Amersham-Pharmacia Biotech, Buckinghamshire, UK), according to the manu-
facturer’s instructions.

RNA extraction, reverse transcription and PCR. Total RNA was
isolated from sorted nucleated Ter119+ cells from BM of wild-type and Parp-2− /−

mice by using the RNeasy Total RNA Isolation Kit (Qiagen, Valencia, CA, USA) with
on-column DNase I (Qiagen) digestion, following the manufacturer's instructions.
Three independent experiments with different batches of cells were carried out.
Quantity and integrity of the RNA was assessed by nanoelectrophoresis using the
Pico Lab-on-a-Chip assay for total eukaryotic RNA using Bioanalyzer 2100 (Agilent
Technologies, Palo Alto, CA, USA). Total RNA (5 ng) from each sample was used for
cDNA synthesis using the Ovation Pico WTA System V2 (NuGEN Technologies,
San Carlos, CA, USA). Specific primers for the different genes are included in
Supplementary Table S2. qPCR was carried out using 15 ng cDNA per sample
using platinum SYBR Green Master mix (Applied Biosystems, Warrington, UK).
Assays were run in triplicate on the ABI 7900HT system (Applied Biosystems).
Expression levels of β-actin were used to normalize the amount of the examined
transcript.

Gene expression array. Total RNA was isolated from sorted nucleated
Ter119+ cells derived from pooled BM of three mice from each genotype. Microarray
expression analysis was performed from samples of two independent experiments.
Quantity and integrity of the RNA was assessed by nanoelectrophoresis using the
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Pico Lab-on-a-Chip assay for total eukaryotic RNA using Bioanalyzer 2100 (Agilent
Technologies). Only samples with high integrity (RNA integrity number 48) were
subsequently used in microarray experiments. Microarray expression profiles were
obtained using the Affymetrix GeneChip Mouse Gene 1.0 ST Array (Affymetrix,
Santa Clara, CA, USA) and the GCS3000 Affymetrix Platform (Affymetrix). Briefly,
10 ng of total RNA from each sample was amplified using the Ovation Pico WTA
System (NuGEN Technologies) and sense transcript cDNA (ST-cDNA) was
generated using the WT-Ovation Exon Module (NuGEN Technologies). After, ST-
cDNA was fragmented and labeled with the FL-Ovation cDNA Biotin Module V2
(NuGEN Technologies), and the biotinylated cDNA was hybridized to Affymetrix
GeneChip Mouse Gene 1.0 ST Arrays. Following hybridization, the array was washed
and stained, and finally scanned to generate CEL files for each array. Microarray data
have been deposited into the Gene Expression Omnibus (GSE54864).

Statistical analysis. The log-rank test was used to determine the statistical of
animal survival. All other statistical analyses used a t-test (two-tailed, assuming
unequal variance). P-values of o0.05 were considered to indicate statistical
significance. Bioinformatics statistical analysis of microarray data is indicated in the
Supplementary Data.
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