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Background. Long-term hematopoietic stem cells (LT-HSCs) reside in bone marrow niches with tightly controlled reactive oxygen
species (ROS) levels. ROS increase results into LT-HSC differentiation and stem cell exhaustion. Paraoxonase 2 (PON2) has been
shown to be important for ROS control. Objectives. We investigate the effects of inactivation of the PON2 gene on hematopoietic
cell differentiation and activity.Methods and Results. In young mice with inactivated Pon2 gene (Pon2-/-, <3 months), we observed
an increase of LT-HSCs and a reduced frequency of progenitor cells. In competitive transplantations, young Pon2-/- BM
outcompeted WT BM at early time points. ROS levels were significantly increased in Pon2-/- whole BM, but not in Pon2-/-

LT-HSCs. In more differentiated stages of hematopoiesis, Pon2 deficiency led to a misbalanced erythropoiesis both in
physiologic and stress conditions. In older mice (>9 months), Pon2 depletion caused an increase in LT-HSCs as well as
increased levels of granulocyte/macrophage progenitors (GMPs) and myeloid skewing, indicating a premature aging
phenotype. No significant changes in ROS levels in old Pon2-/- LT- and short-term (ST-) HSCs were observed, but a significant
reduction of spontaneous apoptotic cell death was measured. RNA-seq analysis in Pon2-/- LT-HSCs identified
overrepresentation of genes involved in the C-X-C chemokine receptor type 4 (Cxcr4) signaling, suggesting compensatory
mechanisms to overcome ROS-mediated accelerated aging in hematopoietic progenitor cells. Conclusions. In summary, our
current data indicate that PON2 is involved in the regulation of HSC functions.

1. Introduction

Aerobic metabolism is inevitably linked to the production of
reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide, and hydroxyl radicals, which may have harmful
effects on normal cellular function [1]. A tight balance

between generation and detoxification of ROS has been
shown to modulate cell physiology and development through
redox signaling (low concentrations of ROS acting as signal
molecules in physiologic processes) [2] and oxidative stress
(high concentration of ROS exceeding the detoxification abil-
ity of cells). Oxidative stress results in destruction of proteins,
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DNA, and membrane lipids [3] and has been described to be
involved in carcinogenesis [4], cardiovascular diseases [5],
and aging [6].

The family of paraoxonase (PON) enzymes consists of
three proteins PON1, PON2, and PON3 that differ in their
enzymatic activity, localization, and regulation [7]. PON2 is
a ubiquitously expressed protein located exclusively intracel-
lularly [8]. PON2 exerts antioxidative and anti-inflammatory
functions and displays important effects in diseases domi-
nated by oxidative stress [9]. PON2modulates mitochondrial
function and reduces the release of superoxide from the inner
mitochondrial membrane [10]. PON2 also displays a protec-
tive effect against lipid peroxidation [11] and intracellular
ROS formation [12]. Our group showed recently that dysreg-
ulated redox regulation in mice with inactivated Pon2 gene
(Pon2-/-) causes endothelial dysfunction, vascular inflamma-
tion, and tissue factor-dependent hypercoagulability [13]. As
a result of its antioxidative activity, antiapoptotic functions of
PON2 have also been described both in mitochondria-related
[14] and ER stress-related [12] apoptosis.

Hematopoiesis describes the hierarchically coordinated
production of all blood cells with hematopoietic stem cells
(HSCs) sitting at the apex. HSCs are characterized by their
lifelong self-renewal ability and their capability to differenti-
ate into all lineage committed progenitor cells [1]. To main-
tain hematopoiesis, the tight balance between differentiation
and self-renewal in HSCs must be strictly regulated [15].
Defects in this balance lead to hematopoietic insufficiency
and/or to the development of hematopoietic malignancies.
In adult organisms, most HSCs are located in the bone
marrow (BM). Different cell types, soluble factors, and ana-
tomical structures collaborate to maintain HSC function.
This delicate environment is referred as “niche” [16]. The
BM niche and in particular the endosteal niche are character-
ized by a low oxygen concentration. A more restricted access
to oxygen is likely to result in lower ROS levels. Analyses
have shown that ROS are important to regulate the balance
between self-renewal and differentiation of stem cells. Low
levels of ROS are important to maintain the multipotency
of these cells, whereas higher ROS levels would commit them
to a restricted lineage [17, 18]. The low oxygen tension in the
niche supports the ability of HSCs to self-renew and to stay
quiescent. Self-renewing HSCs use anaerobic glycolysis as
the main energy source to adapt to hypoxic conditions and
meet the relative low energy needs of HSC [19]. However,
the mitochondrial oxidative phosphorylation program is
used if HSCs start to proliferate and differentiate [20]. There-
fore, the primitive multipotent quiescent long-term (LT-)
HSC is located in the endosteal niche [21]. In addition,
ROS levels are tightly regulated by intrinsic mechanisms,
e.g., regulation via the transcription factors FoxO1-3 [22].

The ability of stem cells to regenerate cells or tissues
declines with age [23]. Compared to young animals, HSCs
from aged animals display defined differences such as func-
tional changes in homing and differentiation [24], enhanced
ROS production, inflammation, and apoptosis [25, 26]. In
older organisms, hematopoiesis displays a preferential gener-
ation of myeloid cells on the expense of lymphoid cells. This
so-called myeloid skewing and the related immunosenes-

cence seem to result from the clonal expansion of myeloid-
committed hematopoietic stem and progenitor cells (HSPCs)
and the reduction of lymphoid-committed HSPCs [24, 26].

The process of erythroid commitment and differen-
tiation—termed as “erythropoiesis”—represents another
crucial “checkpoint” of ROS-dependent regulation [27].
Erythropoiesis results in the production of red blood cells
(RBCs) [28] from megakaryocyte/erythrocyte precursor cells
(MEPs) [28]. Erythroid precursors are exposed to some of the
highest ROS levels; however, similar to LT-HSCs, they also
possess a large number of defense mechanisms against ROS
and other insults [29]. The importance of ROS in erythroid
maturation is supported for instance by the abnormalities
of hematologic parameters in genetic diseases that lead to
deficiency of mechanisms involved in antioxidation defence/
reduction [30–32].

As mentioned above, HSC are mostly quiescent, show
low metabolic activity with dependence on anaerobic glycol-
ysis, and are prone to stimulation and damage by oxidative
stress. PON2 is an antioxidant and antiapoptotic enzyme.
Besides its important effects in the cardiovascular system,
the antioxidative/antiapoptotic effects of PON2 seem to be
exploited by different tumor cell types to enhance growth
and resistance to chemotherapy [33]. Although PON2
expression has been correlated with the pathology of differ-
ent forms of leukemia [33], the role of PON2 in hematopoi-
esis has not been analyzed. Therefore, the current study was
performed to analyze the general involvement of PON2 in
hematopoiesis.

2. Materials and Methods

2.1. Materials. All cell culture grade plastic materials were
obtained from Greiner Bio-One, Frickenhausen, Germany,
or SARSTEDT, Nümbrecht, Germany. All chemicals (as
not otherwise stated), fetal calf serum, IgG from rat serum,
RPMI 1640, Dulbecco’s phosphate-buffered saline (PBS),
Proteinase K, and Taq Polymerase were from Sigma, Deisen-
hofen, Germany. CM-H2DCF-DA was obtained fromMolec-
ular Probes/Thermo Fisher Scientific, Dreieich, Germany.
L-012 (8-amino-5-chloro-7-phenyl-pyrido [3,4-d]pyrida-
zine-1,4(2H,3H)dione) was obtained from Wako Chemicals,
Richmond, U.S.A. The penicillin/streptomycin solution
(100x; 10.000U/ml penicillin, 10.000μg/ml streptomycin),
Dulbecco’s modified Eagle medium (DMEM), and Gluta-
Max™ were obtained from Gibco/Thermo Fisher Scientific,
Dreieich, Germany. The High-Capacity cDNA Reverse
Transcription Kit and the Arcturus® PicoPure® RNA Isolation
Kit were purchased from Applied Biosystems, Darmstadt,
Germany. The peqGOLD Total RNA Kit, peqGOLD Tri-
Fast™, and the dNTP-Mix were purchased from Peqlab,
Darmstadt, Germany. The PrecisionPLUS 2x qPCR Master-
Mix with SYBR green was obtained from Primer Design,
Chandler’s Ford, United Kingdom. The Anti-Rat/Hamster
Ig, κ/Negative Control (FBS∗) Compensation Particles Set,
BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit, BD™
CompBeads, PE Annexin V Apoptosis Detection Kit I, anti-
Ki-67 antibody, and Perm/Wash buffer were obtained from
BD Biosciences, Heidelberg, Germany.
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2.2. Cell Culture. Murine hematopoietic precursor cell-7
(HPC-7 [34]) and BA/F3 pro B cells [35] were cultured as
previously described [36]. To analyze the effect of the ROS
generator 2,3-dimethoxy-1,4-naphthalenedione (DMNQ)
[37], the cells were plated in 6-well plates and treated with
10μM DMNQ (solved in DMSO) or DMSO (control) for 2
to 8 h.

2.3. Mice and Approval of Animal Studies. PON2-deficient
mice were generated by insertion of a loxP-site flanked, β-
geo-containing gene trap vector into Pon2 intron 2 [38].
Consequently, Pon2 protein expression is reduced by about
95%. These Pon2-deficient mice are referred to as Pon2-/-

mice. Wild-type (WT), C57BL/6J, C57BL/6-Ly5.1, and
Pon2-/- mice were housed in the translational animal research
center of the JGU Mainz. All strains had access to water and
standard chow diet ad libitum. Experimental mice were
10-14 weeks old when called “young” or more than 9 months
old when called “aged.” The animals were sacrificed by i.p.
injection of 2% pentobarbital (0.4ml/25 g body weight). All
animal studies were approved by the Ethical Committee
and Landesuntersuchungsamt Rheinland-Pfalz (#23177-07/
G13-1-055).

2.4. Blood Drawing and Analysis. After injecting a lethal dose
of pentobarbital intraperitoneally (i.p.), intracardial blood
was obtained for later analysis on the Sysmex XP Hematol-
ogy Analyzer or HEMAVET using a syringe coated with
citrate solution (Sigma) and a 26G needle.

For smaller amounts of blood at multiple points in time,
e.g., for analyzing erythrocyte turnover and stress erythropoi-
esis, mice were gently restrained, while blood was drawn by
scratching the Vena caudalis mediana and immediately
transferred to an EDTA-coated reaction vessel.

2.5. In Vivo Biotinylation for Analysis of the Erythroid
Lifespan/Turnover. The erythroid lifespan/turnover was
analyzed using biotin labeling according to published
protocols [39, 40].

For the erythroid cell biotinylation in vivo, WT and
Pon2-/- mice were injected into the tail vein (i.v.) using a
26G ½ cannula with 100μl of a sulfo-NHS-LC-biotin
solution (30mg/ml), resulting in a labeling rate of 80-95%
of the circulating erythrocytes. The first blood sample was
taken after 30 minutes in order to determine the individual
starting value of the biotinylation of each mouse. Subsequent
blood samples were taken daily (first 5 days) and then at
intervals of 5 days, from day 20 at intervals of 7 days.
Approximately 10μl blood was drawn and PBS+2% FCS as
well as streptavidin APC-Cy7 (1 : 250) and Ter119 APC (1 :
500) (both from eBioscience Thermo Fisher Scientific) was
added. After incubating for 15 minutes in the dark and on
ice, samples were washed and analyzed on the FACSCanto™
II flow cytometer.

2.6. Induction of Hemolytic Anemia by Phenylhydrazine.
Approximately 80μl blood was drawn from WT and
Pon2-/- mice by scratching the Vena caudalis mediana,
transferred to an EDTA-coated reaction vessel, and exam-
ined using the Sysmex XP Hematology Analyzer. The mice

were then injected with 50mg/kg phenylhydrazine hydro-
chloride (Sigma-Aldrich) or PBS (for control animals)
i.p. Injection was performed at days 1 and 3.

2.7. Flow Cytometry and Cell Sorting. Cell suspensions from
the liver were obtained by pushing the organ through a
100μm cell strainer. Single-cell suspensions from BM
were obtained by flushing tibial and femoral bones using
RPMI/2% FCS and subsequently filtering the suspension
through a cell strainer cap. The targets for the antibodies
(all from eBioscience Thermo Fisher Scientific, Dreieich,
Germany, unless stated otherwise) used for staining of
differentiated BMCs were B220 (CD45R) (APC); CD3e
(PE); CD4 (APC); CD8 (Ly2) (PE); ckit (PerCP-eFluor710);
CD11b (APC); Gr1 (Ly6G/C) (PE); CD19 (PE, BioLegend,
San Diego, U.S.A.); Ter119 (APC); CD71 (PE); and CD138
(Brilliant violet 421, BD Biosciences). For identification of
hematopoietic stem and progenitor cells (LT-HSCs, ST-
HSCs, MPPs, CMPs, GMPs, and MEPs), cells were incubated
with a lineage cocktail of biotin-conjugated antibodies
directed against CD3, CD4, CD5, CD8 (Ly2), CD11b (only
LT-HSCs, ST-HSCs, and MPPs), CD127 (only CMPs, GMPs,
and MEPs; BioLegend), B220 (CD45R), Gr1 (Ly6G/C), and
Ter119. After washing, cells were incubated with streptavidin
(APC-Cy7), Sca-1 (PECy7), ckit (APC), CD135 (PE, only
LT-HSCs, ST-HSCs, and MPPs, BioLegend), CD150 (Alexa
Fluor 488, only LT-HSCs, ST-HSCs, and MPPs, BioLegend),
CD16/32 (PE, only CMPs, GMPs, andMEPs, BD), and CD34
(Alexa Fluor 488, only CMPs, GMPs, and MEPs, BD). For
quantification of apoptotic HSCs, CD135 (PE) was replaced
by annexin V (PE), and for measurement of total ROS via
H2DCF-DA staining, CD150 (Alexa Fluor 488) was replaced
by CD150 (Brill. violet 421). Data acquisition was done with
a FACSCanto II (BD Biosciences) and analyzed using BD
FACSDiva™ Software.

For sorting, HSPCs were enriched using EasyStep™
Mouse Hematopoietic Progenitor Cell Isolation Kit (Stem-
Cell Technologies, Cologne, Germany), stained with the
antibodies mentioned before, and sorted on a FACSARIA™
II SORP Flow Cytometer Cell Sorter (BD Biosciences). All
gating strategies are shown in Figure S4.

2.8. Reciprocal Bone Marrow (BM) Transplantation. BM cells
(BMCs) of WT or Pon2-/- donor mice were isolated by
flushing tibial and femoral bones using RPMI/2% FCS/1%
penicillin-streptomycin followed by BM cell resuspension
in DMEM. By injection of 5 × 106 BMCs intravenously into
recipient mice of the respective genotype 24 hours after lethal
irradiation (Cs137, one dose of 9Gy; this radiation dosage
was confirmed to be lethal after 8-10 days), Pon2-/- and WT
BM chimeras were generated. BM-transplanted mice were
analyzed after confirmation of blood cell Pon2 mRNA
expression by qRT-PCR, no earlier than 21 days after BM cell
injection.

2.9. Competitive BM Transplantation. BMCs were isolated
from CD45.2-positive WT and Pon2-/- mice and mixed 1 : 1
with BMCs isolated from CD45.1 WT mice. Afterwards,
8 × 106 WT CD45.1/WT CD45.2 (control) or WT
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CD45.1/Pon2-/- CD45.2 mixed BMCs were intravenously
injected into irradiated WT CD45.2 recipient mice. About
50μl blood from competitive transplanted mice was taken
3, 7, 11, 15, 19, and 22 weeks after injection and stained
with CD45.1 and CD45.2 antibodies to detect HSPC
engraftment using congenic C57BL/6 mice that differ at
the Ly5 locus [41]. Irradiated mice were treated with Borgal
for about 4 weeks after irradiation. All gating strategies are
shown in Figure S4.

2.10. Serial Transplantation of Aged BMCs. 5 × 106 BMCs,
isolated from aged WT and Pon2-/- mice, were separately
i.v. injected into irradiated, young WT recipient mice. 21
days after transplantation, the BMCs were isolated by flush-
ing tibial and femoral bones of the recipient mice and then
resuspended in DMEM and once more i.v. injected into irra-
diated, young WT recipient mice. During the next 21 days,
the survival rate of recipient mice was determined.

2.11. Measurement of Total ROS by H2DCF-DA Staining.
After BM isolation and staining of HSPCs using cell surface
markers as described above, cells were incubated with
0.5μM fluorescent ROS indicator CM-H2DCF-DA (Molecu-
lar Probes/Thermo Fisher Scientific, Dreieich, Germany) for
30min at 37°C. Subsequent to washing of cells using Krebs
HEPES buffer (Noxygen, Elzach, Germany), total ROS was
assessed by analyzing H2DCF-DA signal intensity on a
FACSCanto II (BD Biosciences) flow cytometer with BD
FACSDiva™ Software (excitation/emission CM-H2DCF-
DA: 488/520 nm). All gating strategies are shown in
Figure S4.

2.12. Measurement of ROS Production via L-012. ROS pro-
duction was determined using the luminol derivative L-012
(8-amino-5-chloro-7-phenylpyridol [3,4-d] pyridazine-1,4
(2H,3H) dione; Wako Chemicals, Richmond, U.S.A.) as pre-
viously described for tissue homogenates, whole blood, and
isolated leukocytes [42]. Freshly isolated BMCs of WT and
Pon2-/- mice were centrifuged and resuspended in modified
Krebs HEPES buffer at a concentration of 1 × 107 cells/ml.
50μl of cell suspension per well (containing 5 × 105 cells)
was loaded in a 96-well plate. Chemiluminescence was
recorded after addition of 40μM L-012 and in some cases
10μM DMNQ (2,3-dimethoxy-1,4-naphthoquinone), a
redox-cycling agent that induces intracellular superoxide
anion and hydrogen peroxide formation. L-012 chemilumi-
nescence was measured simultaneously for the two experi-
mental groups for about 75 minutes every 4 minutes using
a Microplate Centro LB960 Luminometer (Berthold Tech-
nologies, Sprendlingen, Germany). The photon counts were
normalized to chemiluminescence of L-012 in modified
Krebs HEPES buffer only.

2.13. Cell Cycle Analysis of BM Populations. Cell surface
staining was performed as described above. Subsequently,
samples were incubated in Cytofix/Cytoperm (BD Biosci-
ences) for 15 minutes. Cells were washed using Perm/Wash,
resuspended in a buffer containing an anti-Ki-67 antibody
(Alexa Fluor 647, diluted 1 : 30 in Perm/Wash), and incu-
bated for at least 30 minutes. After washing with Perm/Wash,

cells were resuspended in 100μl Hoechst 33342 (diluted
1 : 500 in PBS) and incubated for 15 minutes. Analyses
were performed using BD LSR II Flow Cytometer, and
data were analyzed using BD FACSDiva™ or FlowJo Soft-
ware. All gating strategies are shown in Figure S5.

2.14. Colony-Forming-Unit Assays (CFUs). 3 × 104 BMCs
from WT and Pon2-/- mice were cultured in MethoCult™
GF M3434 (StemCell Technologies, Cologne, Germany) in
accordance with the manufacturer’s instructions. 10-12 days
after plating, the colonies were quantified and identified
using a Leitz DM IL microscope (Leica, Wetzlar, Germany).

2.15. Homing. Homing of hematopoietic cells to the bone
marrow was analyzed as described in Yusuf and Scadden
[43], but the BMCs were isolated by flushing instead of
crushing the bones.

2.16. Assessing Gamma-H2AX Levels of LSK Cells. Cell sur-
face staining was performed using the lineage cocktail of
biotin-conjugated antibodies described above as well as
streptavidin (APC-Cy7), Sca-1 (PECy7), and ckit (APC).
Cells were fixed and permeabilized using Cytofix/Cytoperm
(BD Biosciences) and then stained with γH2AX antibody
(Alexa Fluor 488, BioLegend, San Diego, U.S:A.) for 2 hours
on ice. Data acquisition was performed on a FACSCanto II
(BD Biosciences), and histogram overlay images were created
using CellQuest Pro Software (BD Biosciences).

2.17. Gene Expression Analyses. According to previous stud-
ies, PON2 expression levels are the highest in the lung, intes-
tine, heart, and liver [44]. To prove Pon2 mRNA expression
as well as determine cell-specific Pon2 expression in HSPCs,
we isolated mRNA from FACS-sorted LT-HSCs, ST-HSCs,
multipotent progenitor cells (MPPs), common myeloid
progenitors (CMPs), granulocyte-macrophage progenitors
(GMPs), and megakaryocyte-erythroid progenitors (MEPs)
and performed two-step qRT-PCR analyses. To analyze the
effect of the redox-cycler DMNQ on CXCR4 mRNA expres-
sion, RNA was isolated from HPC7 and BA/F3 cells treated
with or without 10μM DMNQ for 2 to 8 h. The RNA was
reverse transcribed using the SuperScript™ VILO™ Master
Mix (Invitrogen/Thermo Fisher Scientific, Dreieich, Germany).
Then, qPCRs were performed using primers and double-
labeled probes (5′‐FAM‐>3′TAMRA; all from Eurofins
Genomics, Hamburg Germany; listed in Table S1) or with
PrecisionPLUS 2x qPCR MasterMix with SYBR green
(Primer Design, Chandler’s Ford, United Kingdom) as
described by the manufacturer. mRNA expression levels
were analyzed according to previously established protocols
[45], generally applying 2 housekeeping genes (Gapdh, Actb;
for primer used, see Table S1).

2.18. Total RNA Sequencing. For total RNA sequencing
(RNA-seq) analyses, Lin-, Sca1+, ckit+, CD135-, and
CD150+ cells (which represent a mixture of LT-HSC and
MPP2 cells—for a better discrimination hereafter referred
to as HSCs) [46] were isolated from BM of young WT or
Pon2-/- mice (n = 6 each) by FACS as described above. 10
HSCs per well and a total of 8 wells per mouse were FACS
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sorted into a 96-well plate (8 RNA-seq per mouse and 48
RNA-seq per genotype), containing lysis buffer (Qiagen,
Hilden Germany). Subsequently, cells were handed over to
the genomics core facility of the Institute of Molecular Biol-
ogy (Mainz, Germany) for RNA-seq using Smart-seq2-
protocol for library preparation and NextSeq® 500/550 High
Output Kit v2 (Illumina, Cambridge, United Kingdom) for
sequencing. Quality of raw sequencing reads was assessed
using FastQC (Babraham Bioinformatics), and adapters were
trimmed using Trimmomatic (v0.36 [47]). Raw RNA-seq
reads were then mapped to mouse reference genome (gen-
code release M12 GRCm38.p5) using the STAR aligner
(v2.5.3a [48]), with an option of “-quantModeGeneCounts”
to count the number of reads mapped per gene. The numbers
of high-quality reads were 21.1 to 32.6 million reads. Between
67 and 76% of the reads were aligned to the mouse genome.
DESeq2 (v1.18.1 [49]) was used to identify genes differen-
tially expressed after Pon2 knockout. Genes with fold change
higher than 2 and FDR below 0.05 were considered as
differentially expressed. Overrepresentation analysis was per-
formed using the ConsensuPathDataBase release 34 [50].

2.19. RNA-seq or Microarray Analyses. All analyses of public
RNA-seq or microarray data from the literature were
performed using the software CLC genomic workbench
(version 21.0.03) using parameters as recommended by the
manufacturer.

2.20. Statistics. GraphPad Prism software (version 9) was
used, applying 2-tailed Student’s t-test (normally distributed
data, skewness < 1) for comparison of two groups. For more
than 2 groups, 1-way ANOVA with Tukey’s multiple com-
parisons test or 2-way ANOVA with Bonferroni’s multiple
comparisons test was applied. Numbers of mice in the exper-
imental groups or analyzed numbers of independent cell
experiments are indicated in the figures. P < 0:05 was consid-
ered significant.

3. Results

3.1. Pon2 mRNA Expression Levels Vary between HSCs and
Progenitor Cells in Young and Old Mice. Pon2 mRNA expres-
sion was measured in subsets of BMCs while liver cells, that
are known to express high Pon2 mRNA levels, were used as
a positive control. Our results (Figure 1) indicate differential,
cell-specific Pon2 expression levels between 0.15- and 1.35-
fold compared to liver cells as well as changes of Pon2
expression in HSPCs as a function of age. In young animals
(10-14 weeks), LT- and ST-HSCs showed low Pon2 mRNA
expression levels, which slightly increased in committed
progenitor cells (multipotent progenitor cells (MPPs),
common myeloid progenitors (CMPs)) and significantly
increased in megakaryocyte-erythroid progenitors (MEPs)
(Figures 1 and S1A). In contrast, expression analysis in
HSPCs of aged animals (>9 months) revealed the lowest
Pon2 mRNA levels in MEPs, CMPs, and MPPs, but higher
in LT- and ST-HSCs (Figures 1 and S1B). No changes in
Pon2 expression as a function of age were observed in hepatic
control cells. Analysis of available RNA-seq data sets of HSCs

and progenitor cells of young mice (PRJNA603283 [51],
PRJNA665066) demonstrated similar patterns of Pon2
mRNA expression as those observed in our experiments
(Figures 1 and S1C). Finally, analysis of available RNA-seq
(PRJNA524895 [52], PRJNA528500 [53], and PRJNA635499
or microarray data sets (GSE76276) [54]; see Figure S1D)
revealed no difference in Pon2 mRNA expression levels
between LT-HSCs of young, aged, or old animals.

3.2. Young Pon2-/- Mice Show Quantitative Changes in
HSPCs but an Unaltered Myeloid/Lymphoid Ratio. Analysis
of different HSPC subpopulations using flow cytometry
(Figures 2(a)–2(g)) revealed a significant increase of LT-
HSCs and decreased numbers of MPPs in BM of young
Pon2-/- mice compared to WT animals. No significant
changes were observed for total Lin−Sca-1+c-Kit+ (LSK) cells,
ST-HSCs, CMPs, GMPs, and MEPs. We also determined the
ratio of myeloid and lymphoid cells in the peripheral blood
(Figure 2(h)). No difference in the myeloid/lymphoid ratio
between WT and Pon2-/- mice was detected.

3.3. Pon2-/- Mice Show Quantitative Changes in Blood
Counts. We next tested the consequences of Pon2 deficiency
on the peripheral blood populations by performing blood
counts of young Pon2-/- and WT mice using a Sysmex Auto-
mated Hematology Analyzer.

Compared with WT, Pon2-/- mice had similar leukocyte
(WBC, Figure 3(a)) and erythrocyte (RBC, Figure 3(c))
counts, but increased hemoglobin (Hb, Figure 3(b)). Fur-
thermore, Pon2-/- erythrocytes displayed several qualitative
abnormalities, such as enhanced mean corpuscular volume
(MCV, Figure 3(d)), mean corpuscular hemoglobin (MCH,
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Figure 1: Pon2 mRNA expression level in WT mice changes upon
aging. LT-HSCs, ST-HSCs, MPPs, CMPs, GMPs, MEPs, and
liver cells were obtained from young (2-3 months) and aged
(>9 months) WT mice. Pon2, Gapdh, and Actb mRNA expression
was analyzed by qRT-PCR. Pon2 mRNA expression was
normalized to Gapdh and Actb mRNA expression. The relative
Pon2 mRNA expression in LT-HSCs from young WT mice was
set to 1. Shown are the mean + SEM of n = 3 – 6 experiments using
2-6 mice per group (∗∗P < 0:01, ∗P < 0:05, ns: not significant vs.
WT cells; 2-way ANOVA with Bonferroni’s multiple comparisons
test).
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Figure 3(e)), and mean corpuscular hemoglobin concentra-
tion (MCHC, Figure 3(f)) and reduced red cell width distri-
bution (RWD, Figure 3(g)).

3.4. Pon2 Deficiency Associates with a Bias towards
Erythropoiesis Both in Physiological and Stress Conditions.

In opposition with bone marrow HSPC subpopulations, in
which abnormalities were moderate and limited to LT-
HSCs and MPPs only, peripheral blood of Pon2-deficient
mice had severe erythroid irregularities. We therefore next
tested whether the Pon2-/--associated erythroid progenitors
are likewise subject to numerical aberrancies. Indeed, as
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Figure 2: Young Pon2-/- mice show quantitative abnormalities in HSPCs but unaltered myeloid/lymphoid ratio. Graphs showing absolute cell
numbers per 0.5 105 whole bone marrow cells (WBMC) of (a) LSK cells, (b) LT-HSCs, (c) ST-HSCs, (d) MPPs, (e) CMPs, (f) MEPs,
and (g) GMPs of young WT and PON2-/- mice. n = 11/group, box and whiskers; whiskers: 10-90 percentile. ∗∗∗P < 0:001, ∗∗P < 0:01,
∗P < 0:05, n.s.: not significant; two-tailed unpaired t-test. (h) Percentage of myeloid and lymphoid cells in blood of young WT and
PON2-/- mice (n = 37 – 50). n.s.: not significant; two-tailed unpaired t-test.
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shown in Figures 4(a)–4(c), flow cytometry staining analyses
of erythroblasts of Pon2-/- BMs demonstrated increased
counts at all stages of differentiation. We also analyzed the
lifespan of erythroid cells using an in vivo biotinylation assay
coupled to flow cytometry. Of importance, Ter119-positive
erythroid cells from Pon2-/- mice had a significantly
enhanced lifespan (t1/2 = 16 days) compared to those in WT
controls (t1/2 = 11 days) (Figure 4(d)).

Finally, we assessed the dynamics of stress erythropoiesis
in Pon2-/- and WT mice after induction of hemolysis via
intraperitoneal application of phenylhydrazine or the control
substance PBS. Phenylhydrazine caused a strong decrease of
erythrocyte counts in WT mice by day 5 posttreatment com-
mencement (Figure 4(e)). In contrast, the expected hemolysis
was weaker in Pon2-/- mice, in which the percentage of eryth-
rocytes in blood remained significantly higher (Figure 4(e)).
In control-treated animals, no significant changes between
WT and Pon2-/- animals were seen (Figure 4(f)).

Altogether, these data demonstrate a specific role for
Pon2 to limit erythroid commitment and lifespan.

3.5. In Young Pon2-/- Mice, Reciprocal BM Transplantation
Reveals Cell Intrinsic as well as Extrinsic Phenotypes.We next
aimed to assess the functional importance of the observed
quantitative changes in HSPC compartments. To determine
whether the effects of Pon2 deficiency on HSPCs are cell
intrinsic or niche derived, we performed reciprocal BM
transplantations (see Figure S2A), resulting in four
experimental groups: WT recipient (r)/WT donor (d) and

Pon2-/-(r)/Pon2-/-(d) as well as chimeras comprising Pon2-
/-(r)/WT(d) and WT(r)/Pon2-/-(d). Successful reconstitution
or depletion of Pon2 in hematopoietic cells of recipient
mice was verified by qRT-PCR (Figure S2B). Subsequent
flow cytometric analyses of HSPC count showed cell-
specific and mixed effects (cell specific +niche effect).
Reciprocal BM transplantation revealed increased LT-HSC,
CMP, and MEP numbers (Figures S2C, S2F, and S2G) in
the Pon2-/- animals receiving Pon2-/- BM. No major
differences were seen in the chimeras, which indicate
complementary cell intrinsic and extrinsic effects.

3.6. Pon2 Deficiency in Young Mice Leads to Oxidative Stress,
but Does Not Induce Apoptosis or Cause DNA Double-Strand
Breaks. Using two approaches to analyze basal ROS produc-
tion, we examined murine BMCs under steady-state condi-
tions in Pon2-/- mice compared to WT animals. First, we
analyzed superoxide/hydrogen peroxide in BMC using detec-
tion with the chemiluminescent probe L-012. In accordance
with previously published inhibition of superoxide/hydrogen
peroxide production by PON2 [10], we detected markedly
increased L-012 chemiluminescence signals in BMCs of
young Pon2-/- mice compared toWTmice (Figure 5(a)). Fur-
thermore, we analyzed total ROS levels in WT or Pon2-/-

HSPCs with the fluorescent dye CM-H2DCF-DA by flow
cytometry. The measurements demonstrated significantly
enhanced ROS formation in Pon2-/- ST-HSCs and numeri-
cally enhanced ROS in Pon2-/- MPPs of young animals
(Figure 5(b)). Interestingly, no differences were observed in
LT-HSCs.
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Figure 3: Analysis of peripheral blood from young Pon2-/- mice compared to WT mice of the same age. Shown are (a) the white blood cell
count (WBC), (b) hemoglobin (Hb), (c) red blood cell count (RBC), (d) mean corpuscular volume (MCV), (e) mean corpuscular hemoglobin
(MCH), (f) mean corpuscular hemoglobin concentration (MCHC), and (g) red cell distribution width (RDW), in blood of young WT and
PON2-/- mice. Dot plot diagram. Median, dot each animal; n = 78 – 113. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; n.s. = not significant; t-test.
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Figure 4: Effects of PON2-inactivation on erythropoiesis. (a–c) Analysis of 3 different stages of erythrocyte development in the bone marrow
ofWT and Pon2-/- mice. Following the isolation of the bone marrow, cells were stained with the antibodies CD71 and Ter119 and analyzed by
flow cytometry. The graphs show the percentage of (a) proerythroblasts (CD71 high/Ter119 mid), (b) basophilic erythroblasts (CD71
high/Ter119 high), and (c) polychromatic erythroblasts (CD71 mid/Ter119 mid). Dot plot diagram. Dot each individual animal; n = 5.
∗P < 0:05, ∗∗P < 0:01; t-test. (d) Lifespan of erythrocytes in young PON2-/- mice. Erythrocyte degradation and regeneration were analyzed
using in vivo biotinylation. Young Pon2-deficient and WT mice were injected with sulfo-NHS-biotin (intravenous), and small blood samples
were taken every few days over a total of 34 days. Afterwards, isolated blood cells were stained with fluorescence-conjugated streptavidin as
well as the erythrocyte specific marker Ter119 and analyzed using flow cytometry to determine the number of biotinylated erythrocytes.
Results are shown as percentage of biotinylated erythrocytes at day 1, immediately after biotin injection; mean ± SEM, n = 7 – 8. A nonlinear
regression was calculated (R2 erythrocytes = 0.90); vertical dashed lines represent the half-life (t1/2) of the respective cells from WT (light
gray) or Pon2-/- (black) mice. ∗P < 0:05; n.s.: not significant; t-test. (e, f) Percentage of red blood cells in the blood of Pon2-/- and WT mice
during the induction of hemolytic anemia by phenylhydrazine. Pon2-deficient and wild-type mice were i.p. injected with either
phenylhydrazine or PBS (control group) on days 1 and 3. On day 1 (before the start of treatment) and on days 3 and 5, a small amount of
blood was taken from the test animals by scratching the Vena caudalis mediana in order to analyze the number of erythrocytes. The
percentage of erythrocytes in the blood (e) of the phenylhydrazine group and (f) of the control group is shown in comparison to the mean
value of the respective starting amount. n = 4 – 8; mean ± SEM. ∗∗∗P < 0:001; ns = not significant; t-test.
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Figure 5: PON2 deficiency causes oxidative stress, but does not impair but rather improve HSC function. (a) L-012 chemiluminescence signal
of freshly isolated BMCs from young WT and Pon2-/- mice quantified over time for ROS formation (representative graph); mean ± SEM.
∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, ns: not significant vs. WT; two-tailed unpaired t-test. (b) Total ROS level in LT-HSCs, ST-HSCs, and
MPPs of young (2-3 months) WT and Pon2-/- mice stained with cell-specific markers (LT-HSCs: Lin-, Sca1+, ckit+, CD135-, and CD150+;
ST-HSCs: Lin-, Sca1+, ckit+, CD135-, and CD150-; MPPs: Lin-, Sca1+, ckit+, CD135+, and CD150-) and H2DCF-DA, analyzed by FACS
(n = 12 – 13); mean + SEM. ∗∗P < 0:01, ns: not significant vs. WT; two-tailed unpaired t-test (representative histograms showing the
DCF-DA data comparing WT and Pon2-/- mice, see Figure S6). BMCs isolated from young WT and Pon2-/- mice stained with cell-
specific markers for (c) LT-HSCs or (d) ST-HSCs and annexin V for quantification of apoptotic cells (n = 12 – 16). Box and whiskers;
whiskers: 10-90 percentile; ∗P < 0:05, ns: not significant vs. WT; two-tailed unpaired t-test. (e) Experimental scheme for competitive
bone marrow transplantation. (f) Percentage of CD45.2-positive cells in the blood of competitive transplanted young mice 3, 7, 11, 15, 19,
and 22 weeks after transplantation (n = 9); mean ± SEM. ∗P ≤ 0:05, ∗∗P ≤ 0:01, ∗∗∗P < 0:001, ns: not significant; two-tailed unpaired t-test.
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We hypothesized that PON2 deficiency leads to increased
apoptotic cell death in HSCs. Using annexin V staining, we
analyzed the percentage of apoptotic LT- and ST-HSCs in
BM of Pon2-/- and WT mice by flow cytometry. These
measurements revealed significantly less annexin V-positive
LT-HSCs but no differences in annexin V-positive ST-
HSCs in young Pon2-/- mice compared to WT (Figures 5(c)
and 5(d)). We also detected no changes in fluorescence signal
intensity of gamma-H2AX antibody in Pon2-deficient LSK
cells compared to WT cells (Figure S3A), indicating genetic
stability in WT and Pon2-/- mice, despite higher ROS levels
in Pon2-/- mice.

3.7. Young Pon2-/- BM Cells Outcompete WT Cells at Early
but Not at Later Time Points. To analyze whether the
increased number of LT-HSCs in Pon2-/-animals confers
increased fitness, we performed competitive BM transplanta-
tion assays. Engraftment of WT and Pon2-/-BMCs was
analyzed by flow cytometry using the cell surface markers
CD45.1 and CD45.2, respectively (Figure 5(e)) as described
[41]. Competitive transplantation of WT and Pon2-/-BMCs
in a 1 : 1 ratio revealed significant advantages of Pon2-/-

BMCs in multilineage reconstitution at early time points
(Figure 5(f)) whereas engraftment was similar between WT
and Pon2-/- cells after week 15.

3.8. Young Pon2-/- and WT HSPCs Show No Differences in
Cell Cycle Status, Colony-Forming Ability, and Homing. Since
increased ROS level disrupts the quiescent state of HSCs and
can stimulate them to proliferate and differentiate [18], we
performed cell cycle analysis using Hoechst 33342 and Ki-
67 to distinguish between cells in G0- and G1- as well as
G2-, S-, and M-phase. We detected no difference in cell cycle
status of Pon2-/- LSK cells or LT-HSCs compared to WT cells
(Figures S4A and S4B). Similarly, colony-forming assays
revealed no difference in colony-forming ability of WT or
Pon2-/- BMCs after 10 days of incubation. Besides the equal
amounts of total colonies (Figure S4C), there was also no
change in the number of specific colonies (Figure S4D),
indicating no Pon2-mediated impact on colony forming
and differentiation.

We also analyzed the homing ability of BMCs. We
examined homing efficiency using the fluorescent dye DiI
and analyzing BM of lethally irradiated recipient mice 48 h
after injecting stained Pon2-/- or WT BMCs (Figure S4E).
Flow cytometric analysis revealed no differences in homing
ability of WT and Pon2-/- BMCs (Figure S3F). Therefore,
we speculate that the higher frequency of Pon2-/--derived
cells upon competitive BM transplantation at early time
points (Figure 5(f)) was likely caused by the increased
number of LT-HSCs in Pon2-/--derived BM cells
(Figure 2(b)) and not due to increased fitness of Pon2-/-

HSCs.

3.9. Aged Pon2-/- Mice Reiterate the Increased LT-HSCs
Proportion, but Also Exhibit Changes Leading to an Altered
Myeloid/Lymphoid Ratio. In accordance with the analysis in
young mice, flow cytometry on BMC of aged Pon2-/- mice
demonstrated an increase of LT-HSCs. Additionally, a sur-

prising increase in the proportion of GMPs was noted, while
all other committed progenitors remained at comparable
levels with those in control mice (Figures 6(a)–6(g)). These
increased GMP levels indicate potential intensified myeloid
skewing compared to age-matched WT mice, which could
be confirmed by a significantly shifted myeloid/lymphoid
ratio in the peripheral blood of aged Pon2-/- mice
(Figure 6(h)).

3.10. Similar Total ROS Levels in Old Pon2-/- HSCs Compared
to WT HSCs, but Significantly Decreased Baseline Apoptosis.
Total ROS in HSPCs of aged Pon2-/- mice was assessed by
flow cytometry using H2DCF-DA staining. Similar to young
Pon2-/- HSCs, no major differences in ROS levels were
observed in all subpopulations of the LSK fraction compared
to WT cells (Figure 7(a)). Again, the number of annexin
V-positive cells was significantly decreased in Pon2-/-LT-
and ST-HSCs (Figures 5(b) and 5(c)), whereas DNA damage
analyses did not reveal higher levels of DNA double-strand
breaks compared to WT cells (Figure S3B).

3.11. In Serial Transplantation Experiments, Recipients of BM
from Aged Pon2-/- Mice Show No Reduced Survival Rate. To
analyze the functionality of aged Pon2-/- BMC, we performed
serial transplantation experiments to induce decent prolifer-
ative stress. The BMCs were isolated from aged WT and
Pon2-/- mice. HSCs from aged animals have been described
to have a reduced ability to repopulate recipient mice in
in vivo transplantation assays [55]. Therefore, we performed
2 rounds of transplantations (Figure 7(d)). Of note, aiming to
create a condition of higher stress levels upon the bone
marrow repopulation, we shortened the time between the
primary and secondary retransplantation to 3 weeks. These
experiments revealed no statistical differences in the sur-
vival rate of the animals transplanted with Pon2-/- or
WT BMCs, albeit at a low sample size (5 vs. 6 animals).
However, and in line with the observed increased number
of LT-HSCs and decreased levels of apoptosis, more recip-
ient mice transplanted with BMCs of aged Pon2-/- donors
were alive at day 21 of the second transplantation round
compared to recipients of BMCs from wild-type animals
(Figure 7(e)).

3.12. RNA-seq Analyses Show Enhancement of the Expression
of Survival Genes in HSCs of Young Pon2-/- Mice. Although
increased ROS levels in progenitor cells, in particular in aged
mice, caused a premature aging phenotype with increased
frequencies of myeloid progenitors and a shifted myeloid-
to-lymphoid ratio in the peripheral blood of aged Pon2-/-

mice, we did not observe an exhaustion phenotype under
conditions of stress. This observation might be the conse-
quence of increased LT-HSC numbers or the reduction of
baseline apoptotic cell death in Pon2-/- LT-HSCs. We
hypothesized that depletion of Pon2 induces a compensatory
program during the earliest hematopoietic stages to over-
come the harmful effects of supraphysiological ROS levels
that we discovered in whole BM. To address this hypothesis,
we performed RNA-seq analyses of Lin-, Sca1+, ckit+,
CD135-, and CD150+ cells (representative for a mixture of
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Figure 6: Aged Pon2-/- mice show increased cell count of HSPCs and altered myeloid/lymphoid ratio in the blood. Graphs showing absolute
cell numbers per 0.5 105 whole bone morrow cells (WBMC) of (a) LSK cells, (b) LT-HSCs, (c) ST-HSCs, (d) MPPs, (e) CMPs, (f) MEPs, and
(g) GMPs of old WT and PON2-/- mice. n = 6 – 30, box and whiskers; whiskers: 10-90 percentile. ∗∗∗P < 0:001, ∗∗P < 0:01, ∗P < 0:05, n.s.: not
significant; two-tailed unpaired t-test. (h) Percentage of myeloid and lymphoid cells in the blood of aged WT and Pon2-/- mice (n = 37 – 50).
∗∗∗P < 0:001 vs. WT; two-tailed unpaired t-test.
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LT-HSCs and MPP2—hereafter referred to as HSC) isolated
from young WT or Pon2-/- mice (n = 6 per genotype). The
comparison of whole transcriptomes of HSCs isolated from
young WT or Pon2-/- mice using DESeq2 identified 341 dif-
ferentially expressed genes. Of these, 168 genes were down-
regulated and 157 genes were upregulated in Pon2-/- HSCs
compared to WT HSCs (see Table S2 and Figure 6(b)).
Sample distance analysis (see Figure 8(a)) revealed no

distinct clustering between the Pon2-/- and WT groups, and
this coincided with similar spreading profiles in the first
principal component (PC1) of the principal component
analysis (PCA). Nonetheless, Pon2-/- and WT groups
clearly clustered separately in the second principal
component (PC2), which led us to believe that a rather
discrete number of cellular processes/pathways differ
between HSCs of young Pon2-/- and WT animals.
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Figure 7: Aged Pon2-/- mice show numeric increased total ROS level in HSPCs, but significantly decreased apoptotic rate and increased
functionality. (a) Total ROS level in LT-HSCs, ST-HSCs, and MPPs of aged (≥9 months) WT and Pon2-/- mice stained with cell-specific
markers (LT-HSCs: Lin-, Sca1+, ckit+, CD135-, and CD150+; ST-HSCs: Lin-, Sca1+, ckit+, CD135-, and CD150-; MPPs: Lin-, Sca1+, ckit+,
CD135+, and CD150-) and H2DCF-DA, analyzed by FACS (n = 3); mean + SEM, ns: not significant vs. WT; two-tailed unpaired t-test.
BMCs isolated from aged WT and Pon2-/- mice stained with cell surface markers for (b) LT-HSCs or (c) ST-HSCs and annexin V for
quantification of apoptotic cells (n = 14 – 29); box and whiskers; whiskers: 10-90 percentile. ∗∗∗P < 0:001; two-tailed unpaired t-test.
(d) Experimental scheme for serial transplantation of aged BMCs. (e) Percent survival of mice after serial transplantation of aged
WT or Pon2-/- BMCs (n = 5 – 6); ns: not significant vs. WT; survival rates are shown as a Kaplan-Meier plot; log rank (Mantel-Cox)
test (P = 0:102).
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Figure 8: Cxcr4 and Cxcr4 pathway-related genes are upregulated in young Pon2-/- HSCs and upon treatment with DMNQ in murine
hematopoietic stem cell lines. (a) PCA plot displaying the variance of gene expression in 5 Pon2-/- HSCs and 5 matched WT LT-HSCs.
(b) Left panel: volcano plot of gene expression differences between Pon2-/- and matched WT HSCs. Genes whose expression is
significantly upregulated in Pon2-/- LT-HSCs are marked in red, while genes whose expression is significantly downregulated in Pon2-/-

HSCs are marked in blue. Right panel: heat map showing the top 5 overrepresented pathways in Pon2-/- HSCs. The scale was calculated
as -log10 FDRq. (c) HPC-7 or (d) BA/F3 cells were treated with DMSO (control) or 10μM DMNQ for 2 to 8 h. CRCR4 and Gapdh
mRNA expression was analyzed by qRT-PCR. CXCR4 mRNA expression was normalized to Gapdh mRNA expression. The relative
CXCR4 mRNA levels in DMSO-treated cells were set to 100%. Shown are the mean ± SEM of n = 3 – 6 experiments (∗∗∗P < 0:001, ns:
not significant vs. DMSO-treated cells; two-sided t-test).
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We noted differential expression of several important
regulators of cell survival, such as Telomerase (Tert)
[56, 57] or the NRF2 pathway genes Nfe2l2 and Abcc2
[58, 59] and CXCR4 involved in the regulation of homing,
quiescence/proliferation, or migration [60]. Of note, overrep-
resentation analysis of genes that were upregulated in Pon2-/-

HSCs demonstrated significant enrichment of only a discrete
number of pathways (Figure 8(b)). Most importantly, the
CXCR4-mediated signaling event pathway reached the high-
est level of significance (FDRq 0.02) among the whole data-
base (Figure 6(b); Tables S3 and S4). Moreover, treatment
with the ROS generator DMNQ resulted in enhanced
(around 2.5-fold) CXCR4 mRNA expression in HPC-7
hematopoietic stem cells and BA/F3 pro B cells (see
Figures 8(c) and 8(d)).

4. Discussion

In this study, we comprehensively investigated the function
of PON2 in the hematopoietic system. PON2 has been linked
to therapy resistance and poor prognosis in different types of
leukemia, but the biological function of PON2 in hematopoi-
esis has not been investigated. Our in vivo studies demon-
strate that PON2 is involved in the regulation of normal
hematopoiesis. First, we determined Pon2 mRNA expression
levels in different HSPC subpopulations of young (<3
months) and aged (>9 months) mice. In young mice, Pon2
mRNA levels were increased in committed progenitor cells,
in particular in CMPs andMEPs, compared to the HSC com-
partment. Surprisingly, but at least in line with the high
expression levels putatively linked to a specific functional
importance in MEPs, Pon2 deficiency in young mice associ-
ated with a propensity to a more robust erythropoiesis both
in physiological and stress conditions. While this remains
to be demonstrated in subsequent works, we believe that
Pon2 deficiency might activate an (over) compensatory
mechanism to maintain the erythropoiesis.

Meanwhile, expression levels of Pon2 declined with pro-
ceeding differentiation in aged mice. Interestingly, in aged
mice, depletion of Pon2 caused an increase of GMPs accom-
panied by a skewed myeloid-to-lymphoid ratio pointing to at
least partly accelerated aging of Pon2-/- HSCs in comparison
to WT cells. An age-related expansion of different HSPC
subpopulations has been described in different HSC aging
studies [55, 61]. The enhanced myeloid skewing in aged
Pon2-/- mice may be caused by a small increase in ROS levels
as detected in MPPs [62, 63].

Since studies on cell culture models after PON2
knockdown as well as Pon2-/- endothelial cells have shown
enhanced ROS formation [12, 13], we determined total
ROS level and superoxide/hydrogen peroxide level in BMCs
of young animals. Due to their low metabolic activity, HSCs
are vulnerable to cellular damage caused by oxidative stress.
In physiological quantities, ROS act as signal molecules that
regulate stem cell proliferation, differentiation, and mobiliza-
tion. Even a comparatively minor increase of ROS in HSCs
can lead to the malfunction of self-renewal activity and
HSC senescence, which can cause premature exhaustion of
the HSC pool and hematopoietic dysfunctions [64]. Analysis

of superoxide/hydrogen peroxide production showed mark-
edly enhanced formation rates in whole BMC of young
Pon2-/- animals. However, total ROS levels were not affected
in LT-HSCs in young and old Pon2-/- animals. PON2 has
been shown to reduce superoxide production mainly at the
inner membrane of mitochondria [10], but LT-HSCs
demand low amounts of energy, which are almost entirely
produced via glycolysis [19]. The increase of mitochondrial
superoxide production in Pon2-/- LT-HSC may therefore be
minimal or not even existent. Meanwhile, already with the
first step of differentiation into cycling cells—that of ST-
HSCs—cells shift from glycolysis to mitochondrial ATP pro-
duction [20]. The increase of superoxide/hydrogen peroxide
(e.g., in ST-HSCs and numerically in MPPs) likely reflects
higher ROS level in Pon2-/- progenitor cells, finally contribut-
ing to the observed phenotype resembling premature aging.
A mechanism involved in HSC aging is reduction of the
activity of the telomerase enzyme, which leads to a limitation
of cell proliferation in HSCs [26]. In our studies, we observed
a reduction of Tert gene expression in HSC isolated from
young Pon2-/- mice.

Interestingly, quantitative analysis of different HSPC
subpopulations in BM of WT and Pon2-/- mice revealed an
increased percentage of LT-HSCs. Further, we observed an
advantage over WT-BMCs in competitive repopulation
assays at early time points in young animals, likely due to
the increased percentage of Pon2-/- LT-HSCs as a conse-
quence of diminished apoptotic cell death in young and old
Pon2-/- LT-HSCs. Interestingly, gene inactivation of the enzy-
matically active subunit of the NADPH oxidase holoenzyme
subunit gp91phox (NOX2) resulting in reduced ROS genera-
tion produced an opposite result. In competitive transplanta-
tion with WBM cells from NOX2-/- animals, a reduced
engraftment was seen [17]. These data indicate that Pon2-
dependent mechanisms additional to ROS detoxification
might be involved in mediating the observed phenotype.
RNA-seq analyses in HSCs of young animals identified a
number of differentially expressed genes described to regu-
late cell death and proliferation. For example, we observed
enhanced expression of the ATP-dependent DNA helicase
Q4 (Recql4, DNA repair), the makorin ring finger protein 2
(Mkrn2, antiapoptotic), and the cyclin-dependent kinase 5
regulatory subunit-associated protein 1 (Cdk5rap1) as well
as decreased levels of apoptosis-associated tyrosine kinase
(Aatk, proapoptotic). RECQL4 is essentially involved in
DNA-repair [65, 66] and inactivation of this gene resulted
in bone marrow failure due to increased apoptotic rates
[67]. In primary leukemia cells and in different leukemia cell
lines, enhanced MKRN2 expression results in reduced apo-
ptotic rates and enhanced cell proliferation [68]. In human
breast cancer MCF-7 cells, CDK5RAP1 deficiency induces
cell cycle arrest and apoptosis indicating an antiapoptotic
function of this protein [69]. AATK has been described to
be important for the induction of growth arrest and/or apo-
ptosis of myeloid precursor cells [70]. In previous studies,
PON2 has been shown to induce antiapoptotic properties
[71, 72]. We speculate that in our Pon2-/- knockout model,
a positive feedback is activated at the LT-HSC levels to com-
pensate the increased demand of progenitor cells and
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accelerated aging phenotype resulting in an increased num-
ber of LT-HSCs. In addition to the above-mentioned genes,
we detected a significant induction of the expression of
Cxcr4. The CXCL12/CXCR4 axis is involved in the regula-
tion of homing, quiescence/proliferation, or migration [60].
In young mice with inactivated aryl hydrocarbon receptor
(Ahr), a small but significant enhancement of the ROS
production was seen, similar upon Pon2 depletion. In micro-
array experiments, the authors detected a 2.91-fold enhance-
ment of the Cxcr4 expression (P value 0.045) [54]. Moreover,
treatment with the ROS generator DMNQ resulted in
enhanced CXCR4 mRNA expression in HPC-7 hematopoi-
etic stem cells and BA/F3 pro B cells. One important mecha-
nism of CXCL12/CXCR4 signaling in the maintenance of
HSC homeostasis is the protection against (oxidative) stress
[73]. So it is likely that the enhanced Cxcr4 expression in
Pon2-/- HSC protects these cells from transplantation-
induced stress at early time points. In line with previous
data [73], this finding allows us to speculate that the
CXCR4/CXCL12 axis is upregulated as a result of increased
ROS to counteract hematopoietic stem cell exhaustion upon
Pon2 loss. While Pon2 depletion causes increased ROS and
cell exhaustion in more mature progenitor cells of young
mice, compensatory upregulation of Cxcr4 may protect LT-
HSCs of these mice, leading to increased cell numbers and
decreased apoptosis providing adequate supply of committed
progenitors, a hypothesis that remains to be explored in
future investigations.

5. Conclusion

In conclusion, our current data indicate that PON2 is
involved in the regulation of HSC functions. Enhanced
ROS levels in Pon2-/- progenitor cells correlate with increased
frequencies of CMPs and GMPs as well as a skewed myeloid-
to-lymphoid ratio in aged mice. Loss of Pon2 activated an
antiapoptotic program in LT-HSCs but also caused increased
expression of genes involved in stem cell maintenance, e.g.,
Cxcr4, Recql4, and Aatk. We speculate that the induction
of a “maintenance” program upon Pon2 depletion counter-
acts a ROS-mediated premature aging phenotype and
ensures proper supply of committed progenitor cells in aged
mice. However, further experiments are required to address
this hypothesis.

Data Availability

Raw RNA-seq data are available via the gene expression
omnibus (GEO) repository [74] by accession number
GSE122553.

Conflicts of Interest

The authors have no conflict of interest.

Authors’ Contributions

LS designed the study, performed the research, analyzed the
data, and wrote the manuscript; JE, VS, MM, PSH, VP, AS,

DS, PM, and NC-W performed the research, analyzed the
data, and wrote the manuscript; SH, AP, and AD designed
the study, analyzed the data, and wrote the manuscript; IW,
DS, TK, and HK designed and supervised the study, analyzed
the data, and wrote the manuscript. LS and IW as well as DS,
TK, and HK contributed equally to this work.

Acknowledgments

The authors thank the Institute of Molecular Biology
gGmbH (IMB), Mainz, Germany, for the possibility to use
the FACSARIA™ II SORP Flow Cytometer Cell Sorter (BD
Biosciences) of the IMB Flow Cytometry Core Facility in
our experiments. We thank the genomics core facility at the
IMB, Mainz, for providing the sequencing facility. This work
was supported by the DFG grant WI3897/3-1 to IW and
HK and Center for Thrombosis and Hemostasis Mainz
(BMBF funding allocation ID 01E01003, project TRPX2
to SH and HK).

Supplementary Materials

Figure S1: Pon2 mRNA expression in different bone marrow
cells of WTmice. Figure S2: in young Pon2-/- mice, reciprocal
BM transplantation reveals cell intrinsic as well as extrinsic
phenotypes. Figure S3: Pon2-/- BMCs show no enhanced
amount of DNA double-stand breaks in LSK cells. Figure
S4: bone marrow cells of young Pon2-/- and WT mice show
no differences in cell cycle status, colony-forming ability,
and homing. Figure S5: gating strategies. Figure S6: represen-
tative histograms showing the DCF-DA data of LT- and ST-
HSC as well as MPP isolated from young WT and Pon2-/-

mice. Table S1: sequences of primers and probes used for
qRT-PCR-based quantification of Pon2 mRNA expression.
Table S2: differentially expressed genes identified using
DESeq2 and whole genome RNA-seq data from HSCs iso-
lated from WT and Pon2-/- animals. Table S3: pathways
enriched in HSCs isolated from Pon2-/- animals. Table S4:
pathways decreased in HSCs isolated from Pon2-/- animals.
(Supplementary Materials)

References

[1] R. Prieto-Bermejo, M. Romo-Gonzalez, A. Perez-Fernandez,
C. Ijurko, and A. Hernandez-Hernandez, “Reactive oxygen
species in haematopoiesis: leukaemic cells take a walk on the
wild side,” Journal of Experimental & Clinical Cancer Research,
vol. 37, no. 1, p. 125, 2018.

[2] W. Droge, “Free radicals in the physiological control of cell
function,” Physiological Reviews, vol. 82, no. 1, pp. 47–95,
2002.

[3] Y. M. Mosaad, “Hematopoietic stem cells: an overview,”
Transfusion and Apheresis Science, vol. 51, no. 3, pp. 68–82,
2014.

[4] A. Valdivia, S. Perez-Alvarez, J. D. Aroca-Aguilar, I. Ikuta, and
J. Jordan, “Superoxide dismutases: a physiopharmacological
update,” Journal of Physiology and Biochemistry, vol. 65,
no. 2, pp. 195–208, 2009.

[5] P. Wenzel, S. Kossmann, T. Munzel, and A. Daiber, “Redox reg-
ulation of cardiovascular inflammation - immunomodulatory

15Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2021/3917028.f1.pdf


function ofmitochondrial and Nox-derived reactive oxygen and
nitrogen species,” Free Radical Biology & Medicine, vol. 109,
pp. 48–60, 2017.

[6] T. E. S. Kauppila, J. H. K. Kauppila, and N. G. Larsson, “Mam-
malian mitochondria and aging: an update,” Cell Metabolism,
vol. 25, no. 1, pp. 57–71, 2017.

[7] T. Bacchetti, G. Ferretti, and A. Sahebkar, “The role of paraox-
onase in cancer,” Semin Cancer Biol, vol. 56, 2017.

[8] C. J. Ng, D. J. Wadleigh, A. Gangopadhyay et al., “Paraoxo-
nase-2 is a ubiquitously expressed protein with antioxidant
properties and is capable of preventing cell-mediated oxidative
modification of low density lipoprotein∗,” The Journal of Bio-
logical Chemistry, vol. 276, no. 48, pp. 44444–44449, 2001.

[9] C. J. Ng, N. Bourquard, V. Grijalva et al., “Paraoxonase-2 defi-
ciency aggravates atherosclerosis in mice despite lower
apolipoprotein-B-containing lipoproteins:,” The Journal of
Biological Chemistry, vol. 281, no. 40, pp. 29491–29500, 2006.

[10] S. Altenhöfer, I. Witte, J. F. Teiber et al., “One enzyme, two
functions:,” The Journal of Biological Chemistry, vol. 285,
no. 32, pp. 24398–24403, 2010.

[11] H. Hagmann, A. Kuczkowski, M. Ruehl et al., “Breaking the
chain at the membrane: paraoxonase 2 counteracts lipid per-
oxidation at the plasma membrane,” The FASEB Journal,
vol. 28, no. 4, pp. 1769–1779, 2014.

[12] S. Horke, I. Witte, P. Wilgenbus, M. Kruger, D. Strand, and
U. Forstermann, “Paraoxonase-2 reduces oxidative stress in
vascular cells and decreases endoplasmic reticulum stress-
induced caspase activation,” Circulation, vol. 115, no. 15,
pp. 2055–2064, 2007.

[13] J. Ebert, P. Wilgenbus, J. F. Teiber et al., “Paraoxonase-2 regu-
lates coagulation activation through endothelial tissue factor,”
Blood, vol. 131, no. 19, pp. 2161–2172, 2018.

[14] E. M. Schweikert, A. Devarajan, I. Witte et al., “PON3 is upreg-
ulated in cancer tissues and protects against mitochondrial
superoxide-mediated cell death,” Cell Death and Differentia-
tion, vol. 19, no. 9, pp. 1549–1560, 2012.

[15] S. H. Orkin and L. I. Zon, “Hematopoiesis: an evolving para-
digm for stem cell biology,” Cell, vol. 132, no. 4, pp. 631–644,
2008.

[16] R. Schofield, “The relationship between the spleen colony-
forming cell and the haemopoietic stem cell,” Blood Cells,
vol. 4, no. 1-2, pp. 7–25, 1978.

[17] B. Adane, H. Ye, N. Khan et al., “The hematopoietic oxidase
NOX2 regulates self-renewal of leukemic stem cells,” Cell
Reports, vol. 27, no. 1, pp. 238–254.e6, 2019.

[18] Y. Cao, Y. Fang, J. Cai et al., “ROS functions as an upstream
trigger for autophagy to drive hematopoietic stem cell differen-
tiation,” Hematology, vol. 21, no. 10, pp. 613–618, 2016.

[19] N. Shyh-Chang, G. Q. Daley, and L. C. Cantley, “Stem cell
metabolism in tissue development and aging,” Development,
vol. 140, no. 12, pp. 2535–2547, 2013.

[20] L. Papa, M. Djedaini, and R. Hoffman, “Mitochondrial role in
stemness and differentiation of hematopoietic stem cells,”
Stem Cells International, vol. 2019, Article ID 4067162, 10
pages, 2019.

[21] B. A. Anthony and D. C. Link, “Regulation of hematopoietic
stem cells by bone marrow stromal cells,” Trends in Immunol-
ogy, vol. 35, no. 1, pp. 32–37, 2014.

[22] Z. Tothova, R. Kollipara, B. J. Huntly et al., “FoxOs are critical
mediators of hematopoietic stem cell resistance to physiologic
oxidative stress,” Cell, vol. 128, no. 2, pp. 325–339, 2007.

[23] J. Lee, S. R. Yoon, I. Choi, and H. Jung, “Causes and mecha-
nisms of hematopoietic stem cell aging,” International Journal
of Molecular Sciences, vol. 20, no. 6, p. 1272, 2019.

[24] D. J. Rossi, D. Bryder, J. M. Zahn et al., “Cell intrinsic alter-
ations underlie hematopoietic stem cell aging,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 102, no. 26, pp. 9194–9199, 2005.

[25] E. M. Pietras, “Inflammation: a key regulator of hematopoietic
stem cell fate in health and disease,” Blood, vol. 130, no. 15,
pp. 1693–1698, 2017.

[26] M. L. Porto, B. P. Rodrigues, T. N. Menezes et al., “Reactive
oxygen species contribute to dysfunction of bone marrow
hematopoietic stem cells in aged C57BL/6 J mice,” Journal of
Biomedical Science, vol. 22, no. 1, p. 97, 2015.

[27] S. Ghaffari, “Oxidative stress in the regulation of normal and
neoplastic hematopoiesis,” Antioxidants & Redox Signaling,
vol. 10, no. 11, pp. 1923–1940, 2008.

[28] J. Barminko, B. Reinholt, and M. H. Baron, “Development and
differentiation of the erythroid lineage in mammals,” Develop-
mental and Comparative Immunology, vol. 58, pp. 18–29,
2016.

[29] B. Zhao, Y. Mei, J. Yang, and P. Ji, “Erythropoietin-regulated
oxidative stress negatively affects enucleation during terminal
erythropoiesis,” Experimental Hematology, vol. 44, no. 10,
pp. 975–981, 2016.

[30] J. S. Friedman, V. I. Rebel, R. Derby et al., “Absence of mito-
chondrial superoxide dismutase results in a murine hemolytic
anemia responsive to therapy with a catalytic antioxidant,” The
Journal of Experimental Medicine, vol. 193, no. 8, pp. 925–934,
2001.

[31] Y. Kong, S. Zhou, A. J. Kihm et al., “Loss of alpha-hemoglobin-
stabilizing protein impairs erythropoiesis and exacerbates
beta-thalassemia,” The Journal of Clinical Investigation,
vol. 114, no. 10, pp. 1457–1466, 2004.

[32] J. M. Lee, K. Chan, Y. W. Kan, and J. A. Johnson, “Targeted
disruption of Nrf2 causes regenerative immune-mediated
hemolytic anemia,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 101, no. 26,
pp. 9751–9756, 2004.

[33] I. Witte, U. Foerstermann, A. Devarajan, S. T. Reddy, and
S. Horke, “Protectors or traitors: the roles of PON2 and
PON3 in atherosclerosis and cancer,” J Lipids, vol. 2012, article
342806, pp. 1–12, 2012.

[34] P. O. Pinto do, A. Kolterud, and L. Carlsson, “Expression of the
LIM-homeobox gene LH2 generates immortalized steel factor-
dependent multipotent hematopoietic precursors,” The EMBO
Journal, vol. 17, no. 19, pp. 5744–5756, 1998.

[35] R. Palacios, G. Henson, M. Steinmetz, and J. P. McKearn,
“Interleukin-3 supports growth of mouse pre-B-cell clones
in vitro,” Nature, vol. 309, no. 5964, pp. 126–131, 1984.

[36] D. Sasca, H. Yun, G. Giotopoulos et al., “Cohesin-dependent
regulation of gene expression during differentiation is lost in
cohesin-mutated myeloid malignancies,” Blood, vol. 134,
no. 24, pp. 2195–2208, 2019.

[37] N. Watanabe and H. J. Forman, “Autoxidation of extracellular
hydroquinones is a causative event for the cytotoxicity of men-
adione and DMNQ in A549-S cells,” Archives of Biochemistry
and Biophysics, vol. 411, no. 1, pp. 145–157, 2003.

[38] C. J. Ng, S. Y. Hama, N. Bourquard, M. Navab, and S. T.
Reddy, “Adenovirus mediated expression of human paraoxo-
nase 2 protects against the development of atherosclerosis in

16 Oxidative Medicine and Cellular Longevity



apolipoprotein E-deficient mice,” Molecular Genetics and
Metabolism, vol. 89, no. 4, pp. 368–373, 2006.

[39] J. Y. Chan, M. Kwong, M. Lo, R. Emerson, and F. A. Kuypers,
“Reduced oxidative-stress response in red blood cells from
p45NFE2-deficient mice,” Blood, vol. 97, no. 7, pp. 2151–
2158, 2001.

[40] S. F. Libregts, L. Gutierrez, A. M. de Bruin et al., “Chronic IFN-
γ production in mice induces anemia by reducing erythrocyte
life span and inhibiting erythropoiesis through an IRF-1/PU.1
axis,” Blood, vol. 118, no. 9, pp. 2578–2588, 2011.

[41] M. Mardiney 3rd and H. L. Malech, “Enhanced engraftment of
hematopoietic progenitor cells in mice treated with granulo-
cyte colony-stimulating factor before low-dose irradiation:
implications for gene therapy,” Blood, vol. 87, no. 10,
pp. 4049–4056, 1996.

[42] A. Daiber, M. Oelze, M. August et al., “Detection of superoxide
and peroxynitrite in model systems and mitochondria by the
luminol analogue L-012,” Free Radical Research, vol. 38,
no. 3, pp. 259–269, 2004.

[43] R. Z. Yusuf and D. T. Scadden, “Homing of hematopoietic cells
to the bone marrow,” Journal of Visualized Experiments,
vol. 25, no. 25, 2009.

[44] G. Giordano, T. B. Cole, C. E. Furlong, and L. G. Costa, “Par-
aoxonase 2 (PON2) in the mouse central nervous system: a
neuroprotective role?,” Toxicology and Applied Pharmacology,
vol. 256, no. 3, pp. 369–378, 2011.

[45] I. Witte and S. Horke, “Assessment of endoplasmic reticulum
stress and the unfolded protein response in endothelial cells,”
Methods in Enzymology, vol. 489, pp. 127–146, 2011.

[46] E. M. Pietras, D. Reynaud, Y. A. Kang et al., “Functionally dis-
tinct subsets of lineage-biased multipotent progenitors control
blood production in normal and regenerative conditions,” Cell
Stem Cell, vol. 17, no. 1, pp. 35–46, 2015.

[47] A. M. Bolger, M. Lohse, and B. Usadel, “Trimmomatic: a flex-
ible trimmer for Illumina sequence data,” Bioinformatics,
vol. 30, no. 15, pp. 2114–2120, 2014.

[48] A. Dobin, C. A. Davis, F. Schlesinger et al., “STAR: ultrafast
universal RNA-seq aligner,” Bioinformatics, vol. 29, no. 1,
pp. 15–21, 2013.

[49] M. I. Love, W. Huber, and S. Anders, “Moderated estimation
of fold change and dispersion for RNA-seq data with DESeq2,”
Genome Biology, vol. 15, no. 12, p. 550, 2014.

[50] A. Kamburov, U. Stelzl, H. Lehrach, and R. Herwig, “The Con-
sensusPathDB interaction database: 2013 update,” Nucleic
Acids Research, vol. 41, no. D1, pp. D793–D800, 2013.

[51] W. Pei, F. Shang, X. Wang et al., “Resolving fates and single-
cell transcriptomes of hematopoietic stem cell clones by Poly-
loxExpress barcoding,” Cell Stem Cell, vol. 27, no. 3, pp. 383–
395.e8, 2020.

[52] M. Yamashita and E. Passegue, “TNF-α coordinates hemato-
poietic stem cell survival and myeloid regeneration,” Cell Stem
Cell, vol. 25, no. 3, pp. 357–372.e7, 2019.

[53] M. Grigoriou, A. Banos, A. Filia et al., “Transcriptome
reprogramming and myeloid skewing in haematopoietic
stem and progenitor cells in systemic lupus erythematosus,”
Annals of the Rheumatic Diseases, vol. 79, no. 2, pp. 242–
253, 2020.

[54] J. A. Bennett, K. P. Singh, S. L. Welle, L. A. Boule, B. P. Law-
rence, and T. A. Gasiewicz, “Conditional deletion of Ahr alters
gene expression profiles in hematopoietic stem cells,” PLoS
One, vol. 13, no. 11, article e0206407, 2018.

[55] S. J. Morrison, A. M. Wandycz, K. Akashi, A. Globerson, and
I. L. Weissman, “The aging of hematopoietic stem cells,”
Nature Medicine, vol. 2, no. 9, pp. 1011–1016, 1996.

[56] R. C. Allsopp, G. B. Morin, J. W. Horner, R. DePinho, C. B.
Harley, and I. L. Weissman, “Effect of TERT over-expression
on the long-term transplantation capacity of hematopoietic
stem cells,” Nature Medicine, vol. 9, no. 4, pp. 369–371, 2003.

[57] E. Sahin and R. A. Depinho, “Linking functional decline of
telomeres, mitochondria and stem cells during ageing,”
Nature, vol. 464, no. 7288, pp. 520–528, 2010.

[58] L. Hu, Y. Zhang, W. Miao, and T. Cheng, “Reactive Oxygen
Species and Nrf2: Functional and Transcriptional Regulators
of Hematopoiesis,”Oxidative Medicine and Cellular Longevity,
vol. 2019, Article ID 5153268, 11 pages, 2019.

[59] S. Murakami, T. Suzuki, H. Harigae, P. H. Romeo,
M. Yamamoto, and H. Motohashi, “NRF2 activation impairs
quiescence and bone marrow reconstitution capacity of hema-
topoietic stem cells,” Molecular and Cellular Biology, vol. 37,
no. 19, 2017.

[60] T. Nagasawa, “CXCL12/SDF-1 and CXCR4,” Frontiers in
Immunology, vol. 6, p. 301, 2015.

[61] M. Kim, H. B. Moon, and G. J. Spangrude, “Major age-related
changes of mouse hematopoietic stem/progenitor cells,”
Annals of the New York Academy of Sciences, vol. 996, no. 1,
pp. 195–208, 2003.

[62] C. Mantel, S. Messina-Graham, A. Moh et al., “Mouse hemato-
poietic cell-targeted STAT3 deletion: stem/progenitor cell
defects, mitochondrial dysfunction, ROS overproduction,
and a rapid aging-like phenotype,” Blood, vol. 120, no. 13,
pp. 2589–2599, 2012.

[63] M. Sattler, S. Verma, G. Shrikhande et al., “The BCR/ABL tyro-
sine kinase induces production of reactive oxygen species in
hematopoietic cells∗,” The Journal of Biological Chemistry,
vol. 275, no. 32, pp. 24273–24278, 2000.

[64] L. Shao, H. Li, S. K. Pazhanisamy, A. Meng, Y. Wang, and
D. Zhou, “Reactive oxygen species and hematopoietic stem cell
senescence,” International Journal of Hematology, vol. 94,
no. 1, pp. 24–32, 2011.

[65] H. Lu, R. A. Shamanna, G. Keijzers et al., “RECQL4 promotes
DNA end resection in repair of DNA double-strand breaks,”
Cell Reports, vol. 16, no. 1, pp. 161–173, 2016.

[66] R. A. Shamanna, D. K. Singh, H. Lu et al., “RECQ helicase
RECQL4 participates in non-homologous end joining and
interacts with the Ku complex,” Carcinogenesis, vol. 35,
no. 11, pp. 2415–2424, 2014.

[67] M. F. Smeets, E. DeLuca, M. Wall et al., “The Rothmund-
Thomson syndrome helicase RECQL4 is essential for hemato-
poiesis,” The Journal of Clinical Investigation, vol. 124, no. 8,
pp. 3551–3565, 2014.

[68] K. Y. Lee, K. Y. Chan, K. S. Tsang et al., “Ubiquitous expression
of MAKORIN-2 in normal and malignant hematopoietic cells
and its growth promoting activity,” PLoS One, vol. 9, no. 3,
article e92706, 2014.

[69] H. Wang, L. Wei, C. Li, J. Zhou, and Z. Li, “CDK5RAP1 defi-
ciency induces cell cycle arrest and apoptosis in human breast
cancer cell line by the ROS/JNK signaling pathway,” Oncology
Reports, vol. 33, no. 3, pp. 1089–1096, 2015.

[70] E. Gaozza, S. J. Baker, R. K. Vora, and E. P. Reddy, “AATYK: a
novel tyrosine kinase induced during growth arrest and apo-
ptosis of myeloid cells,” Oncogene, vol. 15, no. 25, pp. 3127–
3135, 1997.

17Oxidative Medicine and Cellular Longevity



[71] S. Horke, I. Witte, P. Wilgenbus et al., “Protective effect of
paraoxonase-2 against endoplasmic reticulum stress-induced
apoptosis is lost upon disturbance of calcium homoeostasis,”
The Biochemical Journal, vol. 416, no. 3, pp. 395–405, 2008.

[72] I. Witte, S. Altenhofer, P. Wilgenbus et al., “Beyond reduction
of atherosclerosis: PON2 provides apoptosis resistance and
stabilizes tumor cells,” Cell Death & Disease, vol. 2, no. 1, arti-
cle e112, 2011.

[73] Y. Zhang, M. Depond, L. He et al., “CXCR4/CXCL12 axis
counteracts hematopoietic stem cell exhaustion through selec-
tive protection against oxidative stress,” Scientific Reports,
vol. 6, no. 1, p. 37827, 2016.

[74] R. Edgar, M. Domrachev, and A. E. Lash, “Gene Expression
Omnibus: NCBI gene expression and hybridization array data
repository,”Nucleic Acids Research, vol. 30, no. 1, pp. 207–210,
2002.

18 Oxidative Medicine and Cellular Longevity


	Deficiency of Antioxidative Paraoxonase 2 (Pon2) Leads to Increased Number of Phenotypic LT-HSCs and Disturbed Erythropoiesis
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Cell Culture
	2.3. Mice and Approval of Animal Studies
	2.4. Blood Drawing and Analysis
	2.5. In Vivo Biotinylation for Analysis of the Erythroid Lifespan/Turnover
	2.6. Induction of Hemolytic Anemia by Phenylhydrazine
	2.7. Flow Cytometry and Cell Sorting
	2.8. Reciprocal Bone Marrow (BM) Transplantation
	2.9. Competitive BM Transplantation
	2.10. Serial Transplantation of Aged BMCs
	2.11. Measurement of Total ROS by H2DCF-DA Staining
	2.12. Measurement of ROS Production via L-012
	2.13. Cell Cycle Analysis of BM Populations
	2.14. Colony-Forming-Unit Assays (CFUs)
	2.15. Homing
	2.16. Assessing Gamma-H2AX Levels of LSK Cells
	2.17. Gene Expression Analyses
	2.18. Total RNA Sequencing
	2.19. RNA-seq or Microarray Analyses
	2.20. Statistics

	3. Results
	3.1. Pon2 mRNA Expression Levels Vary between HSCs and Progenitor Cells in Young and Old Mice
	3.2. Young Pon2-/- Mice Show Quantitative Changes in HSPCs but an Unaltered Myeloid/Lymphoid Ratio
	3.3. Pon2-/- Mice Show Quantitative Changes in Blood Counts
	3.4. Pon2 Deficiency Associates with a Bias towards Erythropoiesis Both in Physiological and Stress Conditions
	3.5. In Young Pon2-/- Mice, Reciprocal BM Transplantation Reveals Cell Intrinsic as well as Extrinsic Phenotypes
	3.6. Pon2 Deficiency in Young Mice Leads to Oxidative Stress, but Does Not Induce Apoptosis or Cause DNA Double-Strand Breaks
	3.7. Young Pon2-/- BM Cells Outcompete WT Cells at Early but Not at Later Time Points
	3.8. Young Pon2-/- and WT HSPCs Show No Differences in Cell Cycle Status, Colony-Forming Ability, and Homing
	3.9. Aged Pon2-/- Mice Reiterate the Increased LT-HSCs Proportion, but Also Exhibit Changes Leading to an Altered Myeloid/Lymphoid Ratio
	3.10. Similar Total ROS Levels in Old Pon2-/- HSCs Compared to WT HSCs, but Significantly Decreased Baseline Apoptosis
	3.11. In Serial Transplantation Experiments, Recipients of BM from Aged Pon2-/- Mice Show No Reduced Survival Rate
	3.12. RNA-seq Analyses Show Enhancement of the Expression of Survival Genes in HSCs of Young Pon2-/- Mice

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

